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Abstract: Aging is an inevitable outcome of life, characterized by a progressive decline in tissue
and organ function. At a molecular level, it is marked by the gradual alterations of biomolecules.
Indeed, important changes are observed on the DNA, as well as at a protein level, that are influenced
by both genetic and environmental parameters. These molecular changes directly contribute to the
development or progression of several human pathologies, including cancer, diabetes, osteoporosis,
neurodegenerative disorders and others aging-related diseases. Additionally, they increase the risk
of mortality. Therefore, deciphering the hallmarks of aging represents a possibility for identifying
potential druggable targets to attenuate the aging process, and then the age-related comorbidities.
Given the link between aging, genetic, and epigenetic alterations, and given the reversible nature
of epigenetic mechanisms, the precisely understanding of these factors may provide a potential
therapeutic approach for age-related decline and disease. In this review, we center on epigenetic
regulatory mechanisms and their aging-associated changes, highlighting their inferences in age-
associated diseases.
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1. Introduction

Aging is a multifactorial biological process of declining physiological functions, in-
creasing the susceptibility to aging-related chronic diseases [1]. Indeed, aging is the primary
risk factor for major human pathologies including cancer, metabolic, musculoskeletal and
cardiovascular disorders, as well as neurodegenerative diseases [2]. Often this increased
risk represents the principal cause of death which accompanies advancing age [3]. For those
reasons, a great number of studies have centered on the clarification of the hallmarks of
aging for identifying potential target therapeutic molecules to attenuate the aging process.

Nowadays, among the hallmarks of aging are: senescence, stem cell exhaustion,
genomic instability, altered intercellular communication and epigenetic deregulation [2]. In
general, epigenetics refers to heritable changes in gene expression that are, unlike mutations,
not attributable to alterations in the sequence of the DNA [4].

Among the epigenetic events are: DNA and histone modifications, ATP-dependent
chromatin remodeling complexes and non-coding RNAs [5–8]. In this review, we first
provide a description of the functioning of direct methylation of the DNA, and the modifi-
cation of the proteins that package the DNA (the histones), in general, before moving to
their modification of and implication in aging-associated diseases.

2. Epigenetic Mechanisms
2.1. DNA Methylation

DNA methylation represents the most studied and best understood among the epi-
genetic mechanisms [9]. It occurs directly at the DNA level, regulating gene expression
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by engaging the proteins required in gene silencing or impeding the interaction between
DNA and transcription factors [10]. For instance, DNA methylation is implicated in the
repression of retroviral elements, in genomic imprinting and X chromosome inactiva-
tion, alternative splicing and the regulation of tissue-specific gene expression [11]. The
DNA methyltransferases (DNMTs) are a family of enzymes involved in DNA methylation.
They catalyze the transfer of a methyl group (5mC) from S-adenosyl-methionine (SAM)
to the carbon-5 position of the cytosine residues in the CpG. Among the DNTM family
are: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L. While DNMT1, DNMT3A
and DNMT3B are canonical DNMTs that catalyze the addition of methylation marks to
genomic DNA, DNMT2 and DNMT3L are non-canonical family members. Indeed, whereas
DNMT2 has tRNA methyl transferase activity, DNMT3L does not possess any catalytic
DNA or RNA methyl transferase activity [12,13]. The canonical DNMTs preferentially
modify cytosine, followed by a guanine residue, defined as CpG islands. Normally they
are assembled in large clusters, approximately 1000 base pairs long, at the promoter and
within exonic regions [14]. It has been demonstrated that 70–80% of these clusters are
methylated in somatic cells [15]; whereas, demethylation of CpG islands occurs often in
human embryonic or induced pluripotent stem cells [16]. Other regions of the mammalian
genome contain few CpG dinucleotides that are extensively methylated [16]. For instance,
CpG methylation of most of the genome ensures genomic stability by controlling repeti-
tive DNA elements, such as interspersed and tandem repeats (LTR: long-terminal repeats,
LINE: long interspersed nuclear elements, SINE: short interspersed nuclear elements) [17].
Generally, while DNA methylation regulates the transcriptional initiation activity, the DNA
hypomethylation is positively associated with higher transcriptional activity through a
multistep process catalyzed by DNA demethylase [18]. This latter process is catalyzed by
the ten–eleven translocation (TET), a family of proteins that, during the enzymatic reaction,
uses oxygen, Fe(II) and α-ketoglutarate as substrates. The reaction, firstly, consists of the
oxidation of 5-mC to 5-hydroxymethylcytosine (5-hmC). Consequently, the TETs continue
the oxidation of 5-hmC to 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) [19,20].
Among the TET family are the proteins Tet1, Tet2 and Tet3. Albeit all having the ability to
oxidize 5-mC, they are implicated in diverse biological processes, partially ascribable to
their differential expression through development and in a cell-type specific manner [21].
Indeed, Tet1 is amply expressed in embryonic stem cells (ESCs), but it is generally downreg-
ulated during differentiation, whereas Tet2 and Tet3 exhibit a superimposable expression
pattern in various tissues [22].

2.2. Histone Modifications

DNA methylation is able to regulate gene expression either directly, by inhibiting
the link between the binding site and its relative transcription factors, or indirectly by
its interaction with proteins, termed methyl-binding proteins (MBPs) [20]. Indeed, once
DNA is methylated, DNA methyl-binding proteins (MBPs) are able to link to the DNA for
engaging transcriptional corepressors, including polycomb proteins, histone deacetylase
(HDAC) complexes and chromatin remodeling complexes [23], which ultimately changes
the transcriptional activity of genes. The eukaryotic genome is packaged in a complex
structure named chromatin, that regulates the compactness of the genome and conditioning,
and therefore the accessibility of regulatory proteins and RNA polymerases to DNA. The
fundamental unit of chromatin is the nucleosome, that is formed by an octamer of histones,
composed of two copies of each histone (H2A, H2B, H3 and H4, as well as histone variants,
such as macroH2A, H3.3 and H2A.Z), surrounded by 147 base pairs of DNA [24]. As
the DNA moves in and out of its 1.65 turns around the nucleosome, a histone linker, H1,
binds to it. Nucleosomes are subject to post-translationally changeable acting on histone
N-terminal tails [25]. The modifications include methylation, acetylation, phosphorylation,
ribosylation, ubiquitination and sumoylation [26,27]. These modifications are reversible
and, together with the presence of different isoforms, permit the existence of different spatial
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rearrangements of chromatin that influence the interaction of DNA–RNA polymerase II
and transcription factors.

2.3. Histone Methylation

Histone methylation acquires a dual function in the regulation of gene expression.
Indeed, it is involved in the activation or silencing of gene transcription, depending on the
number of methyl groups bound and the specific amino acid residue [28]. It is achieved at
the residues of lysine (K) and arginine (R) by histone methyltransferases (HMTs), involved
in an intense crosstalk with the DNMTs for regulating chromatin conformation and DNA
accessibility [25]. Lysine residues can be mono-, di- and trimethylated, while arginine
residues can be monomethylated, or symmetrically or asymmetrically dimethylated [25],
with differing outcomes. For instance, a contraction of chromatin is shown when histone H4
is monomethylated on lysine 20 (H4K20me1), or when there are H3K9, K27 or H3R8, with
consequent reducing gene expression. Alternatively, transcriptional activation is promoted
in the presence of monomethylation of histone H3 on arginine 17 (H3R17me1), or when
there are H3R2, R26, H3K4, K36, K79 or H4R3.

Initially, histone methylation was believed to be an irreversible process. This assump-
tion has been retracted by the identification of two evolutionarily conserved families of
histone demethylases: LSD (Lys-specific demethylase) and JMJC (Jumonji C) demethylases,
which establish demethylation in a different manner. In fact, for guarantying demethyla-
tion, LSDs use a flavin adenine dinucleotide (FAD)-dependent amine oxidation reaction,
whereas the JMJC family of proteins use a dioxygenase reaction that depends on Fe(II) and
α-ketoglutarate [26].

2.4. Histone Acetylation

Histone acetylation and deacetylation have a crucial role in the regulation of gene
transcription. By removing the positive charge from lysine residues at histone tails, the
acetylation promotes the presence of a more relaxed chromatin structure for starting the
transcriptional process. The acetylation is catalyzed by the histone acetyltransferases (HATs)
Gcn5, P300, CBP and PCAF, and is reverted by histone deacetylases (HDACs), promoting
the presence of a closed chromatin with a resulting repression of transcription process. The
mammalian HDACs have been classified into four groups: class I, including HDACs 1, 2, 3,
and 8; class II, including HDACs 4, 5, 7, 9 (subgroup IIa), 6, and 10 (subgroup IIb); class III,
including the Sirtuin family (from SIRT1 to SIRT7); and class IV, including HDAC 11 [27].

2.5. Histone Phosphorylation

Histone phosphorylation is a post-translational modification, mainly catalyzed by
Ataxia-Telangiectasia-mutated (ATM) and Ataxia Telangiectasia and Rad3-related (ATR)
enzymes (ATM). This modification affects serine, threonine and tyrosine residues, and it
plays an important role in chromatin compaction during meiosis, mitosis and apoptosis.
Histone phosphorylation is also linked with transcriptional regulation and gene expression,
particularly concerning some genes implicated in the modulation of proliferation and the
cell cycle [28]. For instance, the phosphorylation of serine (Ser) 10 and 28 on H3, and
serine 32 on H2B has been linked to the activation gene transcription mediated by EGF
(epidermal growth factor) [29]. Moreover, histone phosphorylation occurs mostly during
DNA damage, on serine (S) 139 of H2A(X) variant histone, also referred to as γH2AX.
Involving all phases of the cell cycle, it is involved in the DNA damage response (DDR)
pathways, such as non-homologous end joining (NHEJ), homologous recombination (HR)
and replication-coupled DNA repair [30].

2.6. Histone Ribosylation

Both core histones and the linker histone H1 are subject to mono-ADP-ribosylated
modification. Approximately 22 members of the ADP ribosyltransferase (ART) superfamily
have been identified, additionally to the members of the sirtuin (SIRT) family, such as
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SIRT4, as well as SIRT6 and -7, that possess mono-ADP-ribosylation properties. Histone
ADP ribosylation is also involved in replication and transcription processes [31]. It has
been reported that the lysates of non-dividing cells are predominantly constituted from
histones mono-ADP-ribosylated, whereas rapidly proliferating cells are characterized by
the presence of poly-ADP-ribosylated histones [32].

2.7. Histone Ubiquitination and SUMOylation

Histone ubiquitination is determined by the combined action of E1 activating enzymes,
E2 conjugation and E3 ligases, which results in the covalent conjugation of ubiquitin (Ub) to
a lysine (Lys) residue on proteins or Ub itself, to form different flavors of polyUb chains. In
parallel, deubiquitinating enzymes (DUBs) guarantee the removal of these Ub marks. [33].

Histone SUMOylation is a recently discovered post-translational modification, thus in
respect to the other post-transcriptional modifications, less is known about its effects on
chromatin organization and gene expression.

Humans express five SUMO (small ubiquitin-like modifier) paralogs, SUMO-1,
-2, -3, -4 and -5 [34]. Shiio and Eisenman first suggested a possible interplay between
histone SUMOylation and the other post-transcriptional modifications, such as histone
acetylation. For instance, they proved that histone acetylation may facilitate subsequent
SUMO conjugation to H4, and they demonstrated, by in vitro studies, the ability of SUMO-1
to link to acetylated H4, and an enhancement of this sumoylation reaction by co-expression
of HAT p300 [35].

3. Epigenetic Changes in Cellular Senescence

Studies in humans and in vivo models of aging reveal that during aging, the epigenome
suffers from a progressive loss in its configuration (which is summarized in Figure 1). More-
over, the chromatin conformation can be perturbed by external stimuli, which consequently
influences the expression of genes related to aging and lifespan [36]. This change impli-
cates a profound alteration in the genomic integrity, chromosomal architecture and gene
expression patterns [37]. As summarized in Figure 1, there are four interconnected mech-
anisms that are aging-related. One of the peculiar epigenetic alterations present during
aging consists of histone loss and nucleosome repositioning. The loss of histone proteins
appears to be a conserved feature of aging, from yeasts to humans. Studies on yeast ag-
ing have demonstrated that replicative aging is characterized by a reduced expression of
histone proteins, including a decrease by 50% across the whole genome in nucleosome
occupancy during replicative aging. This perturbed chromatin composition determines
a redistribution of remaining nucleosomes within chromosomes [38,39]. On one hand, it
was identified that there is a cluster of genes (i.e., gerontogens) that when overexpressed
or mutated increase the lifespan by controlling aging and longevity [40]. On the other
hand, these age-dependent alterations produce an increased genomic instability, a loss
of specific gene silencing and, in general, increased translation and increased expression
of retrotransposons [41]. Furthermore, several studies have demonstrated that this pro-
found change occurs especially in the genes involved in mitochondrial activity and in
the modulation of cellular senescence and apoptosis [42–44]. To date, the trigger event
responsible for histone level reduction, and the consequences of it driving aging remains
poorly understood. Experiments in human senescent fibroblasts demonstrated that histone
losses were repressed by engineering the expression of telomerase, and as a consequence,
DNA damage signals occur for shortened telomeres [45]. Furthermore, it is likely that it is
implicated in an inadequate gene expression. For instance, a perturbation in global histone
protein levels might influence the global loss of constitutive heterochromatin [46], which in
turn could contribute to gene silencing and atypical gene expression.
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Figure 1. Epigenetic changes in relation to age. The incorporation of different histone variants, altered
histone modification and aberrant DNA methylation patterns entail an abnormal chromatin state
with the intervention of chromatin modifiers. This abnormal epigenetic scenario induces altered
transcriptional patterns and a transcriptional drift within the population.

Another specific epigenetic alteration occurring with aging consists of an aberrant
chromatin accessibility (Figure 1). One of the earlier proposed models of aging was the
“heterochromatin loss model of aging”, able to explain the modifications in global nuclear
building and gene re-expression in the regions involved in the cellular senescence and
aging processes [47]. It was demonstrated that this age-related phenomenon, typical for all
eukaryotes, may contribute to the shortening or lengthening of the lifespan.

In humans, cells cultured from Hutchinson–Gilford Progeria Syndrome (HGPS) pa-
tients manifested a heterochromatin reduction along with heterochromatic mark reduction
of H3K27me3 and H3K9me3 [48]. The same defects were identified in skin fibroblasts from
the normal control group [49].

Despite a chromatin opening effect on the global losses of histones, senescent cells
develop more compact foci of chromatin, termed senescence-associated heterochromatic
foci (SAHF) [41]. The formation of SAHF consists of a redistribution of heterochromatin,
with a decondensation of heterochromatin, and subsequent formation of foci of heterochro-
matin in previous euchromatic regions. Additionally, SAHFs are made up of multiple
chromatin types, organized in layers with a constitutive heterochromatic nucleus enriched
in H3K9me3 and surrounded by a facultative heterochromatic outer ring enriched in
H3K27me3 [50]. Furthermore, SAHFs include other typical markers of heterochromatin,
such as heterochromatin protein 1 (HP1), hypoacetylated histones, and variant histone
macroH2A, and are characterized by their depletion of linker histone H1 [50]. Interestingly,
SAHFs have been associated with gene regulation and the irreversibility of cell cycle arrest.
In fact, the presence of SAHFs in genes promoting proliferation, such as cyclin A, may
subserve to the stable proliferative arrest of senescent cells [51]. Moreover, SAHFs have
also been shown to suppress DNA damage signaling [52].

Another peculiar age-related variation is the replacement of the canonical histones
with histone variants (Figure 1) [51,53]. Histone variants are isoforms of canonical his-
tones that, expressed during the cell cycle, can be incorporated into the chromatin. Their
incorporation influences the chromatin structure, consequently modulating crucial cellular
processes. Several studies connect histone variants to aging. For instance, an in vitro study
of human fibroblasts reported that histone variant, amount and biosynthesis levels, change
with aging [54].
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Histone variant H2A.J is a histone H2A variant linked to aging. The difference between
them consists of only five amino acids. It was highlighted that a high expression level of
H2A.J is responsible for the expression of inflammatory genes, such as IL1A, IL1B and
several interferon-inducible genes that determinate the senescence-associated secretory
phenotype (SASP) [55]. To a certain extent, despite cellular senescence can be beneficial,
SASP phenotype represents one of the darkest sides of the senescence response because it
promotes chronic inflammation that may contribute to and in some cases, aging-associated
diseases, such as cancer development.

During ageing some aberrant histone modifications also occur (Figure 1). Among them,
the most prominent ones affecting the longevity process are methylation and acetylation
of lysine residues. Indeed, during aging, massive modifications have been observed
for trimethylation marks on histone H3 lysines 4, 9, 27, and 36 (H3K4me3, H3K9me3,
H3K27me3 and H3K36me3, respectively) [40].

Besides the H3K9me3 and H3k27me3, characteristic of SAHFs, the H3K4me3, through
the regulation of the expression of aging-related genes, exerts an important activity in
the modulation of aging and the human lifespan. Indeed, this kind of histone mark is
the most abundant in the close proximity of transcription start sites (TSSs), and it was
reported that its high H3K4me3 levels promote aging. By performing RNA interference
(RNAi) technology in fertile C. elegans, Greer et al. discovered a key regulator of worm
lifespan, known as the COMPASS (Complex Proteins Associated with Set1) complex.
This complex causes a trimethylation of H3K4 (H3K4me3) and the authors demonstrated
that deficiencies in its members extend lifespan [56]. A similar H3K4me3 mark was also
identified in Drosophila [57]. H3K27me3 levels appear influenced the lifespan in C. elegans
models. Indeed, analyzing histone marks associated with repressed chromatin, Maures et al.
highlighted the central role of UTX-1, a histone demethylase specific for lysine 27 of histone
H3, in the regulation of the worm lifespan. They demonstrated that both heterozygous
mutation of utx-1 or utx-1 knock-down increase the levels of the H3K27me mark and,
consequently, extended the worm lifespan [58,59].

Contrary to C. elegans, it is plausible that, in Drosophila, H3K27me3 has an impact on
the lifespan with an opposite trend. In fact, heterozygous mutations in H3K27 methyltrans-
ferase (PRC2) subunits reduce the overall levels of H3K27me3 and increase the lifespan
of male drosophila [60]. What is reported demonstrates a variety of epigenetic changes
that are species-related. In the context of aging, only few studies were carried out on the
epigenome of the animal models. In a study of reprogramming of the naked mole rat
cells, in reference to the global histone landscape, it was disclosed that the naked mole rat,
well-known for its exceptional longevity, had higher levels of repressive H3K27 methylation
marks than mice. In the same experiment, it was also observed that naked mole rats have
lower levels of activating H3K27 acetylation marks [61].

The pivotal role of histone acetyltransferases and deacetylases in lifespan was also
asceratined. For instance, it was demonstrated that SIRT6, by modulating NF-κB signaling,
may influence lifespan through the acetylation of H3K9. Indeed, in SIRT6-deficient cells
of mice, the hyperacetylation of H3K9, associated with increased apoptosis, and cellular
senescence was identified. As demonstrated by an experiment that correlated the catalytic
activity of SIRT6 with the deacetylation of H3K9ac with the mitigation of the lifespan
of mice [62,63]. H4K16ac falls inside the circle of histones targeting by sirtuin deacety-
lases [64]. Various studies have shown that H4K16 acetylation is rather reduced during
mammal ageing [65,66], but other studies, during aging, associated a decrease in Sir2
with a concomitant increase in the H4K16 acetylation level, resulting in an alteration of
transcriptional repression at subtelomeric regions [67]. Next to histone methylation and
acetylation, histone phosphorylation and ubiquitination have also been associated with
aging. For instance, it was supposed that the histone H2B monoubiquitylation (H2Bub)
could indirectly influence ageing by the modulation of H3K4me3 levels [68]. Additionally,
an accumulation of H2Bub in heterochromatic regions during cellular aging was identified,
accompanied by the increasing level of H3K4me3, H3K79me3 and H4K16ac [69].
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Interestingly, epigenetic aging modifications are not a consequence of a single alter-
ation, but rather the product of several epigenetic factors that work complementarily. For
instance, Rakyan et al. suggested that histone modifications and chromatin remodelers
may constitute a baseline for predisposing the DNA to CpG methylation. With increasing
age, the cells undergo a global DNA hypomethylation and local DNA hypermethylation,
especially at CpG islands near gene-rich regions [70], a pattern which fits the aging model
of global heterochromatin deregulation, coupled with a focal increase in repressive modifi-
cations. Indeed, it was demonstrated that the global decline of genomic CpG methylation
occurs at repetitive regions dispersed throughout the genome, such as SINEs (i.e., Alu
elements) and LTR (i.e., HERV-K), that correlate with constitutive heterochromatin. Fur-
thermore, it was highlighted that the hypermethylation usually occurs in genes that control
development and differentiation, encode transcription factors or are transcription factor
binding sites [71]. Among the latter, two of the most studied transcription factors in aging
are Forkhead Box O1 (FOXO) and NF-E2-Related Factor 2 (NRF2), both contributing and
responding to the age-related chromatin changes [72].

4. Epigenetic Changes in Aging-Related Diseases

During ageing, the body is no longer able to maintain homeostasis and becomes more
susceptible to stress, disease and injury, as vital bodily functions such as regeneration and
reproduction, slowly decline. This condition makes elderly people more susceptible to the
onset of age-related pathologies [41].

In this section, we recapitulate the leading epigenetic discoveries in the principal
age-related diseases.

4.1. Tumors

In most mammalian species, cancer incidence increases exponentially with advancing
age [73], probably because progenitor cells from mature organisms accumulate plenty
molecular lesions to evade the homeostatic control of their tissular contexts [74]. The molec-
ular lesions can include genetic (mutations, deletions or translocations) and/or epigenetic
alterations. Several epigenetic alterations, such as the local CpG island hypermethylation,
and global hypomethylation, collected during aging, play a crucial role in the etiology of
complex traits, including cancer [75]. Recently, genome-wide epigenetic studies have re-
vealed particular epigenomic features shared between aging and cancer [76]. Additionally,
a growing number of studies have demonstrated that the cellular senescence has a dark side
in the cancer, because, on one hand, it may be consider as a safeguard against cancer. On the
other hand, it may be involved in cancer aggressiveness [77]. Indeed, senescence represents
a potent tumor suppressor mechanism imputable to the permanent cell cycle arrest [78],
on the other hand, unlike a static endpoint, there is growing evidence that senescent cells
may contribute to oncogenesis, given that the risk of cancer development increases with
aging where senescent cells are accumulating [79]. Furthermore, it was demonstrated that
senescent human fibroblasts favors the stimulation of premalignant and malignant, rather
than normal, epithelial cells to proliferate in culture, and they are able to produce tumors
in mice [80]. Moreover, it is likely that the senescence-associated secretory phonotype
(SAPS), a phenotype associated with senescence cells, itself encourages tumor cells growth,
invasion and metastasis, and tumor vascularization, by secreting inflammatory cytokines,
immune modulators and growth factors [81]. Despite this, it remains largely unclear
how senescence-related epigenetic modulations contribute to cancer development, several
studies have reported a highly significant overlaps between altered DNA methylation in
senescent cells and cancer cells. This overlapping is true both for DNA methylation and
chromatin changes. In fact, the characteristic scenario of genome-wide DNA methylation
decreasing and the presence of site-specific DNA hypermethylation identified in senes-
cent cells are mechanistically linked with genetic instability and the repression of tumor
suppressor genes, respectively, typically occurring in cancer cells [70,82].
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Both the inducement of cellular senescence and cancer are related to the remodeling
of the nuclear envelope and the reorganization of heterochromatin. It is well understood
that the association of heterochromatin with the nuclear lamina, guaranteed by lamina-
associated domains (LADs), is essential for its stabilization [83]. It also well understood
that, during senescence, the modifications in the composition of the nuclear lamina de-
termine changes in epigenetic states and repositioning of LADs, and a loss of peripheral
heterochromatin, overlayable to the epigenetic changes occurring in the cancer initiation
and progression, supporting the hypothesis that premalignant senescent chromatin changes
contribute to oncogenesis [84].

Moreover, some cancers have a specific methylome profile that define a distinct
molecular subtype of the cancer. An example is represented by colorectal cancer (CRC) that
often affects people over 50 years of age [85].

Overexpression of DNMT1 has been detected in several human cancers, including
CRC. Zhu et al. reported an increased level in DNMT1 mRNA expression in CRC tis-
sues about twofold when compared with in their corresponding distal normal colorectal
mucosa [86]. To this overexpression, an unbalanced methylation pattern in the genome
and aberrant methylation in many important tumor suppressor genes is imputable. An
increasing expression in DNMT1 was identified in PPARα-deficient mice [87]. Peroxisome
proliferator-activated receptor α (PPARα) is a nuclear receptor that serves as a xenobiotic
and lipid sensor to regulate energy combustion, lipid homeostasis, and inflammation [88].
In PPARα-deficient mice, it was demonstrated that an increasing expression of DNMT1
leads to decreased levels of p21 and p27, thus promoting cell proliferation and colon
carcinogenesis [87].

In approximately 15% of malignant colorectal tumors, a hypermethylator phenotype,
called the CpG island methylator phenotype (CIMP), was identified, that is seen predomi-
nantly in the elderly [89,90]. CIMP is identified in a subset of CRC that happen through an
epigenetic instability pathway and that are contradistinguish by vast hypermethylation of
promoter CpG island sites, resulting in the inactivation of several tumor suppressor genes
or other tumor-related genes. Indeed, many genes, that have been reported to be affected in
CIMP, have some crucial roles in the cell controlling; for instance, cyclin-dependent kinase
inhibitor 2A (CDKN2A), the gene coding for the tumor suppressor p16 involved in the
regulation of the cell cycle. Additionally, most CIMPs are characterized by promoter CpG
island methylation of the MutL Homolog 1 (MLH1), a mismatch repair gene, which defects
is associated with the microsatellite instability responsible for approximately 15–20% of
all CRC cases [91]. In 8–10% of metastatic colorectal cancer (mCRC), a missense mutation
occurring in codon 600 of the gene B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF),
is found, causing a substitution of aminoacidic valine for a glutamic acid (V600E), recog-
nizing it as a negative prognostic factor in light of the fact that the patients carrying the
mutation have a median overall survival inferior to 20 months.A strongly association with
MLH1 promoter hypermethylation and the presence of this mutation was reported [92].
Considering that hypermethylation of the MLH1 promoter, associated with drug resistance,
has been found in half of patients with microsatellite instability, the identification of CIMP
may acquire value for diagnostic and therapeutic stratification [93].

It was well documented that a chronic inflammation in the bowels represents an
increased risk of CRC [94]. This status has also correlated with an aberrant epigenetic
regulation. In fact, a methylation analysis of human colonoscopic biopsies of rectal in-
flammatory mucosa demonstrated a hypermethylation in the promoter region of p16, and
associated this epigenetic change with an early stage of the neoplastic progression [95].

Aside from DNA methylation, it is growingly approved that the occurrence and
development of CRC is influenced by histone modification.

Several studies have reported a positive correlation between the global histone acetyla-
tion and histological subtype, cancer recurrence, tumor stage, lymph metastasis, and poor
prognosis and survival [96–98]. For instance, Karczmarski et al., observed a significant in-
crease in the acetylation of H3K27 in CRC samples, with respect to the normal controls [99].
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Ashktorab et al. observed that the transition adenoma–adenocarcinoma is intimately related
to the expression of HDAC2 [100]. The consequences of these aberrant histone acetylations
in CRC are not well understood. Probably, an upregulation of the acetylation of H3K27 has
an effect on the upregulation of the gene CYR61 (cysteine-rich 61/CCN1), which codes for a
secreted matricellular protein that binds directly to various integrin receptors and heparin
sulfate proteoglycans to regulate many cellular functions [101,102]. High expression of
CYR61 is observed in colon cancer tissues and has been reported to promote cancer metas-
tasis and cell migration [103,104]. Lingzhu et al. ascribed this upregulation to active CYR61
enhancers, such as the pioneer factor, FOXA1, that, along with CBP, is needed to maintain
H3K27ac enrichment at the CYR61 promoter. It was demonstrated that this enrichment is a
peculiar characteristic formed in colon cancer, but not in normal colon mucosa [105].

Several reports have also indicated abnormal levels of histone methylation in CRC.
For instance, Yokoyama et al., observed a hypermethylation of H3K9me3 especially in
invasive regions of colorectal cancer tissues and showed that a positive relation between
this epigenetic change and the occurrence of lymph node metastasis [106]. An up-regulation
of the methylation status of H3K9 it was also reported to play an important role in human
colorectal cancer progression, possibly by promoting collective cell invasion, probably
performed by the regulation of the centrosome through the LINC complex, required for cell
migration [107]. In addition, Tamagawa et al., demonstrated a positive association between
the expression level of H3K37me2 and tumor size and poorer survival rates, supposing this
datum as a likely independent prognostic factor for CRC in patients having metachronous
liver metastasis [55]. Despite the consequence of this up-regulation is not well understood
it is probably that it has an effect on the expression of NOTCH2 [108,109].

In gliomas [110], gastric cancer [111], and its precursor intestinal metaplasia [112], and
in acute myeloid leukemia (AML) [113] it was also possible to identify molecular subtypes
based on DNA methylation profile (DNAm).

The National Cancer Institute sponsored cooperative groups [114] and a large study
of meta-analysis of 3,004 patients with high-grade gliomas [115] confirmed that older age
represents a negative prognostic factor for glioblastoma (GBM) survival with a short overall
survival of 6-9 months [116]. Regarding the age-related epigenetic, Noushmehr et al.,
identified a glioma-CpG island methylator phenotype (G-CIMP) in GBMs and asserted that
it may represent an age-associated effects on survival in older GBM patients [109]. On the
other hand, Garagnani et al., identified some CpG islands of ELOVL Fatty Acid Elongase
2 (ELOVL2) hypermethylated in mothers compared with offspring [117]. Interestingly, it
was demonstrated that the ELOVL2 gene encodes for a transmembrane protein involved
in the synthesis of long polyunsaturated fatty acids (PUFA), that it is involved in crucial
biological functions including modulation of inflammation, maintenance of cell membrane
integrity, and energy [118]. Indeed, lipid composition is greatly altered in gliomas with
enrichment for free fatty acids and polyunsaturated fatty acids [119].

Frequently in cancer, including GBM [120], there is abnormal methylation level at
lysine 20 of histone H4 (H4K20me) [121].

Studies of genome-wide disclosed that the gene encoding the histone methyltrans-
ferase KMT5B (alias SUV420H1) presents frequently hypermethylated and hypo-
hydroxymethylated of DNA in GBM [121,122].

It was reported that a KMT5B epigenetic downregulation in GBM determines an aber-
rant H4K20 methylation pattern that may cause global transcriptomic changes, promoting
tumor growth [121].

In gastric cancer (GC), epigenetic deregulations have identified as an early and
advanced-stage occurrences. It was demonstrated that external stimuli and genetic factors,
with time, are able to modify gastric epigenetic machinery, by inducing gastritis and ul-
cer development, and then metaplasia, dysplasia, and tumor development [123]. In GC,
focal hypermethylation loci were identified in silencing of tumor suppressor genes. An
example is represented by the silencing of oncosuppressor CDH1 (Cadherin 1), typical of
GC, encoding for the adhesion molecule E-cadherin [124,125]. It was identified that the
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CDH1 hypermethylation occurs in the early step of GC development, and it was attributed
to it a significant clinical relevance, in terms of prediction of worse overall and disease-free
survival (OS and DFS, respectively) of patients [126].

Together with CDH1, the methylation status of gene was to be an encouraging prog-
nostic and diagnostic biomarker, also in GC [127–129]. In fact, the methylation of the
CDKN2A promoter was also identified in gastric pre-cancerous lesions associated with H.
pylori and EBV infections, providing evidence of the involvement of methylation status of
CDKN2A in gastric carcinogenesis [130,131].

In sporadic GC, other relevant alterations of the methylation status are also involved
in genes acting in DNA mismatch repair (MMR) pathway [132,133]. For instance, it was
reported that the methylation of promoter regions of MLH1 and MLH2 genes was associated
with the GC onset, the progression, and with the chemoresistance to oxaliplatin [134].

In addition, discoveries of the role of histone modifiers in GC have highlighted the
complex epigenetic mechanisms of GC onset and progression and the mutual interchange
between DNA methylation and histone modifications. For instance, it was demonstrated
a role of the histone deacetylase SIRT1 in GC development, through the inhibition of NF-
κB signaling [135]. In various model systems, it was linked the deregulation of H3K27
methyltransferase EZH2 to a promotion of gastric cancer tumorigenesis [136]. Interestingly,
Meng et al showed both DNA methylation and histone H3K9 dimethylation deregulation
on the promoter of the CDKN2A gene [137,138].

RUNX3 is a runt-domain transcription factor, frequently inactivated in gastric cancer
tissues [139], and is highly related to metastatic outcome [140]. It was reported that its
suppression is on account of DNA methylation, via modification of histones, in particular
trough G9a histone methyltransferase (HMT) and HDAC1 [138].

Despite, it is not yet fully understood which aging-associated alterations contribute
to leukemogenesis, it has ascertained that genomic and epigenomic alterations are main
hallmarks of aging [141]. With a comprehensive approach by targeted NGS on a cohort of
elderly patients, Silva et al. revealed that AML presents with distinct genetic and epigenetic
patterns in the elderly [142]. Furthermore, in young and aged murine hematopoietic stem
cells (HSCs), by carrying out a comprehensive study of transcriptome, DNA methylome,
and histone modifications, were described global epigenetic changes associated with stem
cell aging. The authors demonstrated that the aged cells presented a reduced expression
of DNA methyltransferases, and altered positioning of some regulatory histone marks,
including H3K4me3, H3K27me3, and H3K36me3 [143]. An analysis of the epigenetic
landscape of a HSC-enriched population from young and aged healthy donors, also ob-
served an age-associated reduction in H3K4me1, H3K27ac, and H3K4me3, as well as an
altered DNA methylation in aged cells [144]. Additionally, Djeghloul et al., identified in
aged HSCs alterations in another heterochromatin mark: H3K9me3 [145]. In particular,
by in vitro studies in human and mouse HSCs, they demonstrated a reduced level of
SUV39H1, a first lysine-specific HMT activity described, and consequently a reduced level
of H3K9me3, with consequent perturbation in heterochromatin function [145]. Finally,
several studies have highlighted the pivotal role of histone acetyltransferase p300 in driving
malignant transformation [146,147] [67], and its role as a primary driver of the senescent
phenotype [148].

DNA methylation alterations have also been associated with prognosis in various
hematological disorders [149,150]. Several studies have demonstrated that epigenetic
modifications can alter the expression of genes that regulate cell cycle progression, cell
adhesion and migration, p53 signaling, apoptosis, WNT signaling, cell differentiation, and
DNA repair [151–153].

4.2. Cardiovascular Disease

Cardiovascular disease (CVD), prompting to heart failure, and consequently to death,
is the principal cause of morbidity and mortality worldwide [154]. Among the risk factors
contribute to CVD onset, it is included hypertension, diabetes and obesity [155]. How-
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ever, the most important determinant of CVD is a person’s age [156], with its prevalence,
including atherosclerosis, stroke and myocardial infarction, increasing in the elderly [157].

Several studies suggest that CVD are significantly linked with exposure to chemicals
stimuli present in air, food, and water, highlighting the assumption that CVD, as the other
pathologies, is a result of a mixture of epigenetic effects and gene alterations [158,159].

Several epigenetic alterations have been linked to cardiovascular diseases and cardiovas-
cular aging; among the others, the DNA methylation, histone methylation and acetylation.

Recently, DNA methylation has been associated with the expression of candidate
genes related to coronary heart disease, heart failure, hypertension, and other CVD. West-
erman et al., through a genome-wide Bonferroni multiple assay correction, found DNA
methylation in three regions, associated with TNRC6C (Trinucleotide Repeat Containing
Adaptor 6C), SLC9A1 (Solute Carrier Family 9 Member A1), and SLC1A5 (Solute Carrier
Family 1 Member 5), that were linked with cardiovascular disease risk [160]. Peter J. et al.,
demonstrated a significant role of SCL1A5 in heart failure. In fact, with respect of the
controls, they found a SLC1A5 mRNA levels suppressed in human failing myocardium.
Considering that SLC1A5 is crucial for cellular glutamine homeostasis and given the pivotal
role of glutamine for cardiac homeostasis, an inhibition of SLC1A5 expression in the my-
ocardium may be responsible to reduce of glutamine uptake, with a consequence alteration
of glutamine homeostasis that may contribute to myocardial energy derangements in the
heart failure [161]. In epigenome-wide association studies, it was identified thirty-four
new DNA methylation sites associated with acute myocardial infarction. Four of them
(CLDND1: Claudin Domain Containing 1, AHRR: Aryl Hydrocarbon Receptor Repressor,
MPO: Myeloperoxidase, and PTCD2: Pentatricopeptide Repeat Domain 2), involved in lipid
metabolism and inflammatory diseases, were associated with coronary heart disease [162].

In a cohort study of heart failure, Glezeva et al. detected five genes hypermethylated
in the ventricular septal tissues of heart failure patients. Among them, they found promoter
hypermethylation of HEY2 (Hes Related Family BHLH Transcription Factor with YRPW
Motif 2) and MSR1 (Macrophage Scavenger Receptor 1) genes. The first is an important
effector in the Notch developmental pathway with a critical role in heart development,
whereas, the second is a macrophage-restricted gene responsible for optimized inflamma-
tory response and lipid homeostasis. Furthermore, they identified three genes that showed
hypomethylated state. Among them, there is the CCN2 (Cellular Communication Network
Factor 2) gene that is highly expressed in failing hearts, and MMP2 (Matrix Metallopep-
tidase 2) gene that is a well-known regulator of collagen turnover and fibrosis, whose
serum level results higher in heart tissue of patients at risk for or with established heart
failure [163].

Chronic inflammation represents a crucial event because, by inducing cardiomyocyte
stress, causes the inception of the pathology. Gentilini et al. connected this condition with
unbalanced lipid levels exhibiting during atherosclerosis [164]. For instance, in patients
with familial hypercholesterolemia was found a high level of methylation at the promoter
region of ABCA1 (ATP-binding cassette A1), which is required for cholesterol transfer from
blood to high-density lipoprotein particles. Furthermore, epigenetic changes were also
identified in several genes including RELA (RELA Proto-Oncogene, NF-KB Subunit), NOS3
(Nitric Oxide Synthase 3), KLF4 (KLF Transcription Factor 4) and APOE (Apolipoprotein E)
that have been linked to progression of atherosclerosis [165]. Indeed, several studies have
considered the involvement of HDACs and HATs in atherosclerosis. For instance, HDAC3,
HDAC5, and HDAC7 can act as a repressor of the KLF4 expression, as resulted experiments
on HUVECs (human umbilical vein endothelial cells) [166]. Therefore, an overexpression
of HDACs, typical of the atherosclerosis process [167], may lead to a proatherogenic
phenotype [167]. Furthermore, being the atherosclerosis an inflammatory disease [168],
it was demonstrated that histone acetylation, by HATs, seems to have a proatherogenic
role, that is partially modulated by inflammatory transcriptional pathways [167]. This
regulation may be explained by the regulation of NF-kB signaling exerted by p300. p300,
upon inflammatory stimulus, interplays with the RELA (p65) subunit of NF-kB in the
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nucleus to remove repressive p50–HDAC1 interactions [169]. This determines an increased
acetylation of both p65 itself and histones in the vicinity of NF-kB binding, driving NF-
kB-induced transcription [170]. Additionally, several studies have also highlighted a
fundamental role of HATs and HDACs in the regulation of CVDs, such as hypertension,
pulmonary hypertension, diabetic cardiomyopathy, coronary artery disease, arrhythmia,
and heart failure [171]. This regulation may be exerted not only by controlling inflammatory
pathways, but also certain cellular processes including myocyte hypertrophy, apoptosis,
fibrosis, and oxidative stress. This latter may be increased by an APOE deficiency [172]
probably induced by histone deregulation.

In reference to the role of histone methylation in CVD, Papait et al., suggested the
essential role of the histone methyltransferase G9a for maintaining the correct gene ex-
pression in normal cardiomyocytes and for driving changes in the expression of genes
associated with cardiac hypertrophy [6]. Their research demonstrated that G9a orchestrates
crucial epigenetic changes in cardiomyocytes both in physiological and pathological con-
ditions. Indeed, they reported an antihypertrophic manner of G9a in normal heart and a
hypertrophy manner of G9a in stressed heart.

This is imputable to the ability of G9a to suppress several classes of genes by demethy-
lating lysine 9 at histone H3, including genes encoding proteins involved in contractility
and calcium signaling. Finally, these data may be very useful for developing a novel
druggable approach based on epigenetic dysregulation.

4.3. Neurodegenerative Diseases

Alzheimer’s disease and Parkinson’s disease are neurodegenerative diseases associ-
ated with epigenetic modifications and closely related to the aging process [173].

4.4. Alzheimer’s Disease

Alzheimer’s disease (AD) affects more than 55 million people and is the most common
cause of dementia worldwide [174]. Despite several genetic alterations being linked with
AD, the majority of AD cases do not have a strong genetic basis and are therefore considered
to be a consequence of non-genetic factors. Deepening the epigenetic mechanisms would
be a link between environmental and genetic factors, allowing an integration of long-lasting
non-genetic inputs on specific genetic backgrounds. Nowadays, a growing number of
epigenetic alterations in AD have been reported. For instance, it was described that a
predominant risk factor of AD, promoting its onset, is imputable to an accumulation of
dysregulated epigenetic mechanisms in aging. Moreover, mutations in different epigenetic
regulators have been discovered contributing to impaired learning and memory formation,
that are first symptoms of the disease [174,175]. An example is represented by a direct
link between DNMT1 alteration and a neurodegenerative disorder of both central and
peripheral nervous system. Indeed, DNMT1 mutations were revelled by studies of exome
sequencing on HSAN1 (hereditary sensory and autonomic neuropathy) patients. It was
demonstrated that the identified mutations are responsible of premature degradation of
mutant proteins, a reduction of methyltransferase activity and impairment heterochro-
matin binding during the G2 cell cycle phase, leading to global hypomethylation and site
specific hypermethylation.

Epigenetic dysregulation has also been supposed in Alzheimer’s dementia through
reduced histone acetylation.

Despite the discordant results, histone acetylation has been broadly analyzed in
relation to transcriptional and memory changes in the aging rodent brain [9]. It is likely that
this variation acts by reducing the expression of specific genes implicated in the maintaining
of functional synaptic [54]. Growing evidence connects an alteration of histone acetylation
homeostasis with the memory loss in AD patients. In normal mice during learning processes,
a transient rise in the acetylation of the hippocampal histones was observed, implying that
histone acetylation has a crucial role in memory consolidation [176–178].
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Gjoneska et al., in the p25 transgenic model of AD, not only identified a decreasing
in H3K27 acetylation levels at regulatory regions of synaptic plasticity genes, but also
identified an increase in H3K27 acetylation levels at regulatory regions of immune response
genes [179]. On the other hand, while histone acetylation shows a general decrease in the
aged mice, several studies in cellular and animal models of AD have indicated that HDAC
inhibitors have a neuroprotective role, sustained memory and synaptic functions [180,181].

Genome-wide studies have emerged as the presence of DNA hypermethylation and
histone deacetylation in AD patients, suggesting a general repressed chromatin state and
epigenetically reduced plasticity in AD. Generally, as demonstrated in twin-studies, an
acceleration of epigenetic age was related to the onset and progression of neurodegener-
ative diseases [182,183]. In 2009, Mastroeni et al. analyzed DNA methylation in a pair
of monozygotic twins discordant for AD. By using immunohistochemical methods to de-
tect 5-methylcytosine (5mc), the authors discovered, in the twin with AD, a significantly
decreasing of global DNA methylation within the anterior temporal neocortex and the
superior frontal gyrus that was not identified in the neurologically normal, non-demented
twin [184]. These analyses may explain the significant synapse loss in the frontal cortex
typical of AD [185]. However, since then, other studies using similar techniques have been
carried out, but the data were discordant. For instance, Coppieters et al. found the DNA
methylation was higher in the middle frontal gyrus of individuals with AD than in the
same region of cognitively normal controls [186]. Analogously, Rao et al. confirmed a
higher methylation status in the frontal cortex of AD patients [65]. The methylation data
have also been discordant for hippocampus; clarifying the epigenetic changes also in this
cerebral area would be important given that one of the characteristic trait of AD is cerebral
atrophy, and given the role of hippocampus in a memory development [66]. The discrepant
data may partly be due to the use of mixed cell populations, leading to deviations across
studies. Furthermore, given that the epigenetics has an age-related change, the discrepant
data may be imputable to the age differences among the examined samples.

Additionally, several studies reported DNA methylation modifications in specific
genes implicated in AD pathology. For instance, in the cerebral area of cerebellum, superior
parietal lobe, and inferior temporal lobe of AD patients, Iwata et al, by using pyrosequenc-
ing analysis, found statistically significant differences in DNA methylation levels at the
promoter region of APP (Amyloid Beta Precursor Protein), MAPT (Microtubule Associated
Protein Tau) and GSK3B (Glycogen Synthase Kinase 3 Beta) [187]. Moreover, Wang et al, by
mass spectrometry on post-mortem prefrontal cortex samples of AD individuals, found
growing DNA methylation levels at the promoter region of APOE. Additionally, Yu et al.,
by comparing the DNA methylation levels in the dorsolateral prefrontal cortex of normal
and AD patients, identified 28 gene loci linked with AD pathology. Among there, promoter
methylation of SORL1, ABCA7, HLA-DRB5, SLC2A4 and BIN1 was positive associated with
pathological AD [188]. With respect to DNA methylation, the histone modifications in AD
are less studying, with data that are mostly indirect. For instance, Sun et al., suggested that
a hyperexpression of HDAC2 contributes to microglial activity and exacerbated inflamma-
tion. By experimental animal models, the authors demonstrated that suppressing HDAC2
expression may be a potential therapeutic approach for containing inflammation-induced
cognitive deficits [189].

4.5. Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disease with a multifactorial origin.
Despite some molecular mechanisms have been demonstrated an involvement in PD
development and progression, thus far, PD has a partially obscure molecular profile. In
this scenario, the influence of environmental factors on epigenetic machinery modulation
acquires a relevant matter for understanding PD pathogenesis. A key protein involved in
PD is α-synuclein (α-Syn), encoded by SNCA [190]. It was displayed that DNA methylation
of SNCA has a role in its expression [191]. Indeed, in multiple brain regions of PD patients
and, by in vitro studies, it was proved a positive correlation between the hypomethylation
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in intron 1 of SNCA an increase in its expression [191,192]. DNMT1 is one of the regulators
of DNA methylation that appears to play a prominent role in SNCA expression. It was
proved that the first intron of SNCA interacts with DNMT1.

In animal models and patient brains, was demonstrated the ability of α-Syn ag-
gregation to sequestrate DNMT1 [193]. This activity was likely ascribed to the DNA
hypomethylation of SNCA gene and increased SNCA transcription. Indeed, in vitro stud-
ies, demonstrated that the hypomethylation of SNCA and increased SNCA expression
were mediated by decreased occupancy of DNMT1 in the SNCA promoter region [194].
In peripheral blood mononuclear cells (PBMCs) of PD patients, it was also found a re-
duced levels of methylation of SNCA intron 1. Studies of methylation status of SNCA
in leukocytes, demonstrated in healthy individuals a diminished level methylation in
SNCA age-related [195], and gender-related. Indeed, among these cohort of patients, it was
emerged that men had lower methylation of SNCA than women, status that may contribute
to the higher incidence of sporadic PD in men [196,197]. While a general reduction of DNA
methylation was identified in some brain regions in PD patients, in several brain regions
associated with PD, at enhancer regions of the SNCA locus, was discovered an enrichment
of H3K4me3, and H3K27ac, next to a reduced level of H3K27me3 [197]. The implication of
histone modifications in SNCA expression was first described in a patient heterozygous for
the SNCA p.A53T mutation, and was confirmed by using HDAC inhibitor in an in vitro
study [198]. Furthermore, epidemiological studies reported that β-2 adrenergic receptor
antagonists raise the incidence of PD. Indeed, β2-adrenoreceptor agonists were discov-
ered to regulate SNCA transcription by H3K27 deacetylation at its promoter, encouraging
dopamine neuron health by reducing SNCA expression [199]. Finally, in post-mortem
brain samples from PD patients, it was found an increased level of H3K4me3 at the SNCA
promoter and this increase was found positive related with higher levels of α-Syn with
promotion of neurotoxicity, and cell death [200].

4.6. Diabetes

The type 2 Diabetes (T2D) is characterized by chronically elevated blood glucose
levels, imputable to insulin resistance in combination with impaired insulin secretion
by pancreatic β-cells [201]. It is widely unveiled that aging, a sedentary lifestyle, and
obesity contribute to insulin resistance in target tissues including skeletal muscle, liver,
and adipose tissue [202]. Nevertheless, pancreatic islet β-cells function decreases after
long-term exposure to elevated lipid and glucose levels [203]. Generally, diabetes is a
genetic disease but enviromental stimuli carry out crucial roles in its development and
progression, by exerting epigenetic changes that modify gene expression. The contribution
of epigenetic dysregulation has been evaluated in different models of diabetes by in vitro
and in vivo studies. It is well established that the own β cells identity is preserved by
controlling DNA methylation. Indeed, on pancreatic β cells of mice deficient in Dnmt1 it
was ascertained a conversion of β cells to α, for a (re)expression of the lineage determination
gene Arx (aristaless-related homeobox), that is normally methylated and silenced in β cells,
and down-methylated and expressed in α cells [204]. In addition, another gene, PDX-1
(pancreatic and duodenal homeobox 1), essential for β cells differentiation, is also regulated
by DNA methylation. In pancreatic β cells of mice, it was demonstrated that diabetes is
imputable to pdx-1 silencing. Indeed, in β cells from patients with T2D, DNA methylation
was observed meaningfully increased in PDX-1 promoter and enhancer regions compared
with healthy donors and this increase was linked to diminished expression of PDX-1 [205].

Finally, in diabetes it is very important the expression of the INS 1 (insulin) gene, that
is also regulated by DNA methylation. It was reported that high glucose levels induce
DNA methylation at INS 1 promoter [206]. A genome-wide DNA methylation analysis
revelled, which others, a differential rate expression of CDKN1A (p21) in human pancreatic
islets from T2D and non-diabetic donors. In fact, it was demonstrated that a reduced
glucose-stimulated insulin secretion was related to increasing expression and reduced level
of CDKN1A DNA methylation [207]. Targeting it genetically or pharmacologically may
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attenuate insulin resistance, and may represent a possible therapeutic approach to treat
this metabolic disorder.

4.7. Sarcopenia

Sarcopenia is accompanied by a physically inactive lifestyle, loss of mobility, and
malnutrition that contribute to impaired quality of life, morbidity, increased health care
costs, and mortality. It is an age-related disease characterized by loss of muscle mass,
strength, and function [208]. Despite the decline being a consequence of ageing, there is
significant variability between individuals in the rate of loss in old age. Some of the inter-
variability can be explained by specific genetic factors [209], but much of the remaining
variation is unexplained. Given that growing evidence suggesting that epigenetic processes
play a prominent role in the development of many complex diseases, it is likely that same
processes contribute also to the aetiology of sarcopenia. A number of human studies have
compared DNA methylation in muscle tissue from young versus old individuals [210–212]
and reported differential methylation of genes involved in cytoskeletal function [213–215],
axon guidance [210,211], muscle contraction [212], cell adhesion [195,196], calcium [216]
and mTOR signalling [213]. Moreover, in a retrospective cohort study, by comparing the
muscle transcriptome of normal controls and 119 patients affecting by sarcopenia, was
identified that in skeletal muscle of sarcopenia patients there is a dysfunctional of mito-
chondrial bioenergetics, with a down regulation of oxidative phosphorylation genes [217].
An epigenome-wide association study suggested that the same changes in the epigenetic
machine may bestow compromised muscle function in later life. Indeed, the authors
demonstrated that the differentially methylated CpGs (dmCpGs) were enriched in genes
involved in oxidative phosphorylation, voltage-gated calcium channels, and myotube
fusion. Finally, by examining the chromatin architecture of the sarcopenia-related dmCpGs,
the authors identified that they were contained at EZH2 target genes and at regions of
H3K27 trimethylation [218].

4.8. Osteoporosis

Osteoporosis (OP) is a systematic skeletal disease characterized by decreased bone
mineral density (BMD) and the destruction of bone microstructure, which can lead to
increased bone fragility and risk of fracture [217].

In recent years, with the deepening of the research on the pathological mechanism
of osteoporosis, the research on epigenetics has made significant inroad. Studies have
demonstrated that epigenetic mechanisms are closely related to osteogenesis, bone remod-
eling, osteogenic differentiation, and other bone metabolism-related processes [218]. Reppe
et al. revealed an increasing level of CpG methylation in SOST gene promoter region in
27 postmenopausal women with osteoporosis compared to 36 healthy controls [219]. The
inhibitory role in bone formation of the glycoprotein sclerostin, encoded by SOST gene, was
confirmed by Delgado-Calle et al., who in previous study highlighted a hypomethylation
in the SOST promotor region in human osteocytes, suggesting, as an attracted possibility,
targeting sclerostin for the treatment of osteoporosis [220]”.

Moreover, in vitro study on mesenchymal stem cells (MSCs) demonstrated that osteo-
porosis is tightly related to aging via epigenetic changes [221]. Alvaro del Real et al., by
using the Infinium 450K bead array and RNA sequencing, determined the DNA methy-
lation and the transcriptome status of human mesenchymal stem cells (hMSCs) collected
by the femoral heads of patients with osteoarthritis (OA) or osteoporotic fractures. Their
results disclosed that the epigenome-wide signature of hMSCs from OA patients displays
differentially methylated regions in comparison with hMSCs derived from fracture patients.
They demonstrated that the differences in “epigenetic brand” are associated with several
genes implicated in MSC differentiation and proliferation, such as RUNX2/OSX [222].

Bork et al., by using the Human Methylation 27 Bead Chip Microarray, demonstrated
different methylation patterns between MSC isolated from young and elderly donors.
Moreover, they prepared a long-term MSC culture for comparing to the elderly’s epigenetic
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profiles. They observed highly significant differences of methylation status at specific CpG
sites, despite the methylation patterns being overall preserved during both aging and
long-term cell culture. Among others, the CpG islands that were found hypermethylated
upon aging included HOXA (Homeobox A) and RUNX2 (Runt-related transcription factor
2), transcription factors involved in osteoblast differentiation [222].

Several studies reported that in osteoporosis the number of clonogenic bone marrow
stromal cells (BMSCs) was diminished. This alteration reduced the levels of Tet1 and Tet2
factors. Generally, during osteogenesis, TET1 and TET2 levels are intensified through an
increased interaction with the promoter of Osx (Osterix) [223,224], a protein that, along
with Runx2 and Dlx5, is driving the differentiation of mesenchymal precursor cells into
ostetoblasts and eventually osteocytes [225]. Instead, as demonstrated in tet1 and tet2
knockout mice, it was likely that during aging the osteopenic phenotype is ascribable to a
hypermethylation in Tet1 and Tet2 that leads osteoporosis by inhibiting the expression of
Runx2 [226].

Finally, Wang et al., described a relevant upregulation of H3K27me3 during the
process of osteogenesis [221]. Moreover, Ren et al., in bone marrow aspirates from human
adults, found an increased level of EZH2 (a component of PRC2 that increases H3k27me3
levels) [227,228], and Jing et al., proved that this increasing is ascribable to an increase
level of H3K27me3 on transcriptional sites of RUNX2. These data induced the authors to
propose the employment of H3K27me3 inhibitor as a potential approach for osteoporosis
disease management [229].

5. Conclusions

Here we have depicted an overview of epigenetic mechanisms and have reported the
main epigenetic alterations occurring with aging that render cells more prone to the tran-
scriptional modifications implicated in aging-related disease development and progression.
Given the reversible nature of epigenetic mechanisms, understanding these alterations will
provide promising avenues for therapeutics against age-related decline and diseases. Fur-
thermore, with the advent of high-throughput epigenome mapping technologies, identified
the “epigenomic identity card” of each disease and even of each patient will offer a possi-
bility for discovering new diagnostic, predictive, and prognostic, molecular biomarkers
that will have a huge impact on patient outcomes.

Author Contributions: Conceptualization, A.l.T.; writing—original draft preparation, A.l.T., F.L.V.;
writing—review and editing, A.l.T., F.L.V.; supervision, A.l.T., A.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was funded by Italian Minister of Health, Ricerca Corrente program 2022-2024.
RRC-2022-23680756.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Eng. Francesco Pio Rinaldi for english revision, and
to Angelo Sparaneo for drawing Figure 1. They also thank IRCCS Casa Sollievo della Sofferenza for
the resources provided.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kennedy, B.K.; Berger, S.L.; Brunet, A.; Campisi, J.; Cuervo, A.M.; Epel, E.S.; Franceschi, C.; Lithgow, G.J.; Morimoto, R.I.; Pessin,

J.E.; et al. Geroscience: Linking aging to chronic disease. Cell 2014, 159, 709–713. [CrossRef] [PubMed]
2. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–1217. [CrossRef]

[PubMed]
3. Harman, D. The aging process. Proc. Natl. Acad. Sci. USA 1981, 78, 7124–7128. [CrossRef] [PubMed]
4. Hamilton, J.P. Epigenetics: Principles and practice. Dig. Dis. 2011, 29, 130–135. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cell.2014.10.039
https://www.ncbi.nlm.nih.gov/pubmed/25417146
https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1073/pnas.78.11.7124
https://www.ncbi.nlm.nih.gov/pubmed/6947277
https://doi.org/10.1159/000323874
https://www.ncbi.nlm.nih.gov/pubmed/21734376


Cells 2023, 12, 1163 17 of 25

5. Papait, R.; Cattaneo, P.; Kunderfranco, P.; Greco, C.; Carullo, P.; Guffanti, A.; Viganò, V.; Stirparo, G.G.; Latronico, M.V.G.;
Hasenfuss, G.; et al. Genome-wide analysis of histone marks identifying an epigenetic signature of promoters and enhancers
underlying cardiac hypertrophy. Proc. Natl. Acad. Sci. USA 2013, 110, 20164–20169. [CrossRef]

6. Papait, R.; Kunderfranco, P.; Stirparo, G.G.; Latronico, M.V.G.; Condorelli, G. Long noncoding RNA: A new player of heart
failure? J. Cardiovasc. Transl. Res. 2013, 6, 876–883. [CrossRef]

7. Gibney, E.R.; Nolan, C.M. Epigenetics and gene expression. Heredity 2010, 105, 4–13. [CrossRef]
8. Heerboth, S.; Lapinska, K.; Snyder, N.; Leary, M.; Rollinson, S.; Sarkar, S. Use of epigenetic drugs in disease: An overview.

Genet. Epigenet. 2014, 6, 9–19. [CrossRef]
9. Sanchez-Mut, J.V.; Gräff, J. Epigenetic Alterations in Alzheimer’s Disease. Front. Behav. Neurosci. 2015, 9, 347. [CrossRef]
10. Nikolac Perkovic, M.; Videtic Paska, A.; Konjevod, M.; Kouter, K.; Svob Strac, D.; Nedic Erjavec, G.; Pivac, N. Epigenetics of

Alzheimer’s Disease. Biomolecules 2021, 11, 195. [CrossRef]
11. Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]
12. Hervouet, E.; Peixoto, P.; Delage-Mourroux, R.; Boyer-Guittaut, M.; Cartron, P.-F. Specific or not specific recruitment of DNMTs

for DNA methylation, an epigenetic dilemma. Clin. Epigenet. 2018, 10, 17. [CrossRef]
13. Jeltsch, A.; Ehrenhofer-Murray, A.; Jurkowski, T.P.; Lyko, F.; Reuter, G.; Ankri, S.; Nellen, W.; Schaefer, M.; Helm, M. Mechanism

and biological role of Dnmt2 in Nucleic Acid Methylation. RNA Biol. 2017, 14, 1108–1123. [CrossRef]
14. Du, X.; Han, L.; Guo, A.-Y.; Zhao, Z. Features of methylation and gene expression in the promoter-associated CpG islands using

human methylome data. Comp. Funct. Genom. 2012, 2012, 598987. [CrossRef]
15. Ziller, M.J.; Müller, F.; Liao, J.; Zhang, Y.; Gu, H.; Bock, C.; Boyle, P.; Epstein, C.B.; Bernstein, B.E.; Lengauer, T.; et al. Genomic

distribution and inter-sample variation of non-CpG methylation across human cell types. PLoS Genet. 2011, 7, e1002389. [CrossRef]
16. Ramsahoye, B.H.; Biniszkiewicz, D.; Lyko, F.; Clark, V.; Bird, A.P.; Jaenisch, R. Non-CpG methylation is prevalent in embryonic

stem cells and may be mediated by DNA methyltransferase 3a. Proc. Natl. Acad. Sci. USA 2000, 97, 5237–5242. [CrossRef]
17. Takai, D.; Jones, P.A. Comprehensive analysis of CpG islands in human chromosomes 21 and 22. Proc. Natl. Acad. Sci. USA 2002,

99, 3740–3745. [CrossRef]
18. Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C. International Human Genome Sequencing Consortium. Initial sequencing and

analysis of the human genome. Nature 2001, 409, 860–921.
19. Jones, P.A. Functions of DNA methylation: Islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 2012, 13, 484–492.

[CrossRef]
20. Torres, R.F.; Kouro, R.; Kerr, B. Writers and Readers of DNA Methylation/Hydroxymethylation in Physiological Aging and Its

Impact on Cognitive Function. Neural Plast. 2019, 2019, 5982625. [CrossRef]
21. Moen, E.L.; Mariani, C.J.; Zullow, H.; Jeff-Eke, M.; Litwin, E.; Nikitas, J.N.; Godley, L.A. New themes in the biological functions of

5-methylcytosine and 5-hydroxymethylcytosine. Immunol. Rev. 2015, 263, 36–49. [CrossRef] [PubMed]
22. Koh, K.P.; Yabuuchi, A.; Rao, S.; Huang, Y.; Cunniff, K.; Nardone, J.; Laiho, A.; Tahiliani, M.; Sommer, C.A.; Mostoslavsky, G.;

et al. Tet1 and Tet2 regulate 5-hydroxymethylcytosine production and cell lineage specification in mouse embryonic stem cells.
Cell Stem Cell 2011, 8, 200–213. [CrossRef] [PubMed]

23. Kumar, S.; Chinnusamy, V.; Mohapatra, T. Epigenetics of Modified DNA Bases: 5-Methylcytosine and Beyond. Front. Genet. 2018,
9, 640. [CrossRef] [PubMed]

24. Miller, J.L.; Grant, P.A. The role of DNA methylation and histone modifications in transcriptional regulation in humans.
Subcell Biochem. 2013, 61, 289–317. [PubMed]

25. Richmond, T.J.; Davey, C.A. The structure of DNA in the nucleosome core. Nature 2003, 423, 145–150. [CrossRef]
26. Peterson, C.L.; Laniel, M.A. Histones and histone modifications. Curr. Biol. 2004, 14, R546–R551. [CrossRef]
27. Kooistra, S.M.; Helin, K. Molecular mechanisms and potential functions of histone demethylases. Nat. Rev. Mol. Cell Biol. 2012,

13, 297–311. [CrossRef]
28. Gujral, P.; Mahajan, V.; Lissaman, A.C.; Ponnampalam, A.P. Histone acetylation and the role of histone deacetylases in normal

cyclic endometrium. Reprod. Biol. Endocrinol. 2020, 18, 84. [CrossRef]
29. Rossetto, D.; Truman, A.W.; Kron, S.J.; Côté, J. Epigenetic modifications in double-strand break DNA damage signaling and repair.

Clin. Cancer Res. 2010, 16, 4543–4552. [CrossRef]
30. Rossetto, D.; Avvakumov, N. Histone phosphorylation: A chromatin modification involved in diverse nuclear events. Epigenetics

2012, 7, 1098–1108. [CrossRef]
31. Turinetto, V.; Giachino, C. Histone variants as emerging regulators of embryonic stem cell identity. Epigenetics 2015, 10, 563–573.

[CrossRef]
32. Zha, J.J.; Tang, Y.; Wang, Y.L. Role of mono-ADP-ribosylation histone modification (Review). Exp. Ther. Med. 2021, 21, 577.

[CrossRef]
33. Messner, S.; Hottiger, M.O. Histone ADP-ribosylation in DNA repair, replication and transcription. Trends Cell Biol. 2011, 21,

534–542. [CrossRef]
34. Mattiroli, F.; Penengo, L. Histone Ubiquitination: An Integrative Signaling Platform in Genome Stability. Trends Genet. 2021, 37,

566–581. [CrossRef]
35. Ryu, H.-Y.; Hochstrasser, M. Histone sumoylation and chromatin dynamics. Nucleic Acids Res. 2021, 49, 6043–6052. [CrossRef]

https://doi.org/10.1073/pnas.1315155110
https://doi.org/10.1007/s12265-013-9488-6
https://doi.org/10.1038/hdy.2010.54
https://doi.org/10.4137/GEG.S12270
https://doi.org/10.3389/fnbeh.2015.00347
https://doi.org/10.3390/biom11020195
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1186/s13148-018-0450-y
https://doi.org/10.1080/15476286.2016.1191737
https://doi.org/10.1155/2012/598987
https://doi.org/10.1371/journal.pgen.1002389
https://doi.org/10.1073/pnas.97.10.5237
https://doi.org/10.1073/pnas.052410099
https://doi.org/10.1038/nrg3230
https://doi.org/10.1155/2019/5982625
https://doi.org/10.1111/imr.12242
https://www.ncbi.nlm.nih.gov/pubmed/25510270
https://doi.org/10.1016/j.stem.2011.01.008
https://www.ncbi.nlm.nih.gov/pubmed/21295276
https://doi.org/10.3389/fgene.2018.00640
https://www.ncbi.nlm.nih.gov/pubmed/30619465
https://www.ncbi.nlm.nih.gov/pubmed/23150256
https://doi.org/10.1038/nature01595
https://doi.org/10.1016/j.cub.2004.07.007
https://doi.org/10.1038/nrm3327
https://doi.org/10.1186/s12958-020-00637-5
https://doi.org/10.1158/1078-0432.CCR-10-0513
https://doi.org/10.4161/epi.21975
https://doi.org/10.1080/15592294.2015.1053682
https://doi.org/10.3892/etm.2021.10009
https://doi.org/10.1016/j.tcb.2011.06.001
https://doi.org/10.1016/j.tig.2020.12.005
https://doi.org/10.1093/nar/gkab280


Cells 2023, 12, 1163 18 of 25

36. Shiio, Y.; Eisenman, R.N. Histone sumoylation is associated with transcriptional repression. Proc. Natl. Acad. Sci. USA 2003, 100,
13225–13230. [CrossRef]

37. Mazzio, E.A.; Soliman, K.F. Basic concepts of epigenetics: Impact of environmental signals on gene expression. Epigenetics 2012, 7,
119–130. [CrossRef]

38. Pal, S.; Tyler, J.K. Epigenetics and aging. Sci. Adv. 2016, 2, e1600584. [CrossRef]
39. Hu, Z.; Chen, K.; Xia, Z.; Chavez, M.; Pal, S.; Seol, J.-H.; Chen, C.-C.; Li, W.; Tyler, J.K. Nucleo-some loss leads to global

transcriptional up-regulation and genomic instability during yeast aging. Genes Dev. 2014, 28, 396–408. [CrossRef]
40. Yi, S.-J.; Kim, K. New Insights into the Role of Histone Changes in Aging. Int. J. Mol. Sci. 2020, 21, 8241. [CrossRef]
41. Moskalev, A.; Aliper, A.; Smit-McBride, Z.; Buzdin, A.; Zhavoronkov, A. Genetics and epigenetics of aging and longevity.

Cell Cycle 2014, 13, 1063–1077. [CrossRef] [PubMed]
42. Sen, P.; Shah, P.P.; Nativio, R.; Berger, S.L. Epigenetic Mechanisms of Longevity and Aging. Cell 2016, 166, 822–839. [CrossRef]

[PubMed]
43. Miwa, S.; Kashyap, S.; Chini, E.; von Zglinicki, T. Mitochondrial dysfunction in cell senescence and aging. J. Clin. Invest. 2022,

132, e158447. [CrossRef] [PubMed]
44. Vasileiou, P.V.; Evangelou, K.; Vlasis, K.; Fildisis, G.; Panayiotidis, M.I.; Chronopoulos, E.; Passias, P.-G.; Kouloukoussa, M.;

Gorgoulis, V.G.; Havaki, S. Mitochondrial Homeostasis and Cellular Senescence. Cells 2019, 8, 686. [CrossRef] [PubMed]
45. Nagano, T.; Nakano, M.; Nakashima, A.; Onishi, K.; Yamao, S.; Enari, M.; Kikkawa, U.; Kamada, S. Identification of cellular

senescence-specific genes by comparative transcriptomics. Sci. Rep. 2016, 6, 31758. [CrossRef]
46. O’Sullivan, R.J.; Kubicek, S.; Schreiber, S.L.; Karlseder, J. Reduced histone biosynthesis and chromatin changes arising from a

damage signal at telomeres. Nat. Struct. Mol. Biol. 2010, 17, 1218–1225. [CrossRef]
47. Saul, D.; Kosinsky, R. Epigenetics of Aging and Aging-Associated Diseases. Int. J. Mol. Sci. 2021, 22, 401. [CrossRef]
48. Tsurumi, A.; Li, W.X. Global heterochromatin loss: A unifying theory of aging? Epigenetics 2012, 7, 680–688. [CrossRef]
49. Köhler, F.; Bormann, F.; Raddatz, G.; Gutekunst, J.; Corless, S.; Musch, T.; Lonsdorf, A.S.; Erhardt, S.; Lyko, F.; Rodríguez-Paredes,

M. Epigenetic deregulation of lami-na-associated domains in Hutchinson-Gilford progeria syndrome. Genome Med. 2020, 12, 46.
[CrossRef]

50. Chen, Z.; Chang, W.Y.; Etheridge, A.; Strickfaden, H.; Jin, Z.; Palidwor, G.; Cho, J.-H.; Wang, K.; Kwon, S.Y.; Doré, C.; et al.
Reprogramming progeria fibroblasts re-establishes a normal epigenetic landscape. Aging Cell 2017, 16, 870–887. [CrossRef]

51. Chandra, T.; Narita, M. High-order chromatin structure and the epigenome in SAHFs. Nucleus 2013, 4, 23–28. [CrossRef]
52. Aird, K.M.; Zhang, R. Detection of senescence-associated heterochromatin foci (SAHF). Methods Mol. Biol. 2013, 965, 185–196.
53. Di Micco, R.; Sulli, G. Interplay between oncogene-induced DNA damage response and heterochromatin in senescence and

cancer. Nat. Cell Biol. 2011, 13, 292–302. [CrossRef]
54. Creighton, S.; Stefanelli, G.; Reda, A.; Zovkic, I. Epigenetic Mechanisms of Learning and Memory: Implications for Aging. Int. J.

Mol. Sci. 2020, 21, 6918. [CrossRef]
55. Rübe, C.E.; Bäumert, C.; Schuler, N.; Isermann, A.; Schmal, Z.; Glanemann, M.; Mann, C.; Scherthan, H. Human skin aging is

associated with increased expression of the his-tone variant H2A.J in the epidermis. NPJ Aging Mech. Dis. 2021, 7, 7. [CrossRef]
56. Greer, E.L.; Maures, T.J.; Hauswirth, A.G.; Green, E.M.; Leeman, D.S.; Maro, G.S.; Han, S.; Banko, M.R.; Gozani, O.; Brunet, A.

Members of the H3K4 trimethylation complex regulate lifespan in a germline-dependent manner in C. elegans. Nature 2010, 466,
383–387. [CrossRef]

57. Li, L.; Greer, C.; Eisenman, R.N.; Secombe, J. Essential functions of the histone demethylase lid. PLoS Genet. 2010, 6, e1001221.
[CrossRef]

58. Maures, T.J.; Greer, E.L.; Hauswirth, A.G.; Brunet, A. The H3K27 demethylase UTX-1 regulates C. elegans lifespan in a germline-
independent, insulin-dependent manner. Aging Cell 2011, 10, 980–990. [CrossRef]

59. Coppé, J.-P.; Desprez, P.-Y.; Krtolica, A.; Campisi, J. The senescence-associated secretory phenotype: The dark side of tumor
suppression. Annu. Rev. Pathol. 2010, 5, 99–118. [CrossRef]

60. Siebold, A.P.; Banerjee, R.; Tie, F.; Kiss, D.L.; Moskowitz, J.; Harte, P.J. Polycomb Repressive Complex 2 and Trithorax modulate
Drosophila longevity and stress resistance. Proc. Natl. Acad. Sci. USA 2010, 107, 169–174. [CrossRef]

61. Tan, L.; Ke, Z.; Tombline, G.; Macoretta, N.; Hayes, K.; Tian, X.; Lv, R.; Ablaeva, J.; Gilbert, M.; Bhanu, N.V.; et al. Naked Mole Rat
Cells Have a Stable Epigenome that Resists Ipsc Reprogramming. Stem Cell Reports. 2017, 9, 1721–1734. [CrossRef] [PubMed]

62. Kawahara, T.L.A.; Michishita, E.; Adler, A.S.; Damian, M.; Berber, E.; Lin, M.; McCord, R.A.; Ongaigui, K.C.L.; Boxer, L.D.; Chang,
H.Y.; et al. SIRT6 links histone H3 lysine 9 deacetylation to NF-kappaB-dependent gene expression and organismal lifespan.
Cell 2009, 136, 62–74. [CrossRef] [PubMed]

63. Mostoslavsky, R.; Chua, K.F.; Lombard, D.B.; Pang, W.W.; Fischer, M.R.; Gellon, L.; Liu, P.; Mostoslavsky, G.; Franco, S.; Murphy,
M.M.; et al. Genomic instability and aging-like phenotype in the absence of mammalian SIRT6. Cell 2006, 124, 315–329. [CrossRef]
[PubMed]

64. Maleszewska, M.; Mawer, J.S.P.; Tessarz, P. Histone Modifications in Ageing and Lifespan Regulation. Curr. Mol. Bio. Rep. 2016, 2,
26–35. [CrossRef]

65. Rao, J.S.; Keleshian, V.L.; Klein, S.; Rapoport, S.I. Epigenetic modifications in frontal cortex from Alzheimer’s disease and bipolar
disorder patients. Transl. Psychiatry 2012, 2, e132. [CrossRef]

https://doi.org/10.1073/pnas.1735528100
https://doi.org/10.4161/epi.7.2.18764
https://doi.org/10.1126/sciadv.1600584
https://doi.org/10.1101/gad.233221.113
https://doi.org/10.3390/ijms21218241
https://doi.org/10.4161/cc.28433
https://www.ncbi.nlm.nih.gov/pubmed/24603410
https://doi.org/10.1016/j.cell.2016.07.050
https://www.ncbi.nlm.nih.gov/pubmed/27518561
https://doi.org/10.1172/JCI158447
https://www.ncbi.nlm.nih.gov/pubmed/35775483
https://doi.org/10.3390/cells8070686
https://www.ncbi.nlm.nih.gov/pubmed/31284597
https://doi.org/10.1038/srep31758
https://doi.org/10.1038/nsmb.1897
https://doi.org/10.3390/ijms22010401
https://doi.org/10.4161/epi.20540
https://doi.org/10.1186/s13073-020-00749-y
https://doi.org/10.1111/acel.12621
https://doi.org/10.4161/nucl.23189
https://doi.org/10.1038/ncb2170
https://doi.org/10.3390/ijms21186918
https://doi.org/10.1038/s41514-021-00060-z
https://doi.org/10.1038/nature09195
https://doi.org/10.1371/journal.pgen.1001221
https://doi.org/10.1111/j.1474-9726.2011.00738.x
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1073/pnas.0907739107
https://doi.org/10.1016/j.stemcr.2017.10.001
https://www.ncbi.nlm.nih.gov/pubmed/29107597
https://doi.org/10.1016/j.cell.2008.10.052
https://www.ncbi.nlm.nih.gov/pubmed/19135889
https://doi.org/10.1016/j.cell.2005.11.044
https://www.ncbi.nlm.nih.gov/pubmed/16439206
https://doi.org/10.1007/s40610-016-0031-9
https://doi.org/10.1038/tp.2012.55


Cells 2023, 12, 1163 19 of 25

66. Voss, J.L.; Bridge, D.J.; Cohen, N.J.; Walker, J.A. A Closer Look at the Hippocampus and Memory. Trends Cogn. Sci. 2017, 21,
577–588. [CrossRef]

67. Morita, K.; Kantarjian, H.M.; Wang, F.; Yan, Y.; Bueso-Ramos, C.; Sasaki, K.; Issa, G.C.; Wang, S.; Jorgensen, J.; Song, X.; et al.
Clearance of Somatic Mutations at Remission and the Risk of Relapse in Acute Myeloid Leukemia. J. Clin. Oncol. 2018, 36,
1788–1797. [CrossRef]

68. Lee, J.-S.; Shukla, A.; Schneider, J.; Swanson, S.K.; Washburn, M.P.; Florens, L.; Bhaumik, S.R.; Shilatifard, A. Histone crosstalk
between H2B monoubiquitination and H3 methyla-tion mediated by COMPASS. Cell 2007, 131, 1084–1096. [CrossRef]

69. Rhie, B.-H.; Song, Y.-H.; Ryu, H.-Y.; Ahn, S.H. Cellular aging is associated with increased ubiquitylation of histone H2B in yeast
telomeric heterochromatin. Biochem. Biophys Res. Commun. 2013, 439, 570–575. [CrossRef]

70. Cruickshanks, H.A.; McBryan, T.; Nelson, D.M.; VanderKraats, N.D.; Shah, P.P.; van Tuyn, J.; Singh Rai, T.; Brock, C.; Donahue, G.;
Dunican, D.S.; et al. Senescent cells harbour features of the cancer epigenome. Nat. Cell Biol. 2013, 15, 1495–1506. [CrossRef]

71. Zampieri, M.; Ciccarone, F.; Calabrese, R.; Franceschi, C.; Bürkle, A.; Caiafa, P. Reconfiguration of DNA methylation in aging.
Mech. Ageing Dev. 2015, 151, 60–70. [CrossRef]

72. Booth, L.N.; Brunet, A. The Aging Epigenome. Mol. Cell 2016, 62, 728–744. [CrossRef]
73. Campisi, J.; Yaswen, P. Aging and cancer cell biology, 2009. Aging Cell 2009, 8, 221–225. [CrossRef]
74. Fraga, M.F.; Agrelo, R.; Esteller, M. Cross-talk between aging and cancer: The epigenetic language. Ann. NY Acad. Sci. 2007, 1100,

60–74. [CrossRef]
75. Petronis, A. Epigenetics as a unifying principle in the aetiology of complex traits and diseases. Nature 2010, 465, 721–727.

[CrossRef]
76. Yu, M.; Hazelton, W.D.; Luebeck, G.E.; Grady, W.M. Epigenetic Aging: More Than Just a Clock When It Comes to Cancer.

Cancer Res. 2020, 80, 367–374. [CrossRef]
77. Yang, J.; Liu, M.; Hong, D.; Zeng, M.; Zhang, X. The Paradoxical Role of Cellular Senescence in Cancer. Front. Cell Dev. Biol. 2021,

9, 722205. [CrossRef]
78. Regulski, M.J. Cellular Senescence: What, Why, and How. Wounds 2017, 29, 168–174.
79. van Deursen, J.M. The role of senescent cells in ageing. Nature 2014, 509, 439–446. [CrossRef]
80. Krtolica, A.; Parrinello, S.; Lockett, S.; Desprez, P.-Y.; Campisi, J. Senescent fibroblasts promote epithelial cell growth and

tumorigenesis: A link between cancer and aging. Proc. Natl. Acad. Sci. USA 2001, 98, 12072–12077. [CrossRef]
81. Davalos, A.R.; Coppe, J.-P.; Campisi, J.; Desprez, P.-Y. Senescent cells as a source of inflammatory factors for tumor progression.

Cancer Metastasis Rev. 2010, 29, 273–283. [CrossRef] [PubMed]
82. Lowe, R.; Overhoff, M.G.; Ramagopalan, S.V.; Garbe, J.C.; Koh, J.; Stampfer, M.R.; Beach, D.H.; Rakyan, V.K.; Bishop, C.L. The

senescent methylome and its relationship with cancer, ageing and germline genetic variation in humans. Genome Biol. 2015,
16, 194. [CrossRef] [PubMed]

83. Bellanger, A.; Madsen-Østerbye, J.; Galigniana, N.M.; Collas, P. Restructuring of Lamina-Associated Domains in Senescence and
Cancer. Cells 2022, 11, 1846. [CrossRef] [PubMed]

84. Sogabe, Y.; Seno, H. Unveiling epigenetic regulation in cancer, aging, and rejuvenation with in vivo reprogramming technology.
Cancer Sci. 2018, 109, 2641–2650. [CrossRef]

85. Kuipers, E.J.; Grady, W.M. Colorectal cancer. Nat. Rev. Dis. Primers. 2015, 1, 15065. [CrossRef]
86. Zhu, Y.-M.; Huang, Q.; Lin, J.; Hu, Y.; Chen, J.; Lai, M.D. Expression of human DNA methyl-transferase 1 in colorectal cancer

tissues and their corresponding distant normal tissues. Int. J. Colorectal. Dis. 2007, 22, 661–666. [CrossRef]
87. Luo, Y.; Xie, C.; Brocker, C.N.; Fan, J.; Wu, X.; Feng, L.; Wang, Q.; Zhao, J.; Lu, D.; Tandon, M.; et al. Intestinal PPARα Protects

Against Colon Carcinogenesis via Regulation of Methyltransferases DNMT1 and PRMT6. Gastroenterology 2019, 157, 744–759.e4.
[CrossRef]

88. Pyper, S.R.; Viswakarma, N.; Yu, S.; Reddy, J.K. PPARalpha: Energy combustion, hypolipidemia, inflammation and cancer.
Nucl. Recept. Signal. 2010, 8, e002. [CrossRef]

89. Toyota, M.; Ahuja, N.; Ohe-Toyota, M.; Herman, J.G.; Baylin, S.B.; Issa, J.P. CpG island methylator phenotype in colorectal cancer.
Proc. Natl. Acad. Sci. USA 1999, 96, 8681–8686. [CrossRef]

90. Yamashita, K.; Dai, T.; Dai, Y.; Yamamoto, F.; Perucho, M. Genetics supersedes epigenetics in colon cancer phenotype. Cancer Cell
2003, 4, 121–131. [CrossRef]

91. Nazemalhosseini Mojarad, E.; Kuppen, P.J.; Aghdaei, H.A.; Zali, M.R. The CpG island methylator phenotype (CIMP) in colorectal
cancer. Gastroenterol. Hepatol. Bed Bench 2013, 6, 120–128.

92. Fedorova, M.S.; Krasnov, G.S.; Lukyanova, E.N.; Zaretsky, A.R.; Dmitriev, A.A.; Melnikova, N.V.; Moskalev, A.A.; Kharitonov,
S.L.; Pudova, E.A.; Guvatova, Z.G.; et al. The CIMP-high phenotype is associated with energy metabolism alterations in colon
adenocarcinoma. BMC Med. Genet. 2019, 20, 52. [CrossRef]

93. Maugeri, A.; Barchitta, M.; Magnano San Lio, R.; Li Destri, G.; Agodi, A.; Basile, G. Epigenetic Aging and Colorectal Cancer: State
of the Art and Perspectives for Future Research. Int. J. Mol. Sci. 2020, 22, 200. [CrossRef]

94. Cervena, K.; Siskova, A.; Buchler, T.; Vodicka, P.; Vymetalkova, V. Methylation-Based Therapies for Colorectal Cancer. Cells 2020,
9, 1540. [CrossRef]

95. Hsieh, C.J.; Klump, B.; Holzmann, K.; Borchard, F.; Gregor, M.; Porschen, R. Hypermethylation of the p16INK4a promoter in
colectomy specimens of patients with long-standing and extensive ulcerative colitis. Cancer Res. 1998, 58, 3942–3945.

https://doi.org/10.1016/j.tics.2017.05.008
https://doi.org/10.1200/JCO.2017.77.6757
https://doi.org/10.1016/j.cell.2007.09.046
https://doi.org/10.1016/j.bbrc.2013.09.017
https://doi.org/10.1038/ncb2879
https://doi.org/10.1016/j.mad.2015.02.002
https://doi.org/10.1016/j.molcel.2016.05.013
https://doi.org/10.1111/j.1474-9726.2009.00475.x
https://doi.org/10.1196/annals.1395.005
https://doi.org/10.1038/nature09230
https://doi.org/10.1158/0008-5472.CAN-19-0924
https://doi.org/10.3389/fcell.2021.722205
https://doi.org/10.1038/nature13193
https://doi.org/10.1073/pnas.211053698
https://doi.org/10.1007/s10555-010-9220-9
https://www.ncbi.nlm.nih.gov/pubmed/20390322
https://doi.org/10.1186/s13059-015-0748-4
https://www.ncbi.nlm.nih.gov/pubmed/26381124
https://doi.org/10.3390/cells11111846
https://www.ncbi.nlm.nih.gov/pubmed/35681541
https://doi.org/10.1111/cas.13731
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1007/s00384-006-0224-4
https://doi.org/10.1053/j.gastro.2019.05.057
https://doi.org/10.1621/nrs.08002
https://doi.org/10.1073/pnas.96.15.8681
https://doi.org/10.1016/S1535-6108(03)00190-9
https://doi.org/10.1186/s12881-019-0771-5
https://doi.org/10.3390/ijms22010200
https://doi.org/10.3390/cells9061540


Cells 2023, 12, 1163 20 of 25

96. O’Hagan, H.M. Chromatin modifications during repair of environmental exposure-induced DNA damage: A potential mechanism
for stable epigenetic alterations. Environ. Mol. Mutagen. 2014, 55, 278–291. [CrossRef]

97. Wei, S.; Li, C.; Yin, Z.; Wen, J.; Meng, H.; Xue, L.; Wang, J. Histone methylation in DNA repair and clinical practice: New findings
during the past 5-years. J. Cancer 2018, 9, 2072–2081. [CrossRef]

98. Treviño, L.S.; Wang, Q. Phosphorylation of epigenetic "readers, writers and erasers": Implications for developmental reprogram-
ming and the epigenetic basis for health and disease. Prog. Biophys. Mol. Biol. 2015, 118, 8–13. [CrossRef]

99. Karczmarski, J.; Rubel, T.; Paziewska, A.; Mikula, M.; Bujko, M.; Kober, P.; Dadlez, M.; Ostrowski, J. Histone H3 lysine 27
acetylation is altered in colon cancer. Clin. Proteom. 2014, 11, 24. [CrossRef]

100. Ashktorab, H.; Belgrave, K.; Hosseinkhah, F.; Brim, H.; Nouraie, M.; Takkikto, M.; Hewitt, S.; Lee, E.L.; Dashwood, R.H.; Smoot,
D. Global histone H4 acetylation and HDAC2 expression in colon adenoma and carcinoma. Dig. Dis. Sci. 2009, 54, 2109–2117.
[CrossRef]

101. Jun, J.-I.; Lau, L.F. Taking aim at the extracellular matrix: CCN proteins as emerging therapeutic targets. Nat. Rev. Drug. Discov.
2011, 10, 945–963. [CrossRef] [PubMed]

102. Kuonen, F.; Secondini, C.; Rüegg, C. Molecular pathways: Emerging pathways me-diating growth, invasion, and metastasis of
tumors progressing in an irradiated mi-croenvironment. Clin. Cancer Res. 2012, 18, 5196–5202. [CrossRef] [PubMed]

103. Jeong, D.; Heo, S.; Sung Ahn, T.; Lee, S.; Park, S.; Kim, H.; Park, D.; Byung Bae, S.; Lee, S.S.; Lee, M.S.; et al. Cyr61 expression is
associated with prognosis in pa-tients with colorectal cancer. BMC Cancer 2014, 14, 164. [CrossRef] [PubMed]

104. Tanaka, F.; Rizqiawan, A.; Higashikawa, K.; Tobiume, K.; Okui, G.; Shigeishi, H.; Ono, S.; Shimasue, H.; Kamata, N. Snail
promotes Cyr61 secretion to prime collective cell migration and form invasive tumor nests in squamous cell carcinoma.
Cancer Lett. 2013, 329, 243–252. [CrossRef] [PubMed]

105. Xie, L.; Song, X.; Lin, H.; Chen, Z.; Li, Q.; Guo, T.; Xu, T.; Su, T.; Xu, M.; Chang, X.; et al. Aberrant activation of CYR61 enhancers
in colorectal cancer de-velopment. J. Exp. Clin. Cancer Res. 2019, 38, 213. [CrossRef]

106. Yokoyama, Y.; Hieda, M.; Nishioka, Y.; Matsumoto, A.; Higashi, S.; Kimura, H.; Yamamoto, H.; Mori, M.; Matsuura, S.; Matsuura,
N. Cancer-associated upregulation of histone H3 lysine 9 trimethylation promotes cell motility in vitro and drives tumor formation
in vivo. Cancer Sci. 2013, 104, 889–895. [CrossRef]

107. Sharma, A.K.; Apurva, N.; Kumar, A.; Ali, A.; Saluja, S.S.; Prasad, B. Elevated Expression of Notch 2 & Notch 3 is associated with
Disease Progression in Colorectal Cancer. Int. J. Appl. Biol. Pharm. Technol. 2022, 13, 033–050.

108. Wang, Q.; Chen, X.; Jiang, Y.; Liu, S.; Liu, H.; Sun, X.; Zhang, H.; Liu, Z.; Tao, Y.; Li, C.; et al. Elevating H3K27me3 level sensitizes
colo-rectal cancer to oxaliplatin. J. Mol. Cell Biol. 2020, 12, 125–137. [CrossRef]

109. Noushmehr, H.; Weisenberger, D.J.; Diefes, K.; Phillips, H.S.; Pujara, K.; Berman, B.P.; Pan, F.; Pelloski, C.E.; Sulman, E.P.; Bhat,
K.P.; et al. Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma. Cancer Cell. 2010, 17,
510–522. [CrossRef]

110. Toyota, M.; Ahuja, N.; Suzuki, H.; Itoh, F.; Ohe-Toyota, M.; Imai, K.; Baylin, S.B.; Issa, J.-P. Aberrant methylation in gastric cancer
associated with the CpG island methylator phenotype. Cancer Res. 1999, 59, 5438–5442.

111. Huang, K.K.; Ramnarayanan, K.; Zhu, F.; Srivastava, S.; Xu, C.; Tan, A.L.K.; Lee, M.; Tay, S.; Das, K.; Xing, M.; et al. Genomic
and epigenomic profiling of high-risk intestinal metaplasia reveals molecular determinants of progression to gastric cancer.
Cancer Cell 2018, 33, 137–150. [CrossRef]

112. Toyota, M.; Kopecky, K.J.; Toyota, M.O.; Jair, K.W.; Willman, C.L.; Issa, J.P. Methylation profiling in acute myeloid leukemia. Blood
2001, 97, 2823–2829. [CrossRef]

113. Halperin, E.C.; Herndon, J.; Schold, S.; Brown, M.; Vick, N.; Cairncross, J.; Macdonald, D.R.; Gaspar, L.; Fischer, B.; Dropcho, E.;
et al. A phase III randomized prospective trial of external beam radiotherapy, mitomycin C, carmustine, and 6-mercaptopurine
for the treatment of adults with anaplastic glioma of the brain. CNS Cancer Consortium. Int. J. Radiat. Oncol. Biol. Phys. 1996, 34,
793–802. [CrossRef]

114. Stewart, L.A. Chemotherapy in adult high-grade glioma: A systematic review and meta-analysis of individual patient data from
12 randomised trials. Lancet 2002, 359, 1011–1018.

115. Bady, P.; Marosi, C.; Weller, M.; Grønberg, B.H.; Schultz, H.; Taphoorn, M.J.B.; Gijtenbeek, J.M.M.; van den Bent, M.J.; von
Deimling, A.; Stupp, R.; et al. DNA methylation-based age acceleration observed in IDH wild-type glioblastoma is associated
with better outcome-including in elderly patients. Acta Neuropathol. Commun. 2022, 10, 39. [CrossRef]

116. Garagnani, P.; Bacalini, M.G.; Pirazzini, C.; Gori, D.; Giuliani, C.; Mari, D.; Di Blasio, A.M.; Gentilini, D.; Vitale, G.; Collino, S.;
et al. Methylation of ELOVL2 gene as a new epigenetic marker of age. Aging Cell 2012, 11, 1132–1134. [CrossRef]

117. Leonard, A.E.; Kelder, B.; Bobik, E.G.; Chuang, L.T.; Lewis, C.J.; Kopchick, J.J.; Mukerji, P.; Huang, Y.-S. Identification and
expression of mammalian long-chain PUFA elongation enzymes. Lipids 2002, 37, 733–740. [CrossRef]

118. Gimple, R.C.; Kidwell, R.L.; Kim, L.J.Y.; Sun, T.; Gromovsky, A.D.; Wu, Q.; Wolf, M.; Lv, D.; Bhargava, S.; Jiang, L.; et al. Glioma
Stem Cell-Specific Superenhancer Promotes Polyunsaturated Fatty-Acid Synthesis to Support EGFR Signaling. Cancer Discov.
2019, 9, 1248–1267. [CrossRef]

119. Behbahani, T.E.; Kahl, P.; von der Gathen, J.; Heukamp, L.C.; Baumann, C.; Gütgemann, I.; Walter, B.; Hofstädter, F.; Bastian, P.J.;
von Ruecker, A.; et al. Alterations of global histone H4K20 methylation during prostate carcino-genesis. BMC Urol. 2012, 12, 5.
[CrossRef]

https://doi.org/10.1002/em.21830
https://doi.org/10.7150/jca.23427
https://doi.org/10.1016/j.pbiomolbio.2015.02.013
https://doi.org/10.1186/1559-0275-11-24
https://doi.org/10.1007/s10620-008-0601-7
https://doi.org/10.1038/nrd3599
https://www.ncbi.nlm.nih.gov/pubmed/22129992
https://doi.org/10.1158/1078-0432.CCR-11-1758
https://www.ncbi.nlm.nih.gov/pubmed/22730447
https://doi.org/10.1186/1471-2407-14-164
https://www.ncbi.nlm.nih.gov/pubmed/24606730
https://doi.org/10.1016/j.canlet.2012.11.023
https://www.ncbi.nlm.nih.gov/pubmed/23196056
https://doi.org/10.1186/s13046-019-1217-9
https://doi.org/10.1111/cas.12166
https://doi.org/10.1093/jmcb/mjz032
https://doi.org/10.1016/j.ccr.2010.03.017
https://doi.org/10.1016/j.ccell.2017.11.018
https://doi.org/10.1182/blood.V97.9.2823
https://doi.org/10.1016/0360-3016(95)02025-X
https://doi.org/10.1186/s40478-022-01344-5
https://doi.org/10.1111/acel.12005
https://doi.org/10.1007/s11745-002-0955-6
https://doi.org/10.1158/2159-8290.CD-19-0061
https://doi.org/10.1186/1471-2490-12-5


Cells 2023, 12, 1163 21 of 25

120. Yang, H.; Pesavento, J.J.; Starnes, T.W.; Cryderman, D.E.; Wallrath, L.L.; Kelleher, N.L.; Mizzen, C.A. Preferential dimethylation of
histone H4 lysine 20 by Suv4-20. J. Biol. Chem. 2008, 283, 12085–12092. [CrossRef]

121. López, V.; Tejedor, J.R.; Carella, A.; García, M.G.; Santamarina-Ojeda, P.; Pérez, R.F.; Mangas, C.; Urdinguio, R.G.; Aranburu, A.;
de la Nava, D.; et al. Epigenetic Deregulation of the Histone Methyltransferase KMT5B Contributes to Malignant Transformation
in Glioblastoma. Front. Cell Dev. Biol. 2021, 9, 671838. [CrossRef] [PubMed]

122. Li, Y.; Liang, J.; Hou, P. Hypermethylation in gastric cancer. Clin. Chim. Acta 2015, 448, 124–132. [CrossRef] [PubMed]
123. Shenoy, S. CDH1 (E-cadherin) mutation and gastric cancer: Genetics, molecular mechanisms and guidelines for management.

Cancer Manag. Res. 2019, 11, 10477–10486. [CrossRef] [PubMed]
124. Liu, X.; Chu, K.M. E-cadherin and gastric cancer: Cause, consequence, and applications. Biomed Res. Int. 2014, 2014, 637308.

[CrossRef]
125. Graziano, F.; Arduini, F.; Ruzzo, A.; Mandolesi, A.; Bearzi, I.; Silva, R.; Muretto, P.; Testa, E.; Mari, D.; Magnani, M.; et al.

Combined analysis of E-cadherin gene (CDH1) promoter hypermethylation and E-cadherin protein expression in patients with
gastric cancer: Implications for treatment with demethylating drugs. Ann. Oncol. 2004, 15, 489–492. [CrossRef]

126. Shin, C.M.; Kim, N.; Park, J.H.; Kang, G.H.; Kim, J.S.; Jung, H.C.; Song, I.S. Prediction of the risk for gastric cancer using candidate
methylation markers in the non-neoplastic gastric mucosae. J. Pathol. 2012, 226, 654–665. [CrossRef]

127. Abbaszadegan, M.R.; Moaven, O.; Sima, H.R.; Ghafarzadegan, K.; A’Rabi, A.; Forghani, M.N.; Raziee, H.R.; Mashhadinejad, A.;
Jafarzadeh, M.; Esmaili-Shandiz, E.; et al. p16 promoter hypermethylation: A useful serum marker for early detection of gastric
cancer. World. J. Gastroenterol. 2008, 14, 2055–2060. [CrossRef]

128. Ichikawa, D.; Koike, H.; Ikoma, H.; Ikoma, D.; Tani, N.; Otsuji, E.; Kitamura, K.; Yamagishi, H. Detection of aberrant methylation
as a tumor marker in serum of patients with gastric cancer. Anticancer Res. 2004, 24, 2477–2481.

129. Dong, C.X.; Deng, D.J.; Pan, K.F.; Zhang, L.; Zhang, Y.; Zhou, J.; You, W.C. Promoter methylation of p16 associated with
Helicobacter pylori infection in precancerous gastric lesions: A population-based study. Int. J. Cancer. 2009, 124, 434–439.
[CrossRef]

130. Ryan, J.L.; Jones, R.J.; Kenney, S.C.; Rivenbark, A.G.; Tang, W.; Knight, E.R.; Coleman, W.B.; Gulley, M.L. Epstein-Barr virus-specific
methylation of human genes in gastric cancer cells. Infect. Agents Cancer 2010, 5, 27. [CrossRef]

131. Li, G.M. Mechanisms and functions of DNA mismatch repair. Cell Res. 2008, 18, 85–98. [CrossRef]
132. Harfe, B.D.; Jinks-Robertson, S. Mismatch repair proteins and mitotic genome stability. Mutat Res. 2000, 451, 151–167. [CrossRef]
133. Li, Y.; Yang, Y.; Lu, Y.; Herman, J.G.; Brock, M.V.; Zhao, P.; Guo, M. Predictive value of CHFR and MLH1 methylation in human

gastric cancer. Gastric Cancer 2015, 18, 280–287. [CrossRef]
134. Yang, Q.; Wang, B.; Gao, W.; Huang, S.; Liu, Z.; Li, W.; Jia, J. SIRT1 is downregulated in gas-tric cancer and leads to G1-phase

arrest via NF-κB/Cyclin D1 signaling. Mol. Cancer Res. 2013, 11, 1497–1507. [CrossRef]
135. He, L.J.; Cai, M.Y.; Xu, G.L.; Li, J.J.; Weng, Z.J.; Xu, D.Z.; Luo, G.Y.; Zhu, S.L.; Xie, D. Prognostic sig-nificance of overexpression of

EZH2 and H3k27me3 proteins in gastric cancer. Asian. Pac. J. Cancer Prev. 2012, 13, 3173–3178. [CrossRef]
136. Yoruker, E.E.; Mert, U.; Bugra, D.; Yamaner, S.; Dalay, N. Promoter and histone methylation and p16(INK4A) gene expression in

colon cancer. Exp. Ther. Med. 2012, 4, 865–870. [CrossRef]
137. Lee, S.H.; Kim, J.; Kim, W.H.; Lee, Y.M. Hypoxic silencing of tumor suppressor RUNX3 by histone modification in gastric cancer

cells. Oncogene 2009, 28, 184–194. [CrossRef]
138. Ito, K.; Liu, Q.; Salto-Tellez, M.; Yano, T.; Tada, K.; Ida, H.; Huang, C.; Shah, N.; Inoue, M.; Rajnakova, A.; et al. RUNX3, a

novel tumor suppressor, is frequently inactivated in gastric cancer by protein mislocalization. Cancer Res. 2005, 65, 7743–7750.
[CrossRef]

139. Fahrner, J.A.; Eguchi, S.; Herman, J.G.; Baylin, S.B. Dependence of histone modifications and gene expression on DNA hyperme-
thylation in cancer. Cancer Res. 2002, 62, 7213–7218.

140. Zjablovskaja, P.; Florian, M.C. Acute Myeloid Leukemia: Aging and Epigenetics. Cancers 2019, 12, 103. [CrossRef]
141. Silva, P.; Neumann, M.; Schroeder, M.P.; Vosberg, S.; Schlee, C.; Isaakidis, K.; Ortiz-Tanchez, J.; Fransecky, L.R.; Hartung, T.;

Türkmen, S.; et al. Acute myeloid leukemia in the elderly is characterized by a distinct genetic and epigenetic landscape. Leukemia
2017, 31, 1640–1644. [CrossRef] [PubMed]

142. Sun, D.; Luo, M.; Jeong, M.; Rodriguez, B.; Xia, Z.; Hannah, R.; Wang, H.; Le, T.; Faull, K.F.; Chen, R.; et al. Epigenomic profiling
of young and aged HSCs reveals concerted changes during aging that reinforce self-renewal. Cell Stem Cell 2014, 14, 673–688.
[CrossRef] [PubMed]

143. Adelman, E.R.; Huang, H.T.; Roisman, A.; Olsson, A.; Colaprico, A.; Qin, T.; Lindsley, R.C.; Bejar, R.; Salomonis, N.; Grimes, H.L.;
et al. Aging Human Hematopoietic Stem Cells Manifest Profound Epigenetic Reprogramming of Enhancers That May Predispose
to Leukemia. Cancer Discov. 2019, 9, 1080–1101. [CrossRef] [PubMed]

144. Djeghloul, D.; Kuranda, K.; Kuzniak, I.; Barbieri, D.; Naguibneva, I.; Choisy, C.; Bories, J.C.; Dosquet, C.; Pla, M.; Vanneaux,
V. Age-Associated Decrease of the Histone Methyltransferase SUV39H1 in HSC Perturbs Heterochromatin and B Lymphoid
Differentiation. Stem Cell Rep. 2016, 6, 970–984. [CrossRef]

145. Geiger, H.; de Haan, G.; Florian, M.C. The ageing haematopoietic stem cell compartment. Nat. Rev. Immunol. 2013, 13, 376–389.
[CrossRef]

146. de Haan, G.; Lazare, S.S. Aging of hematopoietic stem cells. Blood 2018, 131, 479–487. [CrossRef]

https://doi.org/10.1074/jbc.M707974200
https://doi.org/10.3389/fcell.2021.671838
https://www.ncbi.nlm.nih.gov/pubmed/34447744
https://doi.org/10.1016/j.cca.2015.07.001
https://www.ncbi.nlm.nih.gov/pubmed/26148722
https://doi.org/10.2147/CMAR.S208818
https://www.ncbi.nlm.nih.gov/pubmed/31853199
https://doi.org/10.1155/2014/637308
https://doi.org/10.1093/annonc/mdh108
https://doi.org/10.1002/path.2990
https://doi.org/10.3748/wjg.14.2055
https://doi.org/10.1002/ijc.23891
https://doi.org/10.1186/1750-9378-5-27
https://doi.org/10.1038/cr.2007.115
https://doi.org/10.1016/S0027-5107(00)00047-6
https://doi.org/10.1007/s10120-014-0370-2
https://doi.org/10.1158/1541-7786.MCR-13-0214
https://doi.org/10.7314/APJCP.2012.13.7.3173
https://doi.org/10.3892/etm.2012.683
https://doi.org/10.1038/onc.2008.377
https://doi.org/10.1158/0008-5472.CAN-05-0743
https://doi.org/10.3390/cancers12010103
https://doi.org/10.1038/leu.2017.109
https://www.ncbi.nlm.nih.gov/pubmed/28366934
https://doi.org/10.1016/j.stem.2014.03.002
https://www.ncbi.nlm.nih.gov/pubmed/24792119
https://doi.org/10.1158/2159-8290.CD-18-1474
https://www.ncbi.nlm.nih.gov/pubmed/31085557
https://doi.org/10.1016/j.stemcr.2016.05.007
https://doi.org/10.1038/nri3433
https://doi.org/10.1182/blood-2017-06-746412


Cells 2023, 12, 1163 22 of 25

147. Prassek, V.V.; Rothenberg-Thurley, M.; Sauerland, M.C.; Herold, T.; Janke, H.; Ksienzyk, B.; Konstandin, N.P.; Goerlich, D.; Krug,
U.; Faldum, A.; et al. Genetics of acute myeloid leukemia in the elderly: Mutation spectrum and clinical impact in intensively
treated patients aged 75 years or older. Haematologica 2018, 103, 1853–1861. [CrossRef]

148. Sen, P.; Lan, Y.; Li, C.Y.; Sidoli, S.; Donahue, G.; Dou, Z.; Frederick, B.; Chen, Q.; Luense, L.J.; Garcia, B.A.; et al. Histone
Acetyltransferase p300 Induces De Novo Super-Enhancers to Drive Cellular Senescence. Mol. Cell 2019, 73, 684–698.e8. [CrossRef]

149. Deneberg, S.; Grövdal, M.; Karimi, M.; Jansson, M.; Nahi, H.; Corbacioglu, A.; Gaidzik, V.; Döhner, K.; Paul, C.; Ekström, T.J.;
et al. Gene-specific and global methylation patterns predict outcome in patients with acute myeloid leuke-mia. Leukemia 2010, 24,
932–941. [CrossRef]

150. Milani, L.; Lundmark, A.; Kiialainen, A.; Nordlund, J.; Flaegstad, T.; Forestier, E.; Heyman, M.; Jonmundsson, G.; Kanerva,
J.; Schmiegelow, K.; et al. DNA methylation for subtype classification and prediction of treatment outcome in patients with
childhood acute lymphoblastic leukemia. Blood 2010, 115, 1214–1225. [CrossRef]

151. Corn, P.G.; Smith, B.D.; Ruckdeschel, E.S.; Douglas, D.; Baylin, S.B.; Herman, J.G. E-cadherin expression is silenced by 5’ CpG
island methylation in acute leukemia. Clin. Cancer Res. 2000, 6, 4243–4248.

152. Feng, M.; Huang, B.; Du, Z.; Xu, X.; Chen, Z. DLC-1 as a modulator of proliferation, apoptosis and migration in Burkitt’s
lymphoma cells. Mol. Biol. Rep. 2011, 38, 1915–1920. [CrossRef]

153. Kroeger, H.; Jelinek, J.; Estécio, M.R.H.; He, R.; Kondo, K.; Chung, W.; Zhang, L.; Shen, L.; Kantarjian, H.M.; Bueso-Ramos,
C.E.; et al. Aberrant CpG island methylation in acute myeloid leukemia is accentuated at relapse. Blood 2008, 112, 1366–1373.
[CrossRef]

154. Gensous, N.; Bacalini, M.G.; Pirazzini, C.; Marasco, E.; Giuliani, C.; Ravaioli, F.; Mengozzi, G.; Bertarelli, C.; Palmas, M.G.;
Franceschi, C.; et al. The epigenetic landscape of age-related diseases: The geroscience perspective. Biogerontology 2017, 18,
549–559. [CrossRef]

155. Rodgers, J.L.; Jones, J.; Bolleddu, S.I.; Vanthenapalli, S.; Rodgers, L.E.; Shah, K.; Karia, K.; Panguluri, S.K. Cardiovascular Risks
Associated with Gender and Aging. J. Cardiovasc. Dev. Dis. 2019, 6, 19. [CrossRef]

156. North, B.J.; Sinclair, D.A. The intersection between aging and cardiovascular disease. Circ. Res. 2012, 110, 1097–1108. [CrossRef]
157. Yazdanyar, A.; Newman, A.B. The burden of cardiovascular disease in the elderly: Morbidity, mortality, and costs. Clin. Geriatr.

Med. 2009, 25, 563–577. [CrossRef]
158. Xu, Q.; Lin, X.; Andrews, L.; Patel, D.; Lampe, P.D.; Veenstra, R.D. Histone deacetylase inhibition reduces cardiac connexin43

expression and gap junction communication. Front. Pharmacol. 2013, 4, 44. [CrossRef]
159. Wang, Y.; Miao, X.; Liu, Y.; Li, F.; Liu, Q.; Sun, J.; Cai, L. Dysregulation of histone acetyltransferases and deacetylases in

cardiovascular diseases. Oxid. Med. Cell. Longev. 2014, 2014, 641979. [CrossRef]
160. Westerman, K.; Sebastiani, P.; Jacques, P.; Liu, S.; DeMeo, D.; Ordovás, J.M. DNA methylation modules associate with incident

cardiovascular disease and cumulative risk factor exposure. Clin. Epigenetics. 2019, 11, 142. [CrossRef]
161. Kennel, P.J.; Liao, X.; Saha, A.; Ji, R.; Zhang, X.; Castillero, E.; Brunjes, D.; Takayama, H.; Naka, Y.; Thomas, T.; et al. Impairment

of Myocardial Glutamine Homeostasis Induced By Suppression of the Amino Acid Carrier SLC1A5 in Failing Myocardium.
Circ. Heart Fail. 2019, 12, e006336. [CrossRef]

162. Fernández-Sanlés, A.; Sayols-Baixeras, S.; Subirana, I.; Sentí, M.; Pérez-Fernández, S.; de Castro Moura, M.; Esteller, M.; Marrugat,
J.; Elosua, R. DNA methylation biomarkers of myocardial infarction and cardiovascular disease. Clin. Epigenetics. 2021, 13, 86.
[CrossRef] [PubMed]

163. Glezeva, N.; Moran, B.; Collier, P.; Moravec, C.S.; Phelan, D.; Donnellan, E.; Russell-Hallinan, A.; O’Connor, D.P.; Gallagher, W.M.;
Gallagher, J.; et al. Targeted DNA Methylation Profiling of Human Cardiac Tissue Reveals Novel Epigenetic Traits and Gene
Deregulation Across Different Heart Failure Patient Subtypes. Circ. Heart Fail. 2019, 12, e005765. [CrossRef] [PubMed]

164. Gentilini, D.; Garagnani, P.; Pisoni, S.; Bacalini, M.G.; Calzari, L.; Mari, D.; Vitale, G.; Franceschi, C.; Di Blasio, A.M. Stochastic
epigenetic mutations (DNA methylation) increase exponentially in human aging and correlate with X chromosome inactivation
skewing in females. Aging 2015, 7, 568–578. [CrossRef] [PubMed]

165. Han, P.; Hang, C.T.; Yang, J. Chromatin remodeling in cardiovascular development and physiology. Circ. Res. 2011, 108, 378–396.
[CrossRef]

166. Lee, D.Y.; Lee, C.I.; Lin, T.E.; Lim, S.H.; Zhou, J.; Tseng, Y.C.; Chien, S.; Chiu, J.J. Role of histone deacetylases in transcription
factor regulation and cell cycle modulation in endo-thelial cells in response to disturbed flow. Proc. Natl. Acad. Sci. USA 2012, 109,
1967–1972. [CrossRef]

167. Khyzha, N.; Alizada, A.; Wilson, M.D.; Fish, J.E. Epigenetics of Atherosclerosis: Emerging Mechanisms and Methods. Trends Mol.
Med. 2017, 23, 332–347. [CrossRef]

168. Wolf, D.; Ley, K. Immunity and Inflammation in Atherosclerosis. Circ. Res. 2019, 124, 315–327. [CrossRef]
169. Zhong, H.; May, M.J.; Jimi, E.; Ghosh, S. The phosphorylation status of nuclear NF-kappa B determines its association with

CBP/p300 or HDAC-1. Mol. Cell 2002, 9, 625–636. [CrossRef]
170. Brown, J.D.; Lin, C.Y.; Duan, Q.; Griffin, G.; Federation, A.; Paranal, R.M.; Bair, S.; Newton, G.; Lichtman, A.; Kung, A.; et al.

NF-κB directs dynamic super enhancer formation in inflammation and atherogenesis. Mol. Cell 2014, 56, 219–231. [CrossRef]
171. Han, Y.; Nie, J.; Wang, D.W.; Ni, L. Mechanism of histone deacetylases in cardiac hypertrophy and its therapeutic inhibitors.

Front. Cardiovasc. Med. 2022, 9, 931475. [CrossRef]

https://doi.org/10.3324/haematol.2018.191536
https://doi.org/10.1016/j.molcel.2019.01.021
https://doi.org/10.1038/leu.2010.41
https://doi.org/10.1182/blood-2009-04-214668
https://doi.org/10.1007/s11033-010-0311-z
https://doi.org/10.1182/blood-2007-11-126227
https://doi.org/10.1007/s10522-017-9695-7
https://doi.org/10.3390/jcdd6020019
https://doi.org/10.1161/CIRCRESAHA.111.246876
https://doi.org/10.1016/j.cger.2009.07.007
https://doi.org/10.3389/fphar.2013.00044
https://doi.org/10.1155/2014/641979
https://doi.org/10.1186/s13148-019-0705-2
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006336
https://doi.org/10.1186/s13148-021-01078-6
https://www.ncbi.nlm.nih.gov/pubmed/33883000
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005765
https://www.ncbi.nlm.nih.gov/pubmed/30798618
https://doi.org/10.18632/aging.100792
https://www.ncbi.nlm.nih.gov/pubmed/26342808
https://doi.org/10.1161/CIRCRESAHA.110.224287
https://doi.org/10.1073/pnas.1121214109
https://doi.org/10.1016/j.molmed.2017.02.004
https://doi.org/10.1161/CIRCRESAHA.118.313591
https://doi.org/10.1016/S1097-2765(02)00477-X
https://doi.org/10.1016/j.molcel.2014.08.024
https://doi.org/10.3389/fcvm.2022.931475


Cells 2023, 12, 1163 23 of 25

172. Shea, T.B.; Rogers, E.; Ashline, D.; Ortiz, D.; Sheu, M.S. Apolipoprotein E deficiency pro-motes increased oxidative stress and
compensatory increases in antioxidants in brain tissue. Free Radic. Biol. Med. 2002, 33, 1115–1120. [CrossRef]

173. Tecalco-Cruz, A.C.; O Ramírez-Jarquín, J.; E Alvarez-Sánchez, M.; Zepeda-Cervantes, J. Epigenetic basis of Alzheimer disease.
World J. Biol. Chem. 2020, 11, 62–75. [CrossRef]

174. Available online: https://www.alzint.org/about/dementia-facts-figures/dementia-statistics/ (accessed on 4 November 2022).
175. Kumar, A.; Sidhu, J.; Goyal, A.; Tsao, J.W. Alzheimer Disease. 2022 June 5. In StatPearls [Internet]; StatPearls Publishing: Treasure

Island, FL, USA, 2023.
176. Peleg, S.; Sananbenesi, F.; Zovoilis, A.; Burkhardt, S.; Bahari-Javan, S.; Agis-Balboa, R.C.; Cota, P.; Wittnam, J.L.; Gogol-Doering,

A.; Opitz, L.; et al. Altered histone acetylation is associated with age-dependent memory impairment in mice. Science 2010, 328,
753–756. [CrossRef]

177. Fischer, A.; Sananbenesi, F.; Wang, X.; Dobbin, M.; Tsai, L.H. Recovery of learning and memory is associated with chromatin
remodelling. Nature 2007, 447, 178–182. [CrossRef]

178. Levenson, J.M.; O’Riordan, K.J.; Brown, K.D.; Trinh, M.A.; Molfese, D.L.; Sweatt, J.D. Regulation of histone acetylation during
memory formation in the hippocampus. J. Biol. Chem. 2004, 279, 40545–40559. [CrossRef]

179. Gjoneska, E.; Pfenning, A.R.; Mathys, H.; Quon, G.; Kundaje, A.; Tsai, L.H.; Kellis, M. Conserved epigenomic signals in mice and
humans reveal immune basis of Alzheimer’s disease. Nature 2015, 518, 365–369. [CrossRef]

180. Gräff, J.; Rei, D.; Guan, J.S.; Wang, W.Y.; Seo, J.; Hennig, K.M.; Nieland, T.J.F.; Fass, D.M.; Kao, P.F.; Kahn, M.; et al. An epigenetic
blockade of cognitive functions in the neurodegenerating brain. Nature 2012, 483, 222–226. [CrossRef]

181. Walker, M.P.; LaFerla, F.M.; Oddo, S.S.; Brewer, G.J. Reversible epigenetic histone modifications and Bdnf expression in neurons
with aging and from a mouse model of Alzheimer’s disease. Age 2013, 35, 519–531. [CrossRef]
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