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(Abstract

Background: Extensive studies have reported the involvement of epigenetic dynamics in aging. Common
epigenetic modifications in aging include the methylation of DNA, rearrangement of chromatin, and
regulation of gene expression by non-coding RNA (ncRNA). Some important conclusions that have
emerged from various studies in the past few decades are that the lifespan of living organisms is largely
determined by epigenetics instead of genetics, where environmental and lifestyle influences that change
epigenetic information have a dominant effect.

Purpose: This study aims to review current understanding of the mechanisms involved in epigenetic
regulation during aging that would provide new insights for the development of strategies to prevent

aging.

Methods: A search for literature regarding epigenetic regulations in biological aging was carried out in
Web of Science and Scopus on “epigenetics” [AND] “aging”. In this study, we used a total of 73 articles
published between 2010 and 2024.

Results: Aging is accompanied by various alterations in epigenetic marks, including DNA methylation
(global hypomethylation in non-CpG regions and hypermethylation OF CpG islands), rearrangement of
chromatin (global reduction of histones and redistribution of histone modifications), and ncRNA
(particularly miRNA). Epigenetic is a reversible molecular mechanism that allow therapeutic
interventions to improve or reverse aging-related pathogenesis. Chemical-based epigenetic manipulation
and lifestyle-based epigenetic reprogramming strategies can be developed to improve or reverse aging-
related conditions.

Conclusion: Based on extensive literature review, we found that epigenetic changes are potential
biomarkers for early detection of aging and age-related diseases. Drugs that target key epigenetic
signatures are therefore promising to intervene aging.
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INTRODUCTION cannot be avoided. Studies showed that the
ercentage of people aged over 60 years has

Globally, the process of population P 8 peopte ag y
increased globally from 9% in 1994 to 12% in

2014, and is projected to reach 21% in 2050.

demographics shifts towards an aging

population in the world, including in Indonesia,
Indonesia has recently become aging
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population, where around 10% residents are
older people.! The aging population in urban
areas, in particular, requires attention
regarding public facilities that support the
activities and health.? Improving clinician's
understanding on cellular and molecular
changes is important.3* Continuous study in
the field of gerontology to uncover the
underlying process of natural aging and the
pathobiology of aging-related diseases,
especially at molecular levels, has not yet been

completely successful.®

Previous research has formulated hallmarks of
aging to facilitate research in the field of
gerontology. The most recent hallmarks of
are genomic impaired

aging instability,

macroautophagy, telomere shortening,
epigenetic modification, loss of proteostasis,
chronic inflammation, impaired nutrient-
sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, altered
intercellular communication, and dysbiosis.®”?2
The epigenetic mechanism is one of the
is less

hallmark of aging that popular.

Epigenetics are defined as heritable
modification in the level of gene expression
without changing the sequence of DNA. It acts
as a connecting hub between the genetic factor
and environmental cues by influencing the
gene expression and individual phenotype.®10
These aging-related epigenetic modifications
include alteration in methylation signature of

DNA, variation in chromatin rearrangement, and
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the regulation by non-coding RNA (ncRNA)
such as microRNA (miRNA) regulation, which
can change genome function under the

influence of environmental or exogenous

factors.11-13

Understanding of epigenetic changes occurred
during physiological aging would serve as basis
for developing clinical strategies to delay aging.
By reviewing the recent development of
research on aging-related epigenetic changes,
we would be able to design novel preventive
and curative strategies for aging and age-
related diseases. A deeper knowledge on the
critical role of epigenetics in the progression of
aging would advance clinical prevention and
treatment of aging and aging-related diseases,

respectively.!*

DEFINITION AND ROLE OF EPIGENETICS
IN AGING

Epigenetics comes from the words "epi" and

"genetic" which mean above and gene,
respectively. It studies the interactions between
environmental cues, the activity of gene, and the
levels of gene expression, which then determine
the organismal phenotype.’> As time progressed,
researchers defined epigenetics as the study of
heritable alteration marks of gene expression
regulators that do not involving DNA sequence
modification, changes in phenotype without
changing the genotype, but can influence how
cells read genes. Based on this, gene expression

refers to the event that a protein is formed as a
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result of the instructions of a gene in a person's
body. In contrast to genetic changes in general,
epigenetic changes influence gene expression to
easily "activate" and "deactivate” genes due to the
environment and daily behavior, such as healthy
lifestyle habits, smoking, and others. Epigenetic
changes are a normal and natural event but are
affected by various factors including biological
age, environment, and lifestyle.®}” There are

various cellular epigenetic systems including
DNA Methylation
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and noncoding RNA (ncRNA).18

In the following review, we sum up our current
understanding of the role of epigenetic
regulation in general in aging, which includes
DNA methylation, chromatin remodeling, and
ncRNA regulation (Figure 1). Furthermore, we
also discuss the potential use of epigenetic

regulation as a biomarker of aging.

Loss of DNA methylation
results in aberrant
transcription of various aging-
related genes

Loss and gain of particular
histone marks modulation of
aging-related target genes
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can alter transcription and

translation of aging-related
genes

Fig. 1. Alteration in epigenetic regulations that leads to aging (created with BioRender.com)

DNA METHYLATION SIGNATURES IN
AGING

Vanyushin et al. (1973) was the first to report
variations in 5-methylcytosine (5mC) in mice.
DNA methylation is a covalent change in
cytosine residue that acts as inhibitor of gene

expression.'” This process can be passed on to
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descendants through DNA replication and cell
division.? The methylation of DNA is linked
with a variety of biological processes, such as

chromosome  stability, X  chromosome

inactivation, genome imprint, differentiation of

stem cells, control of gene expression,

autoimmune diseases, carcinogenesis, and

aging.?! Several studies have implicated that
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methylation is critical for the regulation of cell
proliferation and differentiation. Currently, a
large body of literature has revealed genome-
wide methylation modifications in response to
advancing age in various

living species.

Epigenetic changes in aging can occur
systemically or be specific to certain tissues.
Aging-induced changes in DNA methylation
also occur

in germ cells and may be

inherited.2223

Methylation of DNA is a process that includes
the attachment of a methyl group (CHs) at
carbon position 5 (C5) of the cytosine base of
DNA and generally causes inhibition of gene
expression.?* The addition of a methyl group is
families of DNA

catalyzed two

by
methyltransferase (DNMT) enzymes, namely
DNMT3A and DNMT3B to form new b5-
methylcytosine (5mC) from unmethylated CpG
island (dinucleotides in the proximity of
promoters and are related to the levels of gene
expression). Furthermore, the methylation
pattern that has been formed would be
maintained by DNMT1.2°> In general, DNA
methylation in the promoters (generally
upstream of the transcription start site). By
directly interfering with transcription factors'
recognition sequences or other transcriptional
machinery in the regulatory region of a gene,
methylation of cytosine can inhibit the
transcription. Furthermore, additional studies
have demonstrated that the inhibition of

transcription activating factors or the
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activation of transcription inhibitory factors
that bind to the transcription start site are
involved in mechanism of DNA methylation to
reduce the transcription of the gene.?® In
contrast, there are reports that methylation of
the coding region of a gene may increase

transcriptional activity.2”-28

Conversion of cytosine to 5mC by DNMT occurs
almost exclusively in CpG islands, and study
showed that around 90% of mammalian CpG
islands are marked with methylation.?° In
general, only certain locations in the genome of
living organisms have CpGs that are susceptible
to methylation. For example, human telomeres
do not have CpG sites and are thought to be
independent of DNMT activity. However, in
mouse embryonic stem cells, telomere length
and recombination

are regulated

by
methylation of nearby sub-telomeric regions.3°
The important role of DNA methylation and the
enzyme that regulates it, DNMT, has been
clearly demonstrated through observations of
the phenotype of mice deficient in DNMT
activity (Dnmt1, Dnmt3a, or Dnmt3b), where
early embryonic death occurs and deletion of
Dnmt3a in nerve cells causes mice to have
shorter life. In addition, the methylation of DNA
is involved in the determination of various
biological processes, such as chromosome
stability, X chromosome inactivation, genome
imprint, differentiation of stem cells, control of
autoimmune diseases,

gene EXpI'ESSiOD,

carcinogenesis, and aging.3132
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Aging has a strong correlation with changes in
DNA methylation regulation, to the point that
some prediction models using a small number
of these methylation sites can accurately
predict  donor  chronological  age333*
Methylation of DNA and other epigenetic
changes have been directly attributed to
determine the lifespan of organisms, from low
evolutionary levels such as yeast to species
with the highest evolutionary level, namely

humans. An increasing number of in vitro and

in vivo studies show common changes with
aging in the form of a global pattern of
hypomethylation in non-CpG regions and
hypermethylation of CpG islands (Figure 2).2°
Additionally, interventions known to increase
life expectancy in humans, such as calorie
restriction can directly reduce changes in DNA
methylation patterns. 3°Other studies have
reported that aging risk factors such as UV-B

rays, pollutant, and cigarette smoke can cause

genome-wide hypomethylation.3637
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Fig. 2. Overview of the regulatory role of DNA methylation in aging (created with BioRender.com)

The maximum levels of 5mC is recorded during
the embryonic stage of life and progressively

drops with advancing age in humans.3®

Furthermore, during aging, site-specific

hypermethylation is also frequently seen in the

genome. For instance, studies show that
ribosomal DNA and bivalent chromatin
domains are the primary sites of

hypermethylation in human aging.?¢3° Based
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on available data, the reduced global

methylation associated with aging could be
attributed to either low DNMT expression or
inadequate folic acid intake in the elderly.*

Additionally, studies reveal that

hypomethylated regions occur more frequently
in regions that have H3K4mel modifications.

“IHowever, research on specific

hypermethylation mechanisms in certain
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regions of the genome is currently still very
limited. Some reports indicate that during
aging, genomic regions bound by the Polycomb

complex are susceptible to hypermethylation.*?

REGULATION OF CHROMATIN
REMODELING IN AGING

DNA and histones make up the dynamic
structure known as chromatin, which is found
in the nucleus of eukaryotic cells and can be
either in euchromatin or heterochromatin
states. The portion of the chromosome that
lacks DNA sequences encoding proteins is
known as heterochromatin, whereas the
portion that does has protein-coding DNA
sequences is known as euchromatin. The
nucleosome core particle, the fundamental
building block of chromatin, is surrounded by a
histone octamer made up of two histone
dimers, H2A-H2B, on either side of a tetramer
of histones H3 and H4.**** One of the most
important methods that cells use to control
access to proteins involved in all DNA-related
functions, such as gene transcription, DNA
replication, and DNA repair, is chromatin
architecture. Histone modifications, chromatin
rearrangement, and histone chaperons are just
a few of the many dynamic regulators of
chromatin that occur to allow physical access

to DNA.#3

Chromatin remodeling is a biological process in

which chromatin undergoes confirmation

changes from a condensed to relaxed
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(physically accessible) state, or vice versa, that
allow regulation of the physical access of
transcription-regulating factors to DNA to
control the activity of transcription of the genes.
Chromatin rearrangement is a change in
genome architecture at chromosomal levels or
specific domains (e.g. centromeres). Epigenetic
modifications of histone proteins can alter
chromatin structure resulting in
transcriptional activation or repression of
genes.*® Chromatin remodeling that is
repressive on global gene expression has been
implicated in the natural aging process.*® The
most convincing evidence that failure in
chromatin remodeling can trigger the aging
process was the discovery that Sirtuins, which
are histone deacetylases (HDACs), directly
regulate the aging process in experimental
animals and humans.*’ In addition, the role of
chromatin remodeling in aging is further
proven by the existence of Hutchinson-Gilford
progeria syndrome, a congenital disease that
causes children to experience premature

aging.*8

Significant remodeling of chromatin structure
has been identified as a factor influencing
cellular aging, ranging from modifications of
histone components to changes in chromatin
compartments and topological association
domains (TADs).*° Globally reduced regulation
of chromatin, especially histones, across the
genome is considered to be a key feature of the

cellular aging process.”® This is supported by
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studies showing that increasing histone H3/H4
can extend the life expectancy of animal models,
indicating that increasing free histones can
facilitate nucleosome exchange and post-
transcriptional chromatin repackaging.> The
loss of approximately 50% of nucleosomes
throughout the genome and the redistribution
of the remaining nucleosomes during aging can
lead to increased transcription of various genes
and result in genome instability.>> One study
reported that histone transcription decreases

in muscle stem cells during chronological aging.

53

Progeria or premature senescence is a

phenotype displayed by individuals with

deletions in one of the isoforms of histone H1.

Aging

Young

Additionally, fibroblast cells exhibit increased

nucleolar instability, less condensed

chromosomes, and increased nucleoid
relaxation.>* Aging is accompanied by a general
loss of heterochromatin and a separation of
lamina-associated domain (LAD) structures
from the nuclear lamina. Age-related changes
in chromatin structure are correlated with the
redistribution of different histone
modifications, such as acetylation of histones 3
and 4, which includes H3K9ac, H3K56ac,
H4K16ac, and H3K18ac, and methylation of
including H3K4me3, H3K27me3,

H3K36me3, and H3K9me3. Because of the

histone 3,

aberrant chromatin accessibility, this results in

dysregulated gene expression (Figure 3).1*
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Fig. 3. Impact of aging on chromatin structure.*
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THE INVOLVEMENTS OF MicroRNA IN
AGING PROCESS

RNA that does not code for proteins is called
non-coding RNA (ncRNA) and is usually less
than 200 nucleotide bases in size, which was
previously considered “junk DNA”. Since their
discovery, ncRNAs have become recognized as
crucial regulators of a wide range of biological
processes in diverse cell types and tissues, and
many diseases has been implicated as a result
from ncRNA dysregulation. While
ncRNAs like long non-coding RNAs (IncRNAs)
(circRNAs) have also

other

and circular RNAs
emerged as significant contributors to human
disease, many studies have concentrated on the
relationship between human cancer and
miRNAs.>>%¢ Compared to protein-coding RNAs,
all ncRNAs are extremely specific for particular
tissue types, underscoring their significance in
regulating tissue identity and function,
particularly as aging occurs.®’

Among the ncRNAs that have recently been
studied the most are miRNAs. MicroRNA is a
non-coding single stranded RNA with a length
of around 17-25 (generally 22) nucleotide base
pairs that controls gene expression in humans,
animals, plants and eukaryotic unicellular
organisms. In humans, miRNAs play various
role in physiological and pathological
conditions, including embryogenesis, tissue
homeostasis, toxicity and viral infection. In

controlling gene expression, microRNA binds
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to its target mRNA. One miRNA can target

hundreds of mRNAs, and acts on its target

mRNA transcript causing inhibition or
degradation in the translation process
according to the level of binding and

compatibility between the miRNA and its

target.>8-60

MicroRNA is transcribed as a precursor
molecule which is cut by the endonuclease
enzyme Drosha and Dicer. Mature miRNA is
bound by the Argonaute (AGO) protein family
to form a silencing complex, namely the miRNA
induced silencing complex (miRISC), which is
called RISC of

entering/loading pri-miRNA into the RISC. The

loading, the process
development of knowledge in the analysis of
Drosha and Dicer structures and the RISC
loading process as key factors in the stages of
miRNA  biogenesis has revealed this
mechanism in more detail.®!

Certain miRNAs have the ability to bind
complementary to the sequences of their target
mRNA after they have matured, which can be
used to inhibit translation or cause mRNA
degradation. Three distinct routes are used to
package and deliver additional miRNAs to the
extracellular environment: Exosomes, shedding
vesicles, apoptotic bodies, and other closed
membrane vesicles; (2) lipoproteins like high-
density lipoproteins (HDL); or (3) complex
bonds to RNA binding proteins like
nucleophosmin 1 (NPM1) and Argonaute2

(AGO2).52
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In general, miRNAs bound to 3’ untranslated
region (UTR) of their target mRNAs to trigger
degradation, de-capping of the mRNA thereby
thwarting translation or deanylation to inhibit
translation. However, recent report has found
that miRNAs can interact with regions other
than 3’ UTR, including the 5" UTR, gene body
(coding sequence), and gene promoter. Binding
to the 5'UTR and coding region causes silencing
or no gene expression, while interaction in the
promoter region induces transcription.>8-60.63

It has been shown that miRNAs measure the
levels of miRNA expression during tissue aging
and also target various factors involved in the
molecular pathways of cell aging. Senescent
cells accumulate over time and are involved in
the regulation of an organism's life span as well
as tissue-specific aging. Nowadays, aging is
widely thought to be a predestined state of
existence that includes the process of growth
cessation, which is thought to act as a cancer-
prevention mechanism. MiRNAs target
molecules involved in the stress response to
control the transition from replicating cells to
senescent cells, as well as signaling pathways
that have been shown to control aging and
cancer.>®64

MiRNAs have been linked to various cellular
functions and the general aging process in

humans. It is well known that

aging
characteristics are related to one another. For
instance, telomere shortening, a response to

DNA damage, is a hallmark of cellular aging, as

are alterations in the cytokine profile released

by aging-related cells. Similarly, several
miRNAs linked to aging are regulators that
coincide with the characteristics of aging. For
instance, the miR-29 family controls DNA
methylation genes and is linked to stem cell
miR-34a has linked to

weakness; been

mitochondrial dysfunction and telomere
shortening. These show that many miRNAs
work together to play an integrated role in the
aging process, though it's possible that the
effects of individual miRNAs vary somewhat
depending on the type of tissue.®* MiRNAs
appear to have a dual function in the context of
tissue aging, meaning they can have both
positive and negative effects on the aging of
different human organs and tissues (Figure

4_).65
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It has been demonstrated that miRNAs target
different genes involved in the molecular
pathways of cell aging in addition to measuring
the levels of miRNA expression during tissue
aging. Senescent cells gradually build up and
play a role in both tissue-specific aging and the
overall control of an organism's life span. These
days, aging is commonly understood to be a
predetermined state of living things that
includes the process of growth cessation—a
mechanism believed to serve as a defense
against cancer. MiRNAs target molecules that
suppress cancer, signaling pathways that have
been demonstrated to control aging, and
components involved in the stress response to
regulate the transition from replicating cells to
senescent cells.%6-68

Various miRNAs can regulate the expression of

genes involved in aging pathways at the

senescence, for example, can be regulated by
MAPK and interleukin pathways.
miRNAs, such as miR-15b, miR-24, miR-25 and
miR-141 can target MAP2K4 for degradation.

Several

Some miRNAs also regulate the p53 and p21
pathways which are apoptotic pathways. In
this context, p53 activates the synthesis of miR-
34a which can target SIRT1. p21 is negatively
correlated with the activity of miR-108b, miR-
130b, miR-20a, and so on. Some miRNAs
regulate factors associated with mitochondrial
aging, for example miR-34a and miR-335 target
important factors in free radical metabolism in
the mitochondrial respiratory chain. MiR-29
and miR-30 can directly target retinoblastoma
protein (pRB).%%7%In general, at the molecular
level, miRNAs can directly or indirectly
influence cellular mechanisms involved in cell

aging programs, namely the p53-p21 and p16-

cellular  level.  Stress-induced  cellular pRB pathways (Figure 5).
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Fig. 5. List of known miRNAs involved in the molecular pathways of cell aging.”®
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Numerous studies have documented the
secretion of miRNAs from cells into peripheral
body fluids through the use of microvesicles
and exosomes, whereby the microRNAs bind to
lipoproteins or Argonaute 2.”! Blood, saliva,
cerebrospinal fluid, urine, and at least 12 other
human bodily fluids have all been found to
contain these systemic circulating miRNAs.
Because miRNAs are present in the circulatory
system at very high levels, are stable over time,
and have been shown to alter with advancing
age, scientists and medical professionals are
keen to learn more about them and apply them
as noninvasive aging biomarkers.* Recent
research has examined the differences in
miRNA expression in a variety of peripheral
fluids, such as serum, plasma, and saliva,
between young and elderly people. Attempts to
link miRNA profiles in the circulatory system
directly to lifespan in humans have also been
reported.®®

In addition to their potential as

aging
biomarkers, our understanding of the role of
miRNAs in aging is expanding, and with it, so is
the therapeutic potential of modulating specific
miRNAs to change the course of aging. The
anti-aging role of advantageous miRNAs can be
replaced by synthetic RNA molecules that are
engineered to resemble endogenous miRNAs.
In contrast, compounds known as anti-miRNAs
(antimiRs) and/or synthetic miRNA targets

that decrease active miRNAs may be employed

to lessen the effect of miRNAs on aging.”>73
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CONCLUSION

Numerous in vitro, in vivo, and clinical

investigations have demonstrated epigenetic
DNA, RNA, and histone

alterations in

modifications, along with modifications in the
state of chromatin structure, that are
associated with aging. Consequently, it can be
referred that these epigenetic modifications
could serve as biomarkers or targets for anti-
aging  therapies. @~ Numerous epigenetic
alterations associated with aging have been
extensively researched, such as a genome-wide
reduction in the methylation of genomic DNA, a
chromatin

ncRNA

genome-wide loss of histones,

landscape  rearrangement, and
regulation of genes linked to aging. More recent
and sophisticated biomolecular technologies,
offer a

like single-cell omics sequencing,

greater resolution for deciphering the

epigenetic traits associated with aging.
Furthermore, additional information regarding
the interplay between epigenomic factors and
other aging-related factors can be obtained
from spatiotemporal genomic, transcriptomic,
and proteomic atlases in diverse mammalian
tissues. Many lifestyle modification techniques
can be used to treat and prevent age-related
diseases based on epigenetic changes in cells
during aging. For instance, aging can be
effectively postponed with diet and exercise
that modify epigenetic landscape. Promising
clinical treatment strategies to intervene in

aging and treat diseases associated with aging
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also include drugs that target important

molecular and cellular changes linked to aging.

It is still unknown how epigenetic

modifications interact with other factors,
including their relationship to genetic factors
and even the microbiome, despite significant
scientific advancements at the molecular level
of aging. It is also unknown exactly how
different lifestyle choices, physiological, and
psychological factors affect aging at the level of
epigenetic modifications. In order to gain a
better understanding of whether and how
epigenetic regulation affects each stage of aging,
long-term observational cohort studies are

required because aging is a continuous process

that takes place in humans over many years.
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