
Central Lancashire Online Knowledge (CLoK)

Title A Primer on Epigenetic Changes: The More We Know, the More We Find in 
Fetuses and Infants

Type Article
URL https://clok.uclan.ac.uk/53309/
DOI https://doi.org/10.5005/jp-journals-11002-0104
Date 2024
Citation Singh, Srijan, Frydrysiak-Brzozowska, Adrianna, Michie, Colin, Ayad, Aimen E

Ben, Khasanova, Saida S and Bordon, Jeremias (2024) A Primer on 
Epigenetic Changes: The More We Know, the More We Find in Fetuses and 
Infants. Newborn, 3 (3). pp. 219-232. ISSN 2769-514X 

Creators Singh, Srijan, Frydrysiak-Brzozowska, Adrianna, Michie, Colin, Ayad, Aimen E
Ben, Khasanova, Saida S and Bordon, Jeremias

It is advisable to refer to the publisher’s version if you intend to cite from the work. 
https://doi.org/10.5005/jp-journals-11002-0104

For information about Research at UCLan please go to http://www.uclan.ac.uk/research/ 

All outputs in CLoK are protected by Intellectual Property Rights law, including Copyright law.  
Copyright, IPR and Moral Rights for the works on this site are retained by the individual authors 
and/or other copyright owners. Terms and conditions for use of this material are defined in the 
http://clok.uclan.ac.uk/policies/

http://www.uclan.ac.uk/research/
http://clok.uclan.ac.uk/policies/


REVIEW ARTICLE

A Primer on Epigenetic Changes: The More We Know, the 
More We Find in Fetuses and Infants 
Srijan Singh1,2,3 , Adrianna Frydrysiak-Brzozowska2,4, Aimen E Ben Ayad2,5,6,7, Saida S Khasanova2,8, Jeremias Bordon2,9, 
Colin Michie2,10

Received on: 07 July 2024; Accepted on: 10 August 2024; Published on: 30 September 2024

Ab s t r Ac t
 Epigenetics is the study of heritable traits that happen without changes to the DNA sequence. The Greek prefix epi- implies features that modify the 
traditional genetic mechanisms of inheritance. Increasing information underscores the importance of epigenetic changes during the fetal period 
and infancy. The most frequently seen epigenetic changes are mediated via DNA methylation, changes in gene expression due to non-coding 
RNAs, and post-translational modifications of histone proteins. DNA methylation can be confirmed using methods such as bisulfite treatment, 
enzyme sensitivity assays, and antibody specificity-based techniques. Histone modifications are typically detected through antibody recognition. 
Chromatin immunoprecipitation (ChIP) is an antibody-based technology to selectively enrich specific DNA-binding proteins along with their DNA 
targets. Since epigenetic alterations are often reversible, modifying epigenetic marks contributing to disease development may provide an approach 
to designing new therapies. Gene hypermethylation and histone hypoacetylation are attractive targets for the treatment of epigenetic diseases 
because these epigenetic alterations are reversible. The first 1000 days of life, from conception through infancy, comprise the most-likely time-
period for environmental exposures and nutrition to exert beneficial/potentially harmful epigenetic effects. During this period, a typical metabolic 
reprogramming induced by extrinsic factors such as allergens, viruses, pollutants, diet, or microbiome might drive cellular metabolic dysfunctions 
and defective immune responses in allergic diseases. Epigenetics also plays a role in the developmental origins of adult metabolic diseases.
Keywords: DNA methylation, Epigenetics, Genomic Imprinting, Histones, Infant, miRNA, Neonate, Newborn, RNA silencing. 
Newborn (2024): 10.5005/jp-journals-11002-0104

Ke yp o i n ts
• Epigenetics is the study of heritable traits that happen without 

changes to the DNA sequence. Here, the Greek prefix epi- implies 
features that modify the traditional genetic mechanisms of
inheritance. Increasing information underscores the importance
of epigenetic changes during the fetal period and infancy.

• The most-frequently seen epigenetic changes are mediated via 
DNA methylation, changes in gene expression due to non-coding 
RNAs, and post-translational modifications of histone proteins. 

• The histone tails on the nucleosome surface can undergo
several enzyme-catalyzed post-translational modifications.
These altered histones contain specialized structural folds in
the N-terminal tail domain, which changes the interaction with 
DNA-binding proteins such as transcription factors and other
binding proteins. 

• Other than methylation, histones can undergo various other
covalent modifications such as acetylation, ubiquitination, the 
addition of small ubiquitin-like modifiers (SUMO; SUMOylation), 
glycosylation, hydroxylation, phosphorylation, sulfation,
acetylation, citrullination, crotonylation, malonylation, and
ADP-ribosylation. 

• The first 1000 days beginning from conception comprise the
most-likely time-period for environmental exposures and
nutrition to drive cellular metabolic dysfunction and defective 
immune responses in allergic disease. Epigenetics also play a
role in the developmental origins of adult metabolic diseases.
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in t r o d u c t i o n 
In the 1940s, Conrad Waddington coined the word epigenetics, 
referring to indefinite genetic principles.1–4 He described it as the 
causal interactions between genes and their products, thereby 
modulating the expression of a genotype into a particular 
phenotype. Nowadays, it also includes non-genetic heritable 
(mitotically and/or meiotically) genomic modifications involved in 
gene expression regulation, but not changes in DNA sequence.5,6 

Epigenetic changes carry heritable information obtained during 
cell division, apart from the actual DNA sequence consisting of 
chemical tags that alter DNA structure and expression of genes.7,8 
These are perceived as a link with the immediate environment 
that enables adaptation to changing environments through extra- 
and intracellular cues.9 Increasing information underscores the 
importance of epigenetic changes during the fetal period and 
infancy.

Molecular Mechanisms of Epigenetics
Most epigenetic changes occur more rapidly than genetic 
mutations, especially in response to environmental changes.  
De novo epigenetic mutations are seen more often than somatic DNA 
mutations because of the inherent, higher error rates.10–12 Therefore, 
epigenetic biomarkers are mitotically and/or meiotically heritable 
but reversible, functional, and biologically relevant biochemical 
modifications of the chromatin carrying the information but not 
changing the nucleotide sequence of the genome.13–17 

Table 1 lists various epigenetic mechanisms that are known 
to regulate gene expression. The most frequently seen epigenetic 
changes are mediated include DNA methylation, changes in 
gene expression due to non-coding RNAs, and post-translational 
modifications of histone proteins.18 DNA methylation and histone 
modifications are the two most frequently evaluated “classical” 
epigenetic mechanisms.19,20 These can alter the accessibility of 
genes to the transcriptional machinery and consequent regulation 
of gene expression, cellular hemostasis, and responses to DNA 
damage.21,22 Figure 1 shows the nucleosome solenoid model. In 
Figure 2, euchromatin and heterochromatin are depicted.

DNA Methylation
These epigenetic changes refer to the addition of methyl groups 
to DNA; these frequently alter cellular reprogramming, tissue 
differentiation, and development.23,24 Cytosine, and sometimes 
adenine, bases in DNA can undergo methylation. The 5’ methylation 
of cytosine in CpG dinucleotides shows as the 5-methylcytosine 
(5mC) bases. The CpG or CG sites are regions in DNA where a 
cytosine nucleotide is followed by a guanine nucleotide in the linear 
sequence of bases along its 5’ → 3’ direction. Around 60%–90% of 
CpGs are methylated, whereas unmethylated CpG-rich sequences 
are seen more frequently in the “CpG islands” located in gene 
promoters. The methyltransferases DNMT3a and DNMT3b carry 
out cytosine methylation of CpG sites, and the maintenance 
methyltransferase DNMT1 duplicates pre-existing methylation 
patterns during DNA replication.

The CpG islands (CGIs) are short-interspersed DNA sequences 
that are GC-rich, CpG-rich, predominantly non-methylated gene 
regulatory hubs. These serve as transcription initiation sites and 
are associated with gene promoters.25 Transcription in more 
than 50% of human genes is initiated from CpG islands. Silencing 
of CGI promoters is achieved by CpG methylation or polycomb 
recruitment.26 The CGI promoters are loaded with polymerases 

that create short abortive transcripts even when the associated 
gene is inactive.27 This protects CGIs from the action of DNA 
methyltransferases, allowing these “silent” promoters to exclude 
DNA methylation. 

Polycomb-group (PcG) genes encode multimeric chromatin 
proteins that bind specific histone modifications to prevent gene 
activation and maintain repressed chromatin domains. These 
multifaceted proteins were first discovered as epigenetic, global 
transcriptional repressors of homeotic (Hox) gene expression in 
Drosophila during development and differentiation.28 

The DNA methylation of a promoter region can repress 
transcription by blocking transcriptional activators and through 
methyl CpG binding proteins (MBPs).29 The MBPs can recognize 
methylated DNA and recruit co-repressors, such as HDACs, to 
repress gene expression.29 The enzymes that establish, recognize, 
and remove DNA methylation can be categorized as writers, erasers, 
and readers. Writers are the enzymes that catalyze the addition of 
methyl groups onto cytosine residues and are comprised of Dnmts. 
Three members of the Dnmt family directly catalyze the addition of 
methyl groups onto DNA: Dnmt1, Dnmt3a, and Dnmt3b.23 Erasers 
modify and remove the methyl group while readers recognize and 
bind to methyl groups to ultimately influence gene expression. DNA 
demethylation is characterized as either passive or active. Passive 
DNA demethylation occurs in dividing cells. Inactivation of Dnmt1 
leads to unmethylation of newly incorporated cytosine, reducing 
the overall methylation level after each cell division, thereby causing 
erosion. Active DNA demethylation can occur in both dividing and 
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Table 1: Mechanisms of epigenetic changes12

Epigenetic mechanisms

DNA methylation

RNA silencing/Non-coding 
RNAs

• Small interfering RNAs (siRNA) 
• MicroRNAs (miRNA)

Post-translational  
modifications (PTMs) of histone 
proteins

• Acetylation
•  Ubiquitination is the addition of 

a small ubiquitin-like modifier 
(SUMO; SUMOylation)

• Glycosylation
• Hydroxylation
• Phosphorylation
• Sulfation
• Acetylation
• Citrullination
• Crotonylation
• Malonylation
• ADP-ribosylation

Prions

Chromatin remodeling

Nucleosome positioning

Sex-specific epigenetic 
changes

• Genomic imprinting 
• Chromosome inactivation
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nondividing cells but requires enzymatic reactions to process the 
5mC in order to revert it back to a naked cytosine. Reading DNA 
methylation can be done by the MBD, the UHRF, and zinc-finger 
proteins.23

Epigenetic Crosstalk 
There is a crosstalk between DNA methylation and other epigenetic 
mechanisms, such as histone modifications and microRNA (miRNA) 
to regulate transcription.23 Multiple epigenetic mechanisms interact 
to activate or silence gene expression and regulate transcription. 
Methylation is regulated by proteins such as Dnmt, and their 
catalytic activity is enhanced by their association with histone tails 
and Dnmt3L. In regions of DNA with activated transcription, Tet 
removes DNA methylation, and histone tails in this region often 
contain H3K4me3 that inhibits Dnmt binding to unmethylated CpG 
sites and maintains a permissive environment for transcription. 
Methyl binding proteins are the strongest link between DNA 
methylation and histone modification. Both the MBDs and the UHRF 
proteins interact with methylated DNA and histones to enhance 
gene repression.30–32 

Non-coding RNAs
The non-coding RNAs (ncRNAs) are RNA transcripts that do not 
encode proteins like mRNAs but regulate post-transcriptional gene 
expression in physiological processes such as cellular differentiation 

and organ development.33 These are epigenetic regulators of gene 
expression through actions on chromatin; and are categorized into 
(a) housekeeping or infrastructural ncRNAs that regulate cellular 
functions and are constitutively expressed and (b) regulatory 
ncRNAs which alter gene expression through complex molecular 
and cellular processes.34 Infrastructural ncRNAs include ribosomal, 
transfer, small nuclear, and small nucleolar RNAs. Regulatory 
ncRNAs can be classified into microRNAs (miRNAs), Piwi-interacting 
RNAs (piRNAs), small interfering RNAs (siRNAs), and long non-
coding RNAs (lncRNAs).33–36 Small ncRNAs such as miRNA, siRNA, 
and piRNA have less than 200 nucleotides, whereas long ncRNA 
contains more than 200 nucleotides.37 They can effectuate post-
transcriptional silencing of gene expression by RNA processing, 
chromatin structure, RNA stability, chromosome segregation, 
transcription, and translation.38,39 Only 3–4% of the transcripts in 
the genome encode for proteins, while the remaining are ncRNAs. 
During evolution, the spectrum of protein-coding genes has been 
conserved but the number of non-coding sequences has increased 
in proportion to the organism complexity.40 Table 2 presents a 
description of the regulatory ncRNAs.

Micro (Mi)-RNAs
Micro-RNAs (Mi-RNAs) are evolutionarily conserved, small 
single-stranded molecules (20–24 nucleotides) that regulate 
the expression of around 50% of the genes in a cell at the 

Fig. 1: Nucleosome solenoid (30 nm DNA fiber of chromatin, resulting from helical winding of ≥5 nucleosome strands). This model of chromatin 
organization was proposed by Kornberg and Thomas in 1974

Fig. 2: Differences between euchromatin and heterochromatin
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post-transcriptional level.41 These regulate immune functions 
and inflammatory responses. miRNAs are derived from transcripts 
with distinctive hairpin structures. Processing of the hairpin into 
the mature miRNA by Drosha and Dicer allows interaction with 
argonaute (Ago) proteins to form an RNA-induced silencing complex 
(RISC).42–45 Strand selection for RISC depends on thermodynamic 
stability, with the 5’ terminus favored at the less stable end of 
the duplex.41 The miRNAs then pair with mRNAs, most favorably 
to the 3’ untranslated region (UTR), to guide their translational 
repression or deadenylation and degradation. Dysregulation of 
miRNA expression and consequent epigenetic disruption have 
been correlated with altered development.46

Small Interfering RNA
Small interfering RNA (siRNA) is a linear, perfectly base-paired 
dsRNA, which is processed by Dicer into 20–24 nucleotide siRNAs 

that direct silencing when loaded onto RISC. The siRNAs mediate 
post-transcriptional silencing through RNA interference (RNAi) 
processes; but in contrast to miRNAs, guide strand recognition 
is indistinguishable.35,38 In addition to post-transcriptional gene 
silencing (PTGS), siRNAs have also been found to direct sequence-
specific transcriptional gene silencing by increasing epigenetic 
marks characteristic of heterochromatin.38,47 

PiRNAs
Piwi (P-element Induced WImpy testis in Drosophila)-interacting 
RNA (piRNA) is the largest class of small non-coding RNA molecules 
expressed in animal cells. These are usually 21–35 nucleotides long, 
small regulatory ncRNAs. During germline development, these bind 
PIWI proteins to form piRNA-induced silencing complexes.48,49 The 
PiRNAs can interact with mRNA with enhanced silencing of gene 
transcription through RISCs-mediated mRNA degradation.35,50 

Table 2: Regulatory ncRNAs35

Type Length Characteristic Function 

miRNA Micro RNA 20–24 miRNA produced in the nucleus as capped 
and polyadenylated ssRNA with an 
imperfectly paired stem-loop structure. 
Processing by Drosha and Dicer lead to the 
production of mature dsRNA with exact ends.
The effector phase occurs primarily in the 
cytoplasm mediated by Ago proteins.

Perfect complementarity – Ago2-mediated 
cleavage of mRNA.
Non-perfect complementarity – Suppression 
of translation or mRNA degradation
(deadenylation, decapping, and
exonucleolytic degradation). 
Transcriptional silencing and translational 
activation.
Minor functions in transcriptional silencing 
and translational activation.

piRNA PIWI-interacting 
RNA

24–31 Precursor ssRNA, which is modified to 
contain 3’-terminal 2’-O-methyl
Strong preference for uridine at the 5’ end.

Silencing of transposable elements in the 
germline.

siRNA Small  
interfering RNA

20–24 Canonical siRNAs form long, linear, perfectly 
base-paired dsRNA.
Processed by dicer into mature siRNA with 
heterogeneous  
end-composition.
Effector functions occur primarily in the 
cytoplasm supported by Ago proteins.

Perfect match with endonucleolytic cleavage.
Non-perfect match or endonuclease-inactive
RISC: Translational repression or
exonucleolytic degradation
Induction of heterochromatin formation
Silencing of the same locus from which they 
are derived.

lncRNA Long  
non-coding 
RNA

>200 Precursor of ssRNAs 
Many lncRNAs are subject to  
splicing, polyadenylation, and other 
post-transcriptional modifications.

Chromatin remodeling.
Transcriptional regulation.
Post-transcriptional regulation (splicing,  
TF localization).
Precursors for siRNAs.
Component of nuclear organelles  
(paraspeckles, nuclear speckles).

eRNA Enhancer RNA 100–9000 ssRNA produced bidirectionally from 
enhancer regions enriched for H3K4me1, 
Pol II, and co-activators such as p300
Short half-life
Evolutionarily conserved sequences
Dynamically regulated upon signaling
Expression correlates positively with nearby 
mRNA expression.

Mostly unknown but plays a role in 
transcriptional gene activation.

PAS (PASR,  
TSSa-RNA, tiRNA, 
PROMPT)

Promoter- 
associated RNA

16–200 Weakly expressed ssRNAs short-half life
Bidirectional expression reflecting Pol II 
distribution.

Transcriptional regulation (interaction with 
Polycomb group of proteins).

PASR, promoter-associated small RNA; PROMTs, promoter upstream transcript; tiRNA, transcription initiation RNA; TSSa-RNA, transcription start site- 
associated RNA
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There is also increased suppression of transposon activity during 
germline development.51 Some single-stranded precursors can 
mature into antisense (AS) piRNAs, which then recognize and 
target the cleavage of transposons by associated PIWI-proteins. 
This sequence generates additional sense-piRNAs from the target 
transposon sequence, mostly in germline and sometimes in somatic 
cells.52,53 The PiRNAs may also have a role in the regulation of the 
cell cycle of mesenchymal stem cells.54

Long Non-coding (Lnc)-RNAs
Long non-coding RNAs (Lnc-RNAs) comprise the largest subgroup 
of non-protein-coding transcripts. These are typically more than 
200 nucleotides in length. Based on the proximity to protein-
coding genes, lnc-RNAs are usually classified into five categories: 
sense, AS, bidirectional, intronic, and intergenic.36 A subgroup of 
lncRNAs, named large intergenic non-coding RNAs (lincRNAs), has 
been described based on a distinctive chromatin signature that 
marks actively transcribed genes.55,56 These are transcribed by RNA 
polymerase II. There is considerable mechanistic diversity due to 
variations in interaction with RNA binding proteins (RBPs) at specific 
DNA regions.57 Due to the presence of a poly(A) tail, these can be 
detected by qRT-PCR through a poly-A tailing method.

Table 2 summarizes the role of regulatory non-coding RNAs.

Post-translational Modifications (PTMs) of Histone 
Proteins
The histone tails on the nucleosome surface can undergo several 
enzyme-catalyzed PTMs.58,59 These modifications can alter the 
net charge, inter-nucleosomal interactions, and the chromatin 
structure.60,61 These altered histones contain specialized structural 
folds in the N-terminal tail domain, which changes the interaction 
with DNA-binding proteins such as transcription factors and other 

binding proteins. Figure 3 explains the formation of histones. In 
Fig. 4, we present a detailed structure of histones. Histone–DNA 
and histone–histone interactions occur in the globular domain. 

Covalent modifications include acetylation, ubiquitination, 
the addition of small ubiquitin-like modifier (SUMO; SUMOylation), 
glycosylation, hydroxylation, phosphorylation, sulfation, 
acetylation, citrullination, crotonylation, malonylation, and ADP-
ribosylation.61 These affect gene expression by altering interactions 
of the positively charged N-termini of histones with negatively 
charged DNA and creating binding sites for modified histone 
residues.62

Histone Acetylation
Histone acetylation occurs at conserved lysine residues on the 
N-terminal tails.58 Most underlying modifications are seen in H3 
and H4, not in H2A and H2B. Key positions for acetylation are lysine 
K9 and K14 on histone H3; and K5, K8, K12, and K16 on histone 
H4.63,64 The degree of histone acetylation is directly proportional 
to transcriptional activity. The acetylation and deacetylation of 
histones are a dynamic process managed by two enzyme systems, 
the histone acetyltransferases (HATs) and histone deacetylases 
(HDACs).63 

The HATs promote the transfer of acetyl moieties from acetyl 
coenzyme A to lysine residues of histone proteins. The HATs 
and HDACs are two counteracting enzyme families that control 
the acetylation state of protein lysine residues in the N-terminal 
extensions of the core histones. The activity of HDACs is controlled 
by targeted recruitment, protein–protein interactions, and 
post-translational modifications. The HDACs control cell cycle 
progression, survival, and differentiation; these enzymes were first 
noted in malignant transformation. Therefore, HDAC inhibitors were 
developed as antineoplastic drugs.

Fig. 3: Formation of histones
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The HDACs suppress transcription; inhibiting these enzymes 
promotes histone hyperacetylation transcriptional activation of 
some genes.63 Several histone deacetylase inhibitors (HDACIs), 
small specific/global inhibitors of HDACs with distinct structural 
characteristics, are known: hydroxamates, cyclic peptides, aliphatic 
acids, benzamides, and electrophilic ketones (Table 3).65 

Histone Methylation
Histone methylation, an irreversible epigenetic mark, can both 
activate and repress gene expression.66 Methylation of H3/K9 and 
H4/K20 are associated with heterochromatin formation; H3/K9 and 
K27 with transcriptional silencing; and K4, K36, and K79 of histone 
H3 associated with gene activity.66,67 Methylation of histones and 
DNA can occur together during chromatin remodeling.68,69

Prions
Prions are infectious conformational states of some proteins, which 
transfer their misfolded state to other proteins, creating new, 
diverse heritable traits without any changes in the nucleic acid 
sequence.70 These may be involved in the pathogenicity of some 
neurodegenerative diseases.

Chromatin Remodeling
Alterated spatial organization and chromatin interactions can 
contribute to some human diseases, such as Rubinstein–Taybi 
syndrome (RSTS).70 These conditions are being recognized as 
Mendelian disorders of the epigenetic machinery and are being 
classified as “chromatinopathies.”71 The RSTS is caused by de novo 
mutations in epigenetics-associated genes such as the cAMP 
response element-binding protein (CREBBP). This protein encoded 
by this gene is referred to as CBP. The EP300 gene encodes the 
p300 protein, a CBP homolog. The CBP has an intrinsic histone 
acetyltransferase activity required for CREB-mediated gene 
expression. Protein acetyltransferase activity in CBP destabilizes 
promoter-bound nucleosomes, leading to transcriptional activation. 
Overall, chromatin structure is dynamic and precisely controls cellular 
processes such as gene expression.72 Global chromatin remodeling 
plays a major part in gene expression and epigenetic memory.73

Chromatin acts as a dynamic signal platform through active 
histone modifications. Chromatin structure is modified either by 
breaking the interactions between nucleosomes or by recruitment 
of protein factors to the unraveled nucleosomes.74 Histone-
modifying enzymes include acetyltransferases, methyltransferases, 
serine/threonine kinases, ubiquitin ligases, and proline isomerases. 
The encoded covalent modifications affect the physical remodeling 
of chromatin structure or recruitment of signaling complexes that 
drive/repress transcription.75 Histone modifications and chromatin 
remodeling are critical for gene expression during the memory 
processes and learning.

Nucleosome Positioning
Nucleosomes contain a histone core inside a DNA bundle (Fig. 1). 
The position and modifications of nucleosomes are key to altered 
genome regulation in developmental defects and cancer.76 

Fig. 4: Detailed structure of histones

Table 3: Classification of histone deacetylase inhibitors

Class Compound 

Hydroxamate Trichostatin A (TSA), suberoylanilide hydroxamic 
acid (SAHA), m-carboxycinnamic acid bishydrox-
amide (CBHA), LAQ-824

Cyclic peptide Depsipeptide, apicidin, and the CHAPs

Aliphatic acid Valproic acid (VA), phenylbutyrate (PB)

Benzamide MS-275, CI-994

Electrophilic 
ketone

Trifluoromethyl ketones, alpha-ketoamides.
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Nucleosome-remodeling ATPases maintain the chromatin in 
a dynamic state responsive to environmental, metabolic, and 
developmental cues. These enzymes undergo conformational 
changes that promote binding to and hydrolysis of ATP and 
interaction with DNA and histones. The resulting histone–DNA 
interactions in target nucleosomes may lead to the complete or 
partial disassembly of nucleosomes, the exchange of histones 
for variants, the assembly of nucleosomes, and/or the movement 
of histone octamers on DNA. Remodeling can maintain DNA 
sequences close to interacting proteins. It can also promote histone 
modifications or RNA metabolism, which is important for stable 
epigenetics.77

In chromatin, the DNA sequence is occluded by histones and 
non-histone chromatin components. Access to DNA is restricted 
due to the compact chromatin organization. The proteins cannot 
easily associate with DNA strands on the nucleosomal histone 
surface. Also, the nucleosomal DNA shows major tertiary structural 
curves around the histone octamer. There are also post-translational 
modifications in histones that further fold the nucleosomal fibers 
into “higher order” structures which are even less accessible. 
Nucleosome “remodeling” enzymes allow DNA access to be 
regulated by changing histone–DNA interactions as a means of 
disrupting, assembling, or moving nucleosomes and liberating 
segments of DNA by complete or partial disassembly, alteration of 
the composition of nucleosomes and by affecting the folding of 
nucleosomal fibers.78–82

Generally, nucleosomes are stable structures due to the 
cumulative effect of many weak histone–DNA interactions. 
Remodeling reactions require biochemical coupling in histones 
to ATP hydrolysis and are reversible. These include disruption of 
histone–DNA interactions, the sliding of a histone octamer on or 
off a particular DNA sequence, or alteration of the composition of 
histone variants. Remodeling factors are multisubunit complexes; 
these enzymes, despite the dynamic nature of the chromatin 
transitions, are involved in the assembly and propagation of stable 
epigenetic states. The typical roles for nucleosome remodeling 
include regulatory elements that affect expression programs of 
specific genes, nucleosome assembly, and exchange of histone 
variants. Serial deletions that alter the 3-dimensional interactions 
between heterochromatic nucleosome depleted regions (NDRs) 
have helped understand the relationship between inter-NDR 
distance and defects in nucleosome positioning. Poor nucleosome 
positioning can also alter heterochromatin stability.83

Sex-specific Epigenetic Mechanisms
Genomic Imprinting 
Genomic imprinting involves mono-allelic expression depending 
on the parental origin; the gamete-specific epigenetic modifications 
result in differential expression of the two parental alleles in somatic 
cells. DNA gets tagged in a sex-dependent manner, resulting in 
differential gene expression in accordance with the parent of origin. 
Imprinting occurs during gametogenesis and is maintained by DNA 
replication in the somatic cells. 

Imprinting control regions (ICRs) are composed of repetitive 
DNA sequences nearby or in imprinted genes; removal of an 
ICR results in loss of imprinting. Epigenetic modifiers of gene 
expression, such as DNA methylation, histone modifications, 
non-RNA factors, and higher-order chromatin formations within 
ICRs can help maintain the imprinted state. The ICRs can be 
important components of nucleation sites for gene silencing/

activation. These are also associated with enhancers and boundary 
elements to restrict imprinted regulation to specific domains.

Most imprinted genes share common ICRs in clusters that 
direct parent-specific regulation of multiple genes. The ICRs 
contain differentially methylated regions (DMRs) that achieve 
parent-specific DNA methylation tags either in the germline or in 
somatic cells. Histone acetylation creates an accessible chromatin 
conformation. In contrast, histone deacetylation can initiate 
histone methylation. Altered chromatin conformation can promote 
silencing and the formation of heterochromatin.84 Histone 
methylation can activate/repress transcription depending upon 
methylation of specific lysine: histone 3-lysine 9 (H3K9), histone 
4-lysine 20 (H4K20), and histone 3-lysine 27 (H3K27) are silencing 
modifications, whereas histone 3-lysine 4 (H3K4) methylation 
typically activates chromatin. Histone modifications in imprinted 
regions can promote the formation of higher-order chromatin. 
Transcriptional inactivation of an imprinted allele involves the 
formation of heterochromatin.

RNA interference is a post-transcriptional silencing mechanism 
in which double-stranded RNA (dsRNA) promotes the formation 
of complementary RNA transcripts by forming RNA silencing 
complexes (RISCs). The RNA-I silencing pathway helps recruit 
DNA methyltransferases and other factors to promote higher-
order chromatin structures.85 Non-coding RNA and RNA-I are 
also regulators of genomic imprinting. This might involve histone 
acetylation/methylation and/or DNA methylation. Differential 
allele-specific DNA methylation is localized to regions termed 
differentially methylated regions. Differential methylation of 
parental alleles can be involved in this process. These domains 
often contain many imprinted genes, such as Igf2/H19, Cdkn1c/
Kcnq1, and Zac, that play important roles in growth and postnatal 
development. Many imprinting gene loci are related to neonatal 
diseases. 

The insulin-like growth factor (IGF) system, including IGF-1 and 
IGF-2, is one of the most important endocrine and paracrine growth 
factor systems regulating fetal and placental growth. The IGF-2 and 
H19 genes are important imprinted genes.86,87 The IGF-2 assays are 
standard for determining the presence of genomic imprinting.88 
The H19 is maternally and IGF2 is paternally expressed.89,90 The H19 
has one ICR located upstream of the H19 gene and is also paternally 
methylated.91–93 Once established, paternal-specific methylation is 
identified and maintained in the somatic cells.94,95 

Diagnostic Methods
Different methods have been developed to identify and assess 
the scale of epigenetic alterations, focusing on DNA methylation 
and histone modification detection. Bisulfite, enzyme sensitivity, 
and antibody specificity-based techniques are used for DNA 
methylation, whereas histone modifications are detected by 
antibody recognition.96 To detect DNA methylation, traditional 
techniques such as polymerase chain reactions (PCRs) or cloning 
methods are not applicable because methyl groups are not copied 
during PCR amplification.97 Pretreatment methods can be used 
to study the original methylated DNA strands to discriminate 
methylation from non-methylation regions.98,99

Chromatin immunoprecipitation (ChIP) is a reliable way 
of detecting histone modifications and altered chromatin 
structures.100 The ChIP utilizes specific antibodies to recognize 
specific histone modifications and/or epigenetic modulators 
along with particular DNA fragments, which allows for assigning 
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locus-specific functions of histone modifications or transcriptional 
factor complexes.101 Sequencing-based ChIP methods such as 
ChIP-chip or ChIP-seq can analyze protein–DNA binding events and 
histone modifications at different loci for non-specific modification 
patterns.102,103 Table 4 provides an overview of these techniques for 
detecting epigenetic effects.

Uses in Neonates
Environmental factors typically induce epigenetic effects during 
the first 1000 days after conception. Extrinsic factors such as 
allergens, viruses, pollutants, diet, and/or microbiome can activate 
atypical metabolic reprogramming, metabolic dysfunctions, 
and defective immune responses, such as in allergic disease.13 

Flowchart 1 summarizes the major epigenetic exposures in the 
perinatal period.

miRNAs in Neonatal Sepsis
During infections, epigenetic changes may occur, leading to 
reprogramming of gene expression. Post-transcriptional regulation 
by short non-coding RNAs (microRNAs) may have a role in the 
pathophysiology of neonatal sepsis and may be used as potential 

biomarkers.104 MicroRNAs of 22-nucleotide length regulate immune 
functions and inflammatory response.

Necrotizing Enterocolitis (NEC)
In neonatal pathologies, epigenetic changes are used to identify 
targets for therapeutic intervention and predict outcomes.12 

Persistent Pulmonary Hypertension of the Newborn
Epigenetics regulates this endothelial cell-specific expression 
of eNOS, including DNA methylation, histone acetylation and 
methylation, and RNA interference.58 The PPHN significantly 
increases DNA CpG methylation in the eNOS promoter and 
decreases ten eleven translocase demethylases (TET) activity in 
pulmonary artery endothelial cells (PAEC). The PPHN decreased Sp1 
occupancy and density of the active mark, lysine 12 acetylation of 
histone 4, and increased density of the repression mark, lysine 9 
trimethylation of histone 3 around Sp1 binding sites in endothelial 
nitric oxide synthase (eNOS) promoter. These results suggest that 
epigenetic modifications are primed to decrease Sp1-binding at the 
eNOS gene promoter in PPHN. Reduced expression of eNOS, a key 
mediator of perinatal transition, characterizes PPHN. 

Table 4: Laboratory methods to decipher epigenetic signatures96

Technique Types Description

Restriction 
digestion-based  
techniques

MS-AFLP Methylation-sensitive amplitude fragment length polymorphism

DMH Differential methylation hybridization

CHARM Comprehensive-high throughput arrays for relative methylation

MMASS Microarray-based methylation assessment of single samples

HELP HpaII tiny fragment enrichment by ligation-mediated PCR

MS-MLPA Methylation-specific multiplex ligation-dependent probe  
amplification

LUMA Luminometric methylation assay

RLGS Restriction landmark genomic scanning

MCA Methylated CpG island amplification

Bisulfite treatment-based 
techniques

MSP Methylation-specific PCR

MSP-ISH Methylation-specific PCR in situ hybridization

BSP Bisulfite sequencing PCR

MS-RTPCR Methylation-sensitive real-time PCR

HRM High-resolution melting

Bisulfited DNA pyrosequencing

SNuPE Methylation-sensitive single nucleotide primer extension

MALDI-TOF Matrix-assisted laser desorption ionization time-of-flight

COBRA Combined bisulfite restriction analysis

Affinity-based technology MeDIP Methylated DNA immunoprecipitation

MBD protein affinity approach Methyl binding domain protein affinity approach

5hmC detection 5-Hydroxymethylcytosine detection

Histone modification 
analysis

ChIP assay Chromatin immunoprecipitation assay

Modified-ChIP-based methods Carrier ChIP (CChIP), quick and quantitative ChIP (Q2 ChIP), 
MicroChIP (μChIP), Fast ChIP, and Matrix ChIP.

Site-specific analysis of histone modifications

DNAse I hypersensitivity analysis of chromatin 
structure



Epigenetic Changes during Development

Newborn, Volume 3 Issue 3 (July–September 2024) 227

Congenital Disorders
Epigenetic modifications have a role in congenital disorders 
(such as Silver–Russell and Beckwith–Wiedemann syndrome), 
transient neonatal diabetes mellitus (TNDM), intrauterine growth 
retardation (IUGR), and PPHN.58 Epigenetics is also involved in 
genomic imprinting and X-chromosome inactivation in humans, 
and the failure of this mechanism causes a subset of congenital 
syndromes.105 The SNRPN gene, located in chromosome 15q12, is 
an imprinted gene where the maternal allele is inactivated and the 
paternal allele is expressed. The UBE3A gene is another imprinted 
gene where the paternal allele is inactivated, and the maternal allele 
is expressed. Failure to express the SNRPN gene due to deletion of 
paternal chromosome 15 or abnormal methylation of the paternal 
allele results in Prader–Willi syndrome. Failure of expression of the 
UBE3A gene due to either deletion of maternal chromosome 15 or 
abnormal methylation of the maternal allele results in Angelman 
syndrome.106,107 Around 100 imprinted genes clustered in certain 
genome regions have been identified. In genomic imprinting, the 
inactivated allele is methylated in its promoter region, whereas 
the expressing allele is not methylated; whereas in some disorders, 
both alleles are methylated, leading to a complete lack of gene 
expression. 

Lyonization of the X-chromosome occurs in females, but in 
some rare diseases, both X-chromosomes are active, leading 
to severe developmental delay. DNA is methylated by specific 
enzymes, such as DNA methyltransferases (DNMTs). In a disease 
with immunodeficiency [immunodeficiency, centromere instability 
(ICF) syndrome], mutant DNMT3B fails to methylate DNA in certain 
genomic regions. Genes are suppressed by epigenetic mechanisms 
through proteins, such as the methyl CpG- binding proteins. In Rett 
syndrome, a mutant methyl-CpG binding protein 2 (MeCP2) fails 
to repress its target genes.

Epigenetics and Neonatal Nutrition 
Epigenetic changes have long-lasting effects on gene expression 
and are induced by the early development environment. Epigenetic 

DNA imprinting activity is the most active from preconception to 
early infancy and modifies the risk for non-communicable disorders 
later in life, such as cardiovascular diseases, metabolic diseases, and 
diseases of the reproductive system.108

Genetics, Epigenetics, and Transcriptomics of Preterm 
Birth
Maternal toxic exposure to heavy metals, air pollution, and 
pesticides has been correlated with reduced placental methylation, 
which may cause genomic instability and mutations.109 
Epigenome-wide association meta-analysis studies (EWAS) have 
shown that many prenatal exposures associated with spontaneous 
preterm birth also change DNA methylation in cord blood. The 
EWAS has shown reproducible associations between blood DNA 
methylation in newborns and maternal folate levels, exposure to 
smoking during pregnancy, air pollutants, and exposure to heavy 
metals.110–113

Premature uterine contractions have been associated with 
pathogenic variants of the sarcomere gene TTN and transcriptomic 
variations of sarcomeric premature uterine contraction genes 
regulated by epigenetic factors, including methylation and long 
non-coding RNAs.114 Maternal age is an independent risk factor for 
preterm birth. Inter-individual differences between chronological 
and biological age have also been noted, which might be related 
to genetic background and environmental exposures. Estimation 
of biological age using genome-wide DNA methylation has found 
an association between a mother’s biological age and gestational 
age at delivery.115

Epigenetics and the Placenta 
Placental growth and function, pregnancy maintenance, and 
parturition are under epigenetic control.116 Prostaglandin 
biosynthesis enzyme (prostaglandin H synthase-2) can be modified 
by alteration of histone acetylation status and DNA methylation 
status in the human placenta.117 These inflammatory mediators 
affect uteroplacental hemodynamics and are critical in the 

Flowchart 1: Epigenetic exposures in the perinatal period
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mechanisms of labor. The regulatory mechanisms extend back in 
pregnancy till implantation.118

Candidate Genes
Many epigenetically modifiable genes may promote programmed 
changes in growth and insulin sensitivity in small-for-date and/or 
premature infants. Changes in methylation at the imprinted IGF-2 
receptor gene could lead to decreased IGF-II activity at birth.119,120 
Overexpression of RASGRF1, which regulates postnatal growth and 
is known to be imprinted in rodents, could explain the taller stature 
and higher IGF-I levels in IVF children. Under-expression of RASGRF1, 
which is known to be imprinted in rodents, could explain poor 
growth in premature and small-for-date infants.121 There appears to 
be a critical window in early life in which under-nutrition might cause 
aberrant methylation of LEP and in turn, persistent insulin resistance 
with later obesity and hypertension. The GRB10 is another imprinted 
gene that acts to inhibit insulin and IGF-I receptor signaling and its 
hypomethylation during the fetal or early neonatal periods can lead 
to insulin resistance, poor growth, and abnormalities in the GH/IGF-I 
axis as observed in SGA and premature children.116,122

Possible Therapeutic Implications
Since epigenetic alterations are reversible, modifying epigenetic 
marks contributes to disease development may provide an 
approach to designing new therapies.65 Gene hypermethylation 

and histone hypoacetylation are attractive targets for treating 
epigenetic diseases because these changes could be reversible. 
Despite limitations such as non-specific activation of genes and 
transposable elements in normal cells, corrected epigenetic 
modifications may revert to their previous state because of the 
reversible nature of DNA methylation and histone modification 
patterns. However, this may be prevented with continued treatment. 

Epigenetic dysregulation leads to the initiation and progression 
of some cancers. Global DNA hypomethylation has been noted 
in altered growth. Promoter CpG hypomethylation can promote 
gene expression. Promoter CpG hypomethylation can increase 
gene expression. DNA methylation refers to the post-synthetic 
methylation of cytosine bases at position 5 of the pyrimidine ring 
by a DNA methyltransferase (DNMT), which catalyzes the transfer 
of the methyl group from S-adenosylmethionine (SAM) to cytosine 
to form 5-methylcytosine and S-adenosylhomocysteine (SAH). 
Diets deficient in methyl donor precursors (folate, methionine, 
and choline) may play a role in DNA hypomethylation. The DNA 
hypomethylation has been detected in those receiving low dietary 
folate and can be reversed by folate repletion. Histone acetylation 
and deacetylation status may be altered by inhibiting HATs or HDACs. 
Gene silencing is associated with histone deacetylation, which is 
catalyzed in human cells by at least three classes of HDACs (class 
I, II, and III). 

Table 5 summarizes the definitions associated with epigenetics.

Table 5: Definitions associated with epigenetics123

Epigenetics Non-genetic heritable (mitotically and/or meiotically) genomic modifications involved in gene expression regulation 
but do not entail a change in DNA sequence.5,6

Gene The fundamental physical and functional unit of heredity, which carries information from one generation to the next. 

Chromosome A linear end-to-end arrangement of genes and other DNA, sometimes with associated protein and RNA.

Chromatin Chromatin refers to a mixture of DNA and proteins that form the chromosomes.124,125 Histones package the massive 
amount of DNA in a genome into a highly compact form that can fit in the cell nucleus.

Euchromatin Euchromatin is defined as the area of the chromosome which is rich in genes that actively participate in the 
transcription process.126

Heterochromatin Heterochromatin is a tightly packed form of DNA in the nucleus that is so compactly organized that it is 
inaccessible to the proteins involved in gene expression. Heterochromatin is highly condensed, gene-poor, and 
transcriptionally silent, whereas euchromatin is less condensed, gene-rich, and more accessible to transcription 
(Fig. 2).126

Nucleosome A nucleosome is the basic repeating subunit of chromatin. It has a nucleosome ‘core’ linker DNA, and a linker 
histone.127 It comprises a segment of DNA wrapped around eight histone proteins, known as histone octamer. The 
octamer is made up of two copies of each of the histone proteins: H2A, H2B, H3, and H4. 

Histone Histones are basic proteins found in chromosomes that help pack and organize DNA helix in chromatin fiber in the 
nucleus (Fig. 4).

Transcription The synthesis of RNA from a DNA template.

Methylation The process by which methyl groups are added to the DNA, and contributes to cellular reprogramming, tissue 
differentiation, and normal development.23,24

CpG island CpG islands (CGIs) are short, interspersed DNA sequences that deviate significantly from the average genomic 
pattern by being GC-rich, CpG-rich, and predominantly non-methylated and are the sites of transcription initiation.26

Polycomb proteins Polycomb-group (PcG) genes encode chromatin proteins involved in stable and heritable transcriptional silencing. 
PcG proteins participate in distinct multimeric complexes that deposit or bind to specific histone modifications (e.g., 
H3K27me3 and H2AK119ub1) to prevent gene activation and maintain repressed chromatin domains. PcG proteins 
can silence gene expression globally, particularly during development and differentiation.28

RNA silencing RNA silencing or RNA interference is an evolutionarily conserved gene inactivation system by which gene expression 
is negatively regulated by non-coding RNAs such as microRNAs.

small interfering RNAs 
(siRNA) 

A class of double-stranded RNA, 20–24 base pairs in length, which interferes with the expression of specific genes 
with complementary nucleotide sequences by degrading mRNA after transcription, preventing translation.128

(Contd...)
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Fu t u r e di r e c t i o n s
Epigenetic alterations are crucial in the first 1000 days of life. 
Modifying epigenetic marks can play a role in developing new 
therapies. There is a need to unravel the complete repertoire 
of mechanisms of epigenetic modifications. Recent research is 
also delving into epigenetics as a causative mechanism in the 
pathogenesis of many neonatal disorders. Epigenetic remodeling 
of the genome plays a role in the phenotypic expression of various 
health and disease states in the newborn. Future efforts should be 
directed toward the possible therapeutic implications of epigenetics.

or c i d
Srijan Singh  https://orcid.org/0000-0002-2103-5232

re F e r e n c e s
 1. Dupont C, Armant DR, Brenner CA. Epigenetics: Definition, 

mechanisms and clinical perspective. Semin Reprod Med 
2009;27(5):351. DOI: 10.1055/S-0029-1237423.

 2. Waddington CH. The epigenotype. 1942. Int J Epidemiol 2012;41(1): 
10–13. DOI: 10.1093/IJE/DYR184.

 3. Tarakhovsky A. Tools and landscapes of epigenetics. Nat Immunol 
2010;11(7):565–568. DOI: 10.1038/NI0710-565.

 4. Zoghbi HY, Beaudet AL. Epigenetics and human disease. Cold Spring 
Harb Perspect Biol 2016;8(2):1–28. DOI: 10.1101/CSHPERSPECT.
A019497.

 5. Wu C T,  Morr is  JR .  Genes,  genetics ,  and epigenetics:  A 
correspondence. Science 2001;293(5532):1103–1105. DOI: 10.1126/
SCIENCE.293.5532.1103.

 6. Fazzari MJ, Greally JM. Epigenomics: Beyond CpG islands. Nat Rev 
Genet 2004;5(6):446–455. DOI: 10.1038/NRG1349.

 7. Wallace DC, Fan W. Energetics, epigenetics, mitochondrial genetics. 
Mitochondrion 2010;10(1):12–31. DOI: 10.1016/J.MITO.2009.09.006.

 8. Kanherkar RR, Bhatia-Dey N, Csoka AB. Epigenetics across the 
human lifespan. Front Cell Dev Biol 2014;2:49. DOI: 10.3389/
FCELL.2014.00049.

 9. Barbara MA, Abdilla Y, Calleja-Agius J. An introduction to epigenetics. 
Neonatal Netw 2017;36(3):124–128. DOI: 10.1891/0730-0832.36.3.124.

 10. Bird A. Perceptions of epigenetics. Nature 2007;447(7143):396–398. 
DOI: 10.1038/NATURE05913.

 11. Reik W. Stability and flexibility of epigenetic gene regulation in 
mammalian development. Nature 2007;447(7143):425–432. DOI: 
10.1038/NATURE05918.

 12. Nair J, Maheshwari A. Epigenetics in necrotizing enterocolitis. Curr 
Pediatr Rev 2021;17(3):172–184. DOI: 10.2174/1573396317666210421
110608.

 13. Acevedo N, Alhamwe BA, Caraballo L, et al. Perinatal and early-life 
nutrition, epigenetics, and allergy. Nutrients 2021;13(3):1–53. DOI: 
10.3390/NU13030724.

 14. Handy DE, Castro R, Loscalzo J. Epigenetic modifications: Basic 
mechanisms and role in cardiovascular disease. Circulation 
2011;123(19):2145–2156. DOI: 10.1161/CIRCULATIONAHA.110.956839.

 15. Tost J. A translational perspective on epigenetics in allergic 
diseases. J Allergy Clin Immunol 2018;142(3):715–726. DOI: 10.1016/J.
JACI.2018.07.009.

 16. Grazioli E, Dimauro I, Mercatelli N, et al. Physical activity in the 
prevention of human diseases: Role of epigenetic modifications. 
BMC Genomics 2017;18(8):111–123. DOI: 10.1186/S12864-017-4193-5/
FIGURES/1.

 17. Felsenfeld G. A brief history of epigenetics. Cold Spring Harb Perspect 
Biol 2014;6(1):a018200. DOI: 10.1101/CSHPERSPECT.A018200.

 18. Bellanti JA. Epigenetic studies and pediatric research. Pediatr Res 
2020;87(2):378–384. DOI: 10.1038/S41390-019-0644-9.

 19. Alhamwe BA, Miethe S, von Strandmann EP, et al. Epigenetic 
regulation of airway epithelium immune functions in asthma. Front 
Immunol 2020;11:1747. DOI: 10.3389/FIMMU.2020.01747.

 20. Alaskhar Alhamwe B, Khalaila R, Wolf J, et al. Histone modifications 
and their role in epigenetics of atopy and allergic diseases. Allergy 
Asthma Clin Immunol 2018;14(1):39. DOI: 10.1186/S13223-018-0259-4.

 21. Potaczek DP, Harb H, Michel S, et al. Epigenetics and allergy: 
From basic mechanisms to clinical applications. Epigenomics 
2017;9(4):539–571. DOI: 10.2217/EPI-2016-0162.

 22. Brook PO, Perry MM, Adcock IM, et al. Epigenome-modifying tools 
in asthma. Epigenomics 2015;7(6):1017–1032. DOI: 10.2217/EPI. 
15.53.

 23. Moore LD, Le T, Fan G. DNA methylation and its basic function. 
Neuropsychopharmacology 2013 38:1. 2012;38(1):23–38. DOI: 10.1038/
npp.2012.112.

 24. De Carvalho DD, You JS, Jones PA. DNA methylation and cellular 
reprogramming. Trends Cell Biol 2010;20(10):609–617. DOI: 10.1016/J.
TCB.2010.08.003.

 25. Cain JA, Montibus B, Oakey RJ. Intragenic CpG islands and their impact 
on gene regulation. Front Cell Dev Biol 2022;10:832348. DOI: 10.3389/
FCELL.2022.832348.

 26. Deaton AM, Bird A. CpG islands and the regulation of transcription. 
Genes Dev 2011;25(10):1010. DOI: 10.1101/GAD.2037511.

 27. Core LJ, Waterfall JJ, Lis JT. Nascent RNA sequencing reveals 
widespread pausing and divergent initiation at human promoters. 
Science 2008;322(5909):1845–1848. DOI: 10.1126/SCIENCE.1162228.

Table 5: (Contd...)

microRNA s (miRNA) MicroRNAs are small, single-stranded, non-coding RNA molecules containing 21–23 nucleotides involved in RNA 
silencing and post-transcriptional regulation of gene expression.129

piRNA piRNAs are a group of small ncRNAs with approximately 21–35 nucleotides in length. The piRNA is known to 
associate with PIWI proteins and form piRNA-induced silencing complexes during germline development.49

lncRNA Long non-coding RNAs are RNA transcripts of more than 200 nucleotides that are not translated into protein. They 
are involved in epigenetic regulation, chromatin remodeling, and protein metabolism control. The term ‘lncRNAs’ 
encompasses RNA polymerase I (Pol I), Pol II, and Pol III transcribed RNAs, and RNAs from processed introns.130

Genomic imprinting It is the process by which only one copy of a gene (maternal or paternal) in an individual is expressed while the other 
copy is suppressed.131

ChIP technique An antibody-based technology that selectively enriches specific DNA-binding proteins and their DNA targets.132

Developmental 
Origins of Adult 
Disease Hypothesis or 
Barker’s theory

According to the DOHaD hypothesis, epigenetic adaptations are made to the fetal/neonatal DNA in response to 
environmental influences.1 The hypothesis further explains that the body responds to the environment and makes 
genetic changes (predictive adaptations) in anticipation of a presumed future environment. If the predictive 
adaptations are incorrect, then the metabolic state of the individual is altered to a degree whereby the risk of chronic 
disease in adulthood is increased; research also shows that the increased risk might be transgenerational.133 

EWAS Epigenome-wide association studies (EWASes) investigate the association between a phenotype and epigenetic 
variants, most commonly DNA methylation.134,135

https://orcid.org/0000-0002-2103-5232
https://orcid.org/0000-0002-2103-5232


Epigenetic Changes during Development

Newborn, Volume 3 Issue 3 (July–September 2024)230

 28. Golbabapour S, Majid NA, Hassandarvish P, et al. Gene silencing 
and polycomb group proteins: An overview of their structure, 
mechanisms and phylogenetics. OMICS 2013;17(6):283. DOI: 10.1089/
OMI.2012.0105.

 29. Jones PA, Takai D. The role of DNA methylation in mammalian 
epigenetics. Science 2001;293(5532):1068–1070. DOI: 10.1126/
SCIENCE.1063852.

 30. Ng HH, Zhang Y, Hendrich B, et al. MBD2 is a transcriptional repressor 
belonging to the MeCP1 histone deacetylase complex. Nat Genet 
1999;23(1):58–61. DOI: 10.1038/12659.

 31. Nan X, Ng HH, Johnson CA, et al. Transcriptional repression by the 
methyl-CpG-binding protein MeCP2 involves a histone deacetylase 
complex. Nature 1998;393(6683):386–389. DOI: 10.1038/30764.

 32. Citterio E, Papait R, Nicassio F, et al. Np95 is a histone-binding protein 
endowed with ubiquitin ligase activity. Mol Cell Biol 2004;24(6):2526. 
DOI: 10.1128/MCB.24.6.2526-2535.2004.

 33. Li J, Liu C. Coding or non-coding, the converging concepts of RNAs. 
Front Genet 2019;10:496. DOI: 10.3389/FGENE.2019.00496.

 34. Holoch D, Moazed D. RNA-mediated epigenetic regulation of gene 
expression. Nat Rev Genet 2015;16(2):71–84. DOI: 10.1038/NRG3863.

 35. Kaikkonen MU, Lam MTY, Glass CK. Editor’s choice: Non-coding RNAs 
as regulators of gene expression and epigenetics. Cardiovasc Res 
2011;90(3):430. DOI: 10.1093/CVR/CVR097.

 36. Ponting CP, Oliver PL, Reik W. Evolution and functions of long 
non-coding RNAs. Cell 2009;136(4):629–641. DOI: 10.1016/J.
CELL.2009.02.006.

 37. Li Y. Modern epigenetics methods in biological research. Methods 
2021;187:104–113. DOI: 10.1016/J.YMETH.2020.06.022.

 38. Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and 
siRNAs. Cell 2009;136(4):642–655. DOI: 10.1016/J.CELL.2009.01.035.

 39. Wilson RC, Doudna JA. Molecular mechanisms of RNA interference. 
Annu Rev Biophys 2013;42(1):217–239. DOI: 10.1146/ANNUREV-
BIOPHYS-083012-130404.

 40. Amaral PP, Mattick JS. Non-coding RNA in development. Mamm 
Genome 2008;19(7–8):454–492. DOI: 10.1007/S00335-008-9136-7.

 41. Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA 
biogenesis, function and decay. Nat Rev Genet 2010;11(9):597–610. 
DOI: 10.1038/NRG2843.

 42. Bernstein E, Caudy AA, Hammond SM, et al. Role for a bidentate 
ribonuclease in the initiation step of RNA interference. Nature 
2001;409(6818):363–366. DOI: 10.1038/35053110.

 43. Lee Y, Ahn C, Han J, et al. The nuclear RNase III Drosha initiates 
microRNA processing. Nature 2003;425(6956):415–419. DOI: 10.1038/
NATURE01957.

 44. Hutvágner G, Zamore PD. A microRNA in a multiple-turnover RNAi 
enzyme complex. Science 2002;297(5589):2056–2060. DOI: 10.1126/
SCIENCE.1073827.

 45. Mourelatos Z, Dostie J, Paushkin S, et al. miRNPs: a novel class of 
ribonucleoproteins containing numerous microRNAs. Genes Dev 
2002;16(6):720. DOI: 10.1101/GAD.974702.

 46. Bracken CP, Scott HS, Goodall GJ. A network-biology perspective 
of microRNA function and dysfunction in cancer. Nat Rev Genet 
2016;17(12):719–732. DOI: 10.1038/NRG.2016.134.

 47. Grewal SIS. RNAi-dependent formation of heterochromatin and its 
diverse functions. Curr Opin Genet Dev 2010;20(2):134. DOI: 10.1016/J.
GDE.2010.02.003.

 48. Siomi H, Siomi MC. On the road to reading the RNA-interference code. 
Nature 2009;457(7228):396–404. DOI: 10.1038/NATURE07754.

 49. Siomi MC, Sato K, Pezic D, et al. PIWI-interacting small RNAs: The 
vanguard of genome defence. Nat Rev Mol Cell Biol 2011;12(4): 
246–258. DOI: 10.1038/NRM3089.

 50. Pasquinelli AE. MicroRNAs and their targets: Recognition, 
regulation and an emerging reciprocal relationship. Nat Rev Genet 
2012;13(4):271–282. DOI: 10.1038/NRG3162.

 51. Gunawardane LS, Saito K, Nishida KM, et al. A slicer-mediated 
mechanism for repeat-associated siRNA 5’ end formation in Drosophila. 
Science 2007;315(5818):1587–1590. DOI: 10.1126/SCIENCE.1140494.

 52. Li C, Vagin VV, Lee S, et al. Collapse of germline piRNAs in the absence 
of Argonaute3 reveals somatic piRNAs in flies. Cell 2009;137(3): 
509–521. DOI: 10.1016/J.CELL.2009.04.027.

 53. Malone CD, Brennecke J, Dus M, et al. Specialized piRNA pathways 
act in germline and somatic tissues of the Drosophila ovary. Cell 
2009;137(3):522–535. DOI: 10.1016/J.CELL.2009.03.040.

 54. Wu Q, Ma Q, Shehadeh LA, et al. Expression of the Argonaute 
protein PiwiL2 and piRNAs in adult mouse mesenchymal stem cells. 
Biochem Biophys Res Commun 2010;396(4):915–920. DOI: 10.1016/J.
BBRC.2010.05.022.

 55. Khalil AM, Guttman M, Huarte M, et al. Many human large 
intergenic non-coding RNAs associate with chromatin-modifying 
complexes and affect gene expression. Proc Natl Acad Sci USA 
2009;106(28):11667–11672. DOI: 10.1073/PNAS.0904715106.

 56. Guttman M, Amit I, Garber M, et al. Chromatin signature reveals over 
a thousand highly conserved large non-coding RNAs in mammals. 
Nature 2009;458(7235):223–227. DOI: 10.1038/NATURE07672.

 57. Long Y, Wang X, Youmans DT, et al. How do lncRNAs regulate 
transcription? Sci Adv 2017;3(9):eaao2110. DOI: 10.1126/SCIADV.
AAO2110.

 58. Xu X feng, Du L zhong. Epigenetics in neonatal diseases. Chin Med J 
(Engl) 2010;123(20):2948–2954. PMID: 21034612.

 59. Arima T, Drewell RA, Arney KL, et al. A conserved imprinting control 
region at the HYMAI/ZAC domain is implicated in transient neonatal 
diabetes mellitus. Hum Mol Genet 2001;10(14):1475–1483. DOI: 
10.1093/HMG/10.14.1475.

 60. Cosgrove MS, Boeke JD, Wolberger C. Regulated nucleosome mobility 
and the histone code. Nat Struct Mol Biol 2004;11(11):1037–1043. DOI: 
10.1038/NSMB851.

 61. Bowman GD, Poirier MG. Post-translational modifications of histones 
that influence nucleosome dynamics. Chem Rev 2015;115(6): 
2274–2295. DOI: 10.1021/CR500350X.

 62. Mitrousis N, Tropepe V, Hermanson O. Post-translational modifications 
of histones in vertebrate neurogenesis. Front Neurosci 2015;9:483. 
DOI: 10.3389/FNINS.2015.00483.

 63. De Ruijter AJM, Van Gennip AH, Caron HN, et al. Histone deacetylases 
(HDACs): Characterization of the classical HDAC family. Biochem J 
2003;370(Pt 3):737–749. DOI: 10.1042/BJ20021321.

 64. Turner BM. Cellular memory and the histone code. Cell 2002;111(3): 
285–291. DOI: 10.1016/S0092-8674(02)01080-2.

 65. Lu Q, Qiu X, Hu N, et al. Epigenetics, disease, and therapeutic 
interventions. Ageing Res Rev 2006;5(4):449–467. DOI: 10.1016/J.
ARR.2006.07.001.

 66. Grant PA, Berger SL. Histone acetyltransferase complexes. Semin Cell 
Dev Biol 1999;10(2):169–177. DOI: 10.1006/SCDB.1999.0298.

 67. Sims RJ, Nishioka K, Reinberg D. Histone lysine methylation: A 
signature for chromatin function. Trends Genet 2003;19(11):629–639. 
DOI: 10.1016/J.TIG.2003.09.007.

 68. Tamaru H, Selker EU. A histone H3 methyltransferase controls DNA 
methylation in Neurospora crassa. Nature 2001;414(6861):277–283. 
DOI: 10.1038/35104508.

 69. Henckel A, Nakabayashi K, Sanz LA, et al. Histone methylation is 
mechanistically linked to DNA methylation at imprinting control 
regions in mammals. Hum Mol Genet 2009;18(18):3375–3383. DOI: 
10.1093/HMG/DDP277.

 70. Polin RA, Abman SH, Rowitch DH, et al. Fetal and Neonatal Physiology, 
2-Volume Set. Published online January 1, 2017; pp: 1–1744.e3. DOI: 
10.1016/B978-0-323-35214-7.00175-X.

 71. Korzus E. Rubinstein-Taybi syndrome and epigenetic alterations. Adv 
Exp Med Biol 2017;978:39–62. DOI: 10.1007/978-3-319-53889-1_3.

 72. Felsenfeld G, Groudine M. Controlling the double helix. Nature 
2003;421(6921):448–453. DOI: 10.1038/NATURE01411.

 73. Levenson JM, Sweatt JD. Epigenetic mechanisms in memory 
formation. Nat Rev Neurosci 2005;6(2):108–118. DOI: 10.1038/
NRN1604.

 74. Kouzarides T. Chromatin modifications and their function. Cell 
2007;128(4):693–705. DOI: 10.1016/J.CELL.2007.02.005.



Epigenetic Changes during Development

Newborn, Volume 3 Issue 3 (July–September 2024) 231

 75. Berger SL. Histone modifications in transcriptional regulation. 
Curr Opin Genet Dev 2002;12(2):142–148. DOI: 10.1016/S0959-
437X(02)00279-4.

 76. Jiang C, Pugh BF. Nucleosome positioning and gene regulation: 
Advances through genomics. Nat Rev Genet 2009;10(3):161–172. DOI: 
10.1038/NRG2522.

 77. Becker PB, Workman JL. Nucleosome remodeling and epigenetics. 
Cold Spring Harb Perspect Biol 2013;5(9):a017905. DOI: 10.1101/
CSHPERSPECT.A017905.

 78. Workman JL, Kingston RE. Alteration of nucleosome structure as 
a mechanism of transcriptional regulation. Annu Rev Biochem 
1998;67:545–579. DOI: 10.1146/ANNUREV.BIOCHEM.67.1.545.

 79. Hargreaves DC, Crabtree GR. ATP-dependent chromatin remodeling: 
Genetics, genomics and mechanisms. Cell Res 2011;21(3):396–420. 
DOI: 10.1038/CR.2011.32.

 80. Kingston RE, Narlikar GJ. ATP-dependent remodeling and acetylation 
as regulators of chromatin fluidity. Genes Dev 1999;13(18):2339–2352. 
DOI: 10.1101/GAD.13.18.2339.

 81. Clapier CR, Cairns BR. The biology of chromatin remodeling 
complexes. Annu Rev Biochem 2009;78:273–304. DOI: 10.1146/
ANNUREV.BIOCHEM.77.062706.153223.

 82. Becker PB, Hörz W. ATP-dependent nucleosome remodeling. 
Annu Rev Biochem 2002;71:247–273. DOI: 10.1146/ANNUREV.
BIOCHEM.71.110601.135400.

 83. Jansen A, Verstrepen KJ. Nucleosome positioning in Saccharomyces 
cerevisiae. Microbiol Mol Biol Rev 2011;75(2):301. DOI: 10.1128/
MMBR.00046-10.

 84. Djupedal I, Ekwall K. Epigenetics: Heterochromatin meets RNAi. Cell 
Res 2009;19(3):282–295. DOI: 10.1038/CR.2009.13.

 85. Zhang Y, Tycko B. Mono-allelic expression of the human H19 gene. 
Nat Genet 1992;1(1):40–44. DOI: 10.1038/NG0492-40.

 86. Giannoukakis N, Deal C, Paquette J, et al. Parental genomic imprinting 
of the human IGF2 gene. Nat Genet 1993;4(1):98–101. DOI: 10.1038/
NG0593-98.

 87. MacDonald WA. Epigenetic mechanisms of genomic imprinting: 
Common themes in the regulation of imprinted regions in 
mammals, plants, and insects. Genet Res Int 2012;2012:1–17. DOI: 
10.1155/2012/585024.

 88. Constância M, Dean W, Lopes S, et al. Deletion of a silencer element 
in Igf2 results in loss of imprinting independent of H19. Nat Genet 
2000;26(2):203–206. DOI: 10.1038/79930.

 89. Murrell A, Heeson S, Bowden L, et al. An intragenic methylated 
region in the imprinted Igf2 gene augments transcription. EMBO 
Rep 2001;2(12):1101–1106. DOI: 10.1093/EMBO-REPORTS/KVE248.

 90. Bartolomei MS, Webber AL, Brunkow ME, et al. Epigenetic 
mechanisms underlying the imprinting of the mouse H19 gene. 
Genes Dev 1993;7(9):1663–1673. DOI: 10.1101/GAD.7.9.1663.

 91. Arney KL. H19 and Igf2--enhancing the confusion? Trends Genet 
2003;19(1):17–23. DOI: 10.1016/S0168-9525(02)00004-5.

 92. Suetake I, Shinozaki F, Miyagawa J, et al. DNMT3L stimulates the 
DNA methylation activity of Dnmt3a and Dnmt3b through a direct 
interaction. J Biol Chem2004;279(26):27816–27823. DOI: 10.1074/JBC.
M400181200.

 93. Kaneda M, Okano M, Hata K, et al. Essential role for de novo DNA 
methyltransferase Dnmt3a in paternal and maternal imprinting. 
Nature 2004;429(6994):900–903. DOI: 10.1038/NATURE02633.

 94. Hirasawa R, Chiba H, Kaneda M, et al. Maternal and zygotic Dnmt1 
are necessary and sufficient for the maintenance of DNA methylation 
imprints during preimplantation development. Genes Dev 
2008;22(12):1607–1616. DOI: 10.1101/GAD.1667008.

 95. Tucker KL, Beard C, Dausman J, et al. Germline passage is required for 
establishment of methylation and expression patterns of imprinted 
but not of nonimprinted genes. Genes Dev 1996;10(8):1008–1020. 
DOI: 10.1101/GAD.10.8.1008.

 96. Halabian R, Valizadeh Arshad, Ahmadi A, et al. Laboratory methods 
to decipher epigenetic signatures: A comparative review. Cell Mol 
Biol Lett 2021;26(1):46. DOI: 10.1186/S11658-021-00290-9.

 97. Sulewska A, Niklinska W, Kozlowski M, et al. Detection of 
DNA methylation in eucaryotic cells. Folia Histochem Cytobiol 
2007;45(4):315–324. PMID: 18165169.

 98. Wu H, Tao J, Sun YE. Regulation and function of mammalian DNA 
methylation patterns: A genomic perspective. Brief Funct Genomics 
2012;11(3):240–250. DOI: 10.1093/BFGP/ELS011.

 99. Pajares MJ, Palanca-Ballester C, Urtasun R, et al. Methods for analysis 
of specific DNA methylation status. Methods 2021;187:3–12. DOI: 
10.1016/J.YMETH.2020.06.021.

 100. Collas P. The current state of chromatin immunoprecipitation. Mol 
Biotechnol 2010;45(1):87–100. DOI: 10.1007/S12033-009-9239-8.

 101. Gade P, Kalvakolanu DV. Chromatin immunoprecipitation assay as 
a tool for analyzing transcription factor activity. Methods Mol Biol 
2012;809:85–104. DOI: 10.1007/978-1-61779-376-9_6.

 102. Pillai S, Chellappan SP. ChIP on chip assays: Genome-wide analysis 
of transcription factor binding and histone modifications. Methods 
Mol Biol 2009;523:341–366. DOI: 10.1007/978-1-59745-190-1_23.

 103. Furey TS. ChIP-seq and beyond: New and improved methodologies 
to detect and characterize protein–DNA interactions. Nat Rev Genet 
2012;13(12):840–852. DOI: 10.1038/NRG3306.

 104. Fatmi A, Chabni N, Cernada M, et al. Clinical and immunological 
aspects of microRNAs in neonatal sepsis. Biomed Pharmacother 
2022;145:112444. DOI: 10.1016/J.BIOPHA.2021.112444.

 105. Kubota T. Epigenetics in congenital diseases and pervasive 
developmental disorders. Environ Health Prev Med 2008;13(1):3. DOI: 
10.1007/S12199-007-0008-7.

 106. Kubota T, Das S, Christian SL, et al. Methylation-specific PCR simplifies 
imprinting analysis. Nat Genet 1997;16(1):15. DOI: 10.1038/NG0597-15.

 107. Nicholls RD, Saitoh S, Horsthemke B. Imprinting in Prader-Willi 
and Angelman syndromes. Trends Genet 1998;14(5):194–200. DOI: 
10.1016/S0168-9525(98)01432-2.

 108. Simeoni U, Yzydorczyk C, Siddeek B, et al. Epigenetics and neonatal 
nutrition. Early Hum Dev 2014;90 Suppl 2:S23–S24. DOI: 10.1016/
S0378-3782(14)50007-2.

 109. Arai Y, Ohgane J, Yagi S, et al. Epigenetic assessment of environmental 
chemicals detected in maternal peripheral and cord blood samples. 
J Reprod Dev 2011;57(4):507–517. DOI: 10.1262/JRD.11-034A.

 110. Joubert BR, Den Dekker HT, Felix JF, et al. Maternal plasma folate 
impacts differential DNA methylation in an epigenome-wide meta-
analysis of newborns. Nat Commun 2016;7:10577. DOI: 10.1038/
NCOMMS10577.

 111. Joubert BR, Felix JF, Yousefi P, et al. DNA methylation in newborns 
and maternal smoking in pregnancy: Genome-wide consortium 
meta-analysis. Am J Hum Genet 2016;98(4):680–696. DOI: 10.1016/J.
AJHG.2016.02.019.

 112. Gruzieva O, Xu CJ, Breton C V, et al. Epigenome-wide meta-analysis 
of methylation in children related to prenatal NO2 air pollution 
exposure. Environ Health Perspect 2017;125(1):104–110. DOI: 10.1289/
EHP36.

 113. Cardenas A, Rifas-Shiman SL, Godderis L, et al. Prenatal exposure 
to mercury: Associations with global DNA methylation and 
hydroxymethylation in cord blood and in childhood. Environ Health 
Perspect 2017;125(8):087022. DOI: 10.1289/EHP1467.

 114. Wang J, Luo X, Pan J, et al. (Epi)genetic variants of the sarcomere-
desmosome are associated with premature utero-contraction 
in spontaneous preterm labor. Environ Int 2021;148:106382. DOI: 
10.1016/J.ENVINT.2021.106382.

 115. Lancaster EE, Lapato DM, Jackson-Cook C, et al. Maternal biological 
age assessed in early pregnancy is associated with gestational age 
at birth. Sci Rep 2021;11(1):15440. DOI: 10.1038/S41598-021-94281-7.

 116. Cutfield WS, Hofman PL, Mitchell M, et al. Could epigenetics play a 
role in the developmental origins of health and disease? Pediatr Res 
2007;61(5 Pt 2):68–75. DOI: 10.1203/PDR.0B013E318045764C.

 117. Mitchell MD. Unique suppression of prostaglandin H synthase-2 
expression by inhibition of histone deacetylation, specifically 
in human amnion but not adjacent choriodecidua. Mol Biol Cell 
2006;17(1):549. DOI: 10.1091/MBC.E05-08-0818.



Epigenetic Changes during Development

Newborn, Volume 3 Issue 3 (July–September 2024)232

 118. Rahnama F, Shafiei F, Gluckman PD, et al. Epigenetic regulation of 
human trophoblastic cell migration and invasion. Endocrinology 
2006;147(11):5275–5283. DOI: 10.1210/EN.2006-0288.

 119. McCann JA, Yong QX, Frechette R, et al. The insulin-like growth 
factor-II receptor gene is associated with type 1 diabetes: Evidence 
of a maternal effect. J Clin Endocrinol Metab 2004;89(11):5700–5706. 
DOI: 10.1210/JC.2004-0553.

 120. Braidotti G, Baubec T, Pauler F, et al. The Air non-coding RNA: An 
imprinted cis-silencing transcript. Cold Spring Harb Symp Quant Biol 
2004;69:55–66. DOI: 10.1101/SQB.2004.69.55.

 121. Itier JM, Tremp GL, Léonard JF, et al. Imprinted gene in postnatal 
growth role. Nature 1998;393(6681):125–126. DOI: 10.1038/30120.

 122. Miyoshi N, Kuroiwa Y, Kohda T, et al. Identification of the Meg1/Grb10 
imprinted gene on mouse proximal chromosome 11, a candidate 
for the Silver-Russell syndrome gene. Proc Natl Acad Sci USA 
1998;95(3):1102–1107. DOI: 10.1073/PNAS.95.3.1102.

 123. Samra H, McGrath JM, Wehbe M, et al. Epigenetics and family-
centered developmental care for the preterm infant. Adv Neonatal 
Care 2012;12 Suppl 5:S2–S9. DOI: 10.1097/ANC.0B013E318265B4BD.

 124. Chromatin. Accessed May 19, 2024. Available from: https://www.
genome.gov/genetics-glossary/Chromatin.

 125. Cooper GM. Chromosomes and Chromatin. Published online 2000. 
Accessed May 19, 2024. Available from: https://www.ncbi.nlm.nih.
gov/books/NBK9863/.

 126. Tamaru H. Confining euchromatin/heterochromatin territory: 
Jumonji crosses the line. Genes Dev 2010;24(14):1465. DOI: 10.1101/
GAD.1941010.

 127. Cutter AR, Hayes JJ. A brief review of nucleosome structure. FEBS Lett 
2015;589(20 0 0):2914. DOI: 10.1016/J.FEBSLET.2015.05.016.

 128. Padda IS, Mahtani AU, Parmar M. Small Interfering RNA (siRNA) 
Therapy. StatPearls. Published online June 3, 2023. Accessed May 
14, 2024. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK580472/.

 129. Ardekani AM, Naeini MM. The role of microRNAs in human diseases. 
Avicenna J Med Biotechnol 2010;2(4):161. Accessed May 14, 2024. 
PMCID: 3558168.

 130. Kung JTY, Colognori D, Lee JT. Long noncoding RNAs: Past, 
present, and future. Genetics 2013;193(3):651. DOI: 10.1534/
GENETICS.112.146704.

 131. Barlow DP, Bartolomei MS. Genomic imprinting in mammals. 
Cold Spring Harb Perspect Biol 2014;6(2):a018382. DOI: 10.1101/
CSHPERSPECT.A018382.

 132. Wiehle L, Breiling A. Chromatin immunoprecipitation. Methods Mol 
Biol 2016;1480:7–21. DOI: 10.1007/978-1-4939-6380-5_2.

 133. Lacagnina S. The developmental origins of health and disease 
(DOHaD). Am J Lifestyle Med 2020;14(1):47. DOI: 10.1177/1559827619 
879694.

 134. Campagna MP, Xavier A, Lechner-Scott J, et al. Epigenome-
wide association studies: Current knowledge, strategies and 
recommendations. Clin Epigenetics 2021;13(1):1–24. DOI: 10.1186/
S13148-021-01200-8/FIGURES/12.

 135. Flanagan JM. Epigenome-wide association studies (EWAS): Past, 
present, and future. Methods Mol Biol 2015;1238:51–63. DOI: 
10.1007/978-1-4939-1804-1_3.

View publication stats

https://www.genome.gov/genetics-glossary/Chromatin
https://www.genome.gov/genetics-glossary/Chromatin
https://www.ncbi.nlm.nih.gov/books/NBK9863/
https://www.ncbi.nlm.nih.gov/books/NBK9863/
https://www.ncbi.nlm.nih.gov/books/NBK580472/
https://www.ncbi.nlm.nih.gov/books/NBK580472/
https://www.researchgate.net/publication/384735816

	bookmark=id.gjdgxs



