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Abstract: The skin, the largest organ of the human body, plays numerous essential roles,
including protection against environmental hazards and the regulation of body tempera-
ture. The processes of skin homeostasis and ageing are complex and influenced by many
factors, with epigenetic mechanisms being particularly significant. Epigenetics refers to the
regulation of gene expression without altering the underlying DNA sequence. The dynamic
nature of the skin, characterized by constant cellular turnover and responsiveness to envi-
ronmental stimuli, requires precise gene activity control. This control is largely mediated by
epigenetic modifications such as DNA methylation, histone modification, and regulation by
non-coding RNAs. The present review endeavours to provide a comprehensive exploration
and elucidation of the role of epigenetic mechanisms in regulating skin homeostasis and
ageing. By integrating our current knowledge of epigenetic modifications with the latest
advancements in dermatological research, we can gain a deeper comprehension of the
complex regulatory networks that govern skin biology. Understanding these mechanisms
also presents promising avenues for therapeutic interventions aimed at improving skin
health and mitigating age-related skin conditions.

Keywords: epigenetics; DNA methylation; histone modification; non-coding RNAs; skin;
epidermis; homeostasis; ageing

1. Introduction
The skin serves as the primary physical barrier protecting the body from the external

environment. It is composed of three principal layers: the epidermis, dermis, and hypoder-
mis [1,2]. The outermost layer, the epidermis, consists of keratinocytes and melanocytes,
as well as Langerhans and Merkel cells [3]. This layer functions as a waterproof barrier,
guarding against physical injury, ultraviolet (UV) damage, harmful chemicals, and infec-
tions [3–5]. The basement membrane separates the epidermis from the underlying dermis
and also houses a population of epidermal stem cells (SCs). The dermis, the skin’s thick-
est layer, contains blood vessels, glands, hair follicles (HFs), and nerve endings [4,6,7].
This layer supplies nutrients to the epidermis and regulates body temperature [6,7]. Be-
neath the dermis is the innermost layer, the hypodermis, which comprises fibroblasts,
adipocytes, and macrophages [6–8]. The hypodermis is an insulating layer that protects
underlying muscles and organs and stores energy as fat [4,8]. The complex structure of the
skin relies on tightly regulated cellular processes to maintain its protective functions and
overall stability.
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Skin homeostasis is a continuous process that begins during embryonic development
and persists throughout life [2,9]. It involves balancing between SC proliferation and differ-
entiation, a crucial process for maintaining tissue integrity and function [6,10,11]. Distinct
populations of epidermal SCs are located in the interfollicular epidermis, HFs, infundibu-
lum, and isthmus, as well as in the sebaceous and sweat glands [2,12]. Keratinocytes,
which originate from interfollicular SCs, undergo several morphological and metabolic
transformations, forming the distinct layers of the epidermis [13]. As these cells migrate
from the basal layer to the surface of the epidermis, the types and numbers of cell junctions
change, which enhances keratinocyte flexibility and tissue integrity [14]. However, the rate
at which SC populations regenerate and produce daughter cells is influenced by external
injuries, routine tissue turnover, and remodelling [15,16]. Similar to processes occurring
in other tissues [17–19], the activity of skin SCs is meticulously regulated by an intricate
network of molecular signals that sustain the equilibrium among quiescence, self-renewal,
and differentiation [2,15].

Recently, the underlying molecular mechanisms of skin biology have been gradually
elucidated. Epigenetic and metabolic regulations have emerged as key drivers of skin
homeostasis, ensuring the proper balance between cell proliferation, differentiation, and
tissue repair to preserve the integrity of the skin [10,20]. Additionally, epigenetic alter-
ations are correlated with skin ageing, which influences cellular plasticity and governs cell
function over time [10,21,22]. Epigenomics involves changes in gene expression without
altering the DNA sequence and can be categorized into DNA methylation, histone tail mod-
ifications, and microRNA (miRNA) expression [20,23]. The disruption of these epigenetic
processes can lead to various skin disorders, including psoriasis, atopic dermatitis, and skin
cancer [24,25]. Recent advances in epigenetic biology suggest that epigenetic mechanisms
represent promising therapeutic intervention targets, particularly in dermatology [26–29].
Unlike irreversible DNA alterations, epigenetic modifications are reversible, making them
attractive candidates for drug development [30].

The present review aims to comprehensively explore and elucidate the role of epi-
genetic mechanisms in skin homeostasis and ageing. By synthesizing current research
findings, the review seeks to highlight the critical influence of epigenetic regulation on
cellular dynamics, tissue integrity, and the ageing process of the skin. Understanding epige-
netic control is expected to foster the development of personalized, epigenetically targeted
therapies, thereby enhancing treatment outcomes in dermatology. Such advancements
could pave the way for more effective, individualized patient care by integrating epigenetic
biomarkers into diagnostic and therapeutic strategies.

2. An Overview of Epigenetic Mechanisms
Epigenetics refers to modifications in gene expression that occur without changes to

the underlying DNA sequence [31]. Key epigenetic changes include DNA methylation,
hydroxymethylation, and post-translational histone modifications [20,32,33]. Additionally,
miRNA-mediated gene regulation plays a significant role [24,33]. The combination of these
modifications defines chromatin structure and influences gene accessibility for transcrip-
tion [20,34]. In the current section, the epigenetic mechanisms of chromatin configuration
and remodelling will be briefly described.

2.1. DNA Methylation

DNA methylation is the most extensively characterized epigenetic modification, in-
volving the covalent addition of methyl groups (CH3) to specific genomic regions, par-
ticularly at transcriptionally active sites and gene promoters [35–37]. This modification
predominantly occurs at cytosine–phosphate–guanine (CpG) dinucleotides, commonly
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referred to as CpG islands. These CpG islands comprise repetitive cytosine–guanine se-
quences, typically ranging from 0.5 to 4 kilobases in length, and are found in approximately
70–80% of the human genome [38,39]. Methylation involves transferring methyl groups
to the cytosine ring’s 5-carbon position, resulting in transcriptional repression and gene
silencing [36,40]. This biochemical process is mediated by a family of enzymes called DNA
methyltransferases (DNMTs), which include DNMT1, DNMT3a, and DNMT3b. DNMT1
primarily functions in the maintenance of DNA methylation, sustaining methylation pat-
terns during DNA replication in the S phase of the cell cycle by targeting hemimethy-
lated DNA strands [41–43]. In contrast, DNMT3a and DNMT3b are classified as de novo
methyltransferases, responsible for establishing new methylation marks in previously
unmethylated genomic regions [35,42].

2.2. DNA Hydroxymethylation

DNA hydroxymethylation is an epigenetic mechanism that modifies DNA by adding
a hydroxymethyl group to the 5-carbon position of cytosine, resulting in the formation of
5-hydroxymethylcytosine (5-hmC) [44,45]. This process is primarily catalyzed by the ten-
eleven translocation (TET) [46,47]. 5-hmC can act as an intermediate in DNA demethylation
or as an independent epigenetic marker [48,49]. Recent findings suggest that DNMTs
contribute to 5-hmC production, implicating this modification in cellular development,
pluripotency, ageing, and cancer [44,50,51].

2.3. Histone Modifications
2.3.1. Histone Acetylation

Among histone modifications, acetylation is a well-studied phenomenon in which
N-terminal lysines of histones undergo reversible acetylation and deacetylation in response
to various physiological conditions [52,53]. Histone acetylation is generally associated
with increased gene transcription and is typically observed in regions containing actively
transcribed genes [54,55]. This post-translational modification results in a more relaxed
chromatin structure, facilitating transcriptional activation at specific genomic loci [56]. The
regulation of histone acetylation involves two classes of enzymes: histone acetyltransferases
(HATs) and histone deacetylases (HDACs). HATs catalyze the addition of acetyl groups to
lysine residues on histone tails, which neutralizes their positive charge. This neutralization
reduces the affinity between histones and DNA, resulting in a less condensed chromatin
structure, particularly in the promoter regions of genes, making them more accessible
to enhancers and RNA polymerases [57,58]. Conversely, HDACs are associated with
transcriptionally inactive regions of the genome. By removing acetyl groups from lysine
residues, HDACs increase the positive charge on histone tails, thereby strengthening the
histone–DNA interaction. This modification leads to a more compact chromatin state, thus
limiting the accessibility of transcriptional regulators to the DNA template [54,59].

2.3.2. Histone Methylation

Histone methylation involves the addition of one to three methyl groups to specific
amino acids—particularly lysine and arginine residues—in the tails of histone proteins
H3 and H4 [60–62]. This modification can influence the recruitment and binding of tran-
scription factors to targeted genes. Histone methylation is catalyzed by lysine and arginine
methyltransferases, while demethylation is facilitated by histone demethylases [63]. Poly-
comb group proteins (PcG) are a family of enzymes that regulate histone methylation
through their roles in Polycomb repressive complexes (PRCs), leading to more compact
chromatin and gene silencing [64]. It has been observed that PcG proteins collaborate
with DNMTs to enhance gene repression and maintain methylation patterns [30,65]. The
biological outcomes of histone methylation depend highly on the modified residues [66,67].
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For instance, the methylation of lysine residues 4, 36, and 79 on histone H3 (H3K4, H3K36,
and H3K79) and lysine 20 on histone H4 (H4K20) are generally associated with transcrip-
tional activation. Conversely, the trimethylation of lysine residues 9 and 27 on histone H3
(H3K9me3 and H3K27me3) is associated with gene silencing [67].

2.3.3. Histone Phosphorylation

Histone phosphorylation is regulated by kinases and phosphatases that add and re-
move phosphate groups predominantly at serine, threonine, and tyrosine residues [68].
This modification alters the electric charge of histones, thereby modulating chromatin struc-
ture and regulating gene expression [69]. Additionally, histone phosphorylation interacts
with other histone modifications, facilitating cross-talk between regulatory mechanisms,
including DNA repair and damage responses [70].

2.3.4. Histone Ubiquitination

Ubiquitination is a post-translational modification process in which a small regulatory
protein called ubiquitin is covalently attached to the target histone protein, predominantly
at lysine residues [71,72]. This modification is primarily associated with protein degrada-
tion via the ubiquitin–proteasome system (UPS), crucial in maintaining protein stability and
function [73]. The ubiquitination process involves a sequential enzymatic cascade, includ-
ing ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-
protein ligases (E3). Conversely, the removal of ubiquitin is catalyzed by deubiquitinating
enzymes, a subclass of isopeptidases that hydrolyze the peptide bond between ubiquitin
and its histone substrate [74]. Histones can undergo either mono- or poly-ubiquitination,
each impacting chromatin activity differently [75]. Generally, the monoubiquitination of
histone H2A is involved in gene silencing, while the monoubiquitination of histone H2B is
typically linked to transcriptional activation [32].

2.3.5. Histone Sumoylation

Sumoylation is an essential post-translational modification involved in various cellular
processes, including transcription, DNA replication, cell cycle progression, and stress re-
sponse [76]. Histones are substrates for sumoylation, which regulates chromatin dynamics
and gene expression. Small ubiquitin-like modifier (SUMO) proteins are conserved across
all eukaryotes and modify target proteins’ functions through sumoylation [77]. Humans
express five SUMO paralogs: SUMO-1, -2, -3, -4, and -5, which are produced as inactive
precursors and processed into their active forms. Active SUMO proteins attach to lysine
residues on target proteins through a series of enzymatic steps similar to ubiquitination [78].
Key molecules involved in sumoylation include ubiquitin-conjugating enzyme 9 (UBC9)
and the E3 SUMO ligase PIASy, which can bind to promoter regions [79]. Recent findings
suggest that histone sumoylation can both disrupt higher-order chromatin structures and
recruit factors involved in gene activation or repression [80].

2.4. Non-Coding RNAs (ncRNAs)

Mature miRNAs are significant components of the epigenetic landscape. The human
genome potentially encodes over 1000 miRNAs that regulate the expression of approxi-
mately 30% of all protein-coding genes [81]. A single miRNA can influence the production
of hundreds of different proteins, while multiple miRNAs can regulate the expression of a
particular protein [32]. MiRNAs bind to complementary sequences in the 3′ untranslated
region 3′ UTR of messenger RNAs (mRNAs), leading to gene silencing via mRNA cleav-
age, destabilization through the deadenylation of the poly(A) tail, and the inhibition of
mRNA translation [81,82]. Furthermore, miRNAs can target key enzymes responsible for
epigenetic modifications, such as DNMTs, HDACs, and histone methyltransferases [81,82].
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Moreover, the expression of miRNAs is regulated by epigenetic mechanisms, including
DNA methylation and histone modifications [81,82]. This reciprocal relationship between
miRNAs and epigenetic regulation forms the miRNA–epigenetic feedback loop, which has
emerged as a novel mechanism for regulating cellular processes, such as cell proliferation,
apoptosis, and differentiation [81,82].

In addition to miRNAs, other ncRNAs influence gene transcription, too. Long non-
coding RNAs (lncRNAs) regulate gene expression at various levels, including the transcrip-
tional, post-transcriptional, and post-translational stages [83–85]. Researchers suggest that
lncRNAs play a targeting role by binding to specific methyltransferases and demethylases,
directing these enzymes to particular genomic locations to control gene expression [86].
Furthermore, lncRNAs can form circular RNAs (circRNAs), which function similarly to
miRNAs by impacting DNA methylation, the immune response, and RNA processing [87].
CircRNAs can also bind to specific miRNAs, serving as competitive inhibitors to prevent
these miRNAs from interacting with their target mRNAs [88]. All the aforementioned
epigenetic mechanisms are summarized in Table 1.

Table 1. Overview of epigenetic mechanisms and their biological impact.

Epigenetic Mechanism Key Modifiers Effect of Modification

DNA methylation DNA methyltransferases Transcriptional repression;
Gene silencing

DNA hydroxymethylation Ten-eleven translocation enzymes Regulating gene expression;
Suppressing or activating genes

Histone acetylation Histone acetyltransferases;
Histone deacetylases

Histone charge regulation;
Transcriptional activation or repression

Histone methylation Lysine and arginine methyltransferases;
Histone demethylases

Transcriptional activation or gene silencing,
depending on the specific residue being modified

Histone phosphorylation Kinases and phosphatases Modulation of chromatin structure;
Gene silencing or activation

Histone ubiquitination

Ubiquitin-activating enzymes;
Ubiquitin-conjugating enzymes;

Ubiquitin-protein ligases;
Deubiquitinating enzymes

Gene silencing or activation;
Mono- or poly-ubiquitination of specific

lysine residues

Histone sumoylation Ubiquitin-conjugating enzyme 9;
E3 SUMO ligase

Ubiquitination-like enzymatic pathway;
Positive and negative effects on gene expression

Non-coding RNAs

miRNA

mRNA cleavage;
Deadenylation of the poly(A) tail;
Inhibition of mRNA translation;

miRNA-epigenetic feedback loop;

lncRNAs
Binding to specific methyltransferases

and demethylases;
Form circular RNAs

circRNAs
Impacting DNA methylation and

RNA processing;
Binding to specific miRNAs

circRNAs: circular RNAs; DNA: deoxyribonucleic acid; E3: third enzyme in ubiquitin or SUMO ligase com-
plex; lncRNAs: long non-coding RNAs; miRNA: microRNA; mRNA: messenger RNA; RNA: ribonucleic acid;
SUMO: small ubiquitin-like modifier.

3. Epigenetic Regulation in Skin Homeostasis
Epidermal homeostasis refers to the delicate equilibrium among epidermal cells’ pro-

liferation, differentiation, and apoptosis, essential for maintaining tissue organization and
proper function [89,90]. In most regions of the adult human body, the epidermis undergoes
renewal approximately every month. This renewal process relies on a well-orchestrated
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balance between producing new epidermal cells in the basal layer and exfoliating cells from
the stratum corneum [91]. Various factors, including the developmental stage and potential
external injuries, influence the rate at which adult epidermal SCs renew themselves [92].
Epigenomics is a critical regulator in skin homeostasis, a field encompassing mechanisms
that can alter gene expression profiles without changing the DNA sequence [93]. Specifi-
cally, epigenetic regulation and preserving epidermal homeostasis involve mechanisms that
modify DNA methylation and participate in chromatin remodelling [94,95]. Additionally,
miRNAs play a significant role, as they are estimated to regulate the post-transcriptional
control of up to 60% of all expressed genes [96].

3.1. The Role of DNA Methylation in Skin Homeostasis

DNA methylation is the first epigenetic mechanism that plays a pivotal role
in skin maintenance. During this process, a -CH3 is transferred, typically from
S-adenosylmethionine (SAM), to a cytosine located at the 5′ position of the pyrimidine ring
in the DNA molecule [94]. This methylation predominantly occurs at CpG sites, known as
CpG islands, and the transfer is mediated by DNMTs, including DNMT1, DNMT3A, and
DNMT3B [41,97]. Specifically, it has been demonstrated through the cleavage of specific
regulatory domains in mammalian DNMTs followed by protein sequencing in murine
erythroleukemia cells that DNMT1 replicates methylation patterns on newly synthesized
DNA by preferentially recognizing hemimethylated CpG nucleotides over unmethylated
sequences [98]. Thus, DNMT1 is the primary maintenance methyltransferase in vivo, pre-
serving DNA methylation patterns after each cell division. The importance of DNMT1
is underscored by experiments involving gene targeting in mouse embryonic SCs, where
its silencing resulted in the widespread demethylation of all analyzed sequences [99]. In
contrast, DNMT3A and DNMT3B are de novo methyltransferases, establishing new methy-
lation patterns [100]. Their role in de novo methylation is highlighted by gene targeting
studies in embryonic SCs, where the inactivation of DNMT3A and DNMT3B disrupts
normal de novo methylation processes [100].

Among these methyltransferases, DNMT1 is typically upregulated in the epidermal
progenitor SCs residing in the basal layer [101]. Interestingly, its complete absence is evi-
dent in the outer layers characterized by more differentiated keratinocytes. This indicates
that DNMT1’s contribution is crucial for maintaining the proliferative capacity of basal
SCs and, consequently, for suppressing their terminal differentiation. The above data were
acquired from microarray analysis, a procedure used to identify genes modified during
calcium-induced differentiation. In parallel, immunohistochemistry results demonstrated
that DNMT1 deficiency leads to the suppression of proliferation-related genes and the up-
regulation of genes necessary for differentiation, revealing these SCs’ inability to maintain
their self-renewal capacity and progression towards differentiation. Notably, several genes
and transcription factors, including S100 calcium-binding protein P (S100P), late cornified
envelope 3D (LCE3D), MAF bZIP transcription factor F (MAFF), specificity protein 1 (SP1),
and POU class 2 homeobox 3 (POU2F3), were found to lose their methyl groups as dif-
ferentiation progressed [102–105]. Changes in methylation patterns were detected using
techniques such as methylated DNA immunoprecipitation (MeDIP) and MeDIP-coupled
quantitative PCR (QPCR) [101].

Associated with the activity of DNMT1 at hemimethylated CpG dinucleotides is the
ubiquitin-like with PHD and ring finger domains 1 (UHRF1) protein [106]. This protein
facilitates the interaction of DNMT1 with hemimethylated DNA, resulting in a common
localization and similar effects on cell differentiation [107]. In contrast to DNMT1 and
UHRF1, growth arrest and DNA-damage-inducible protein 45 alpha (Gadd45a) promotes
differentiated cell fate over progenitor expansion by participating in the demethylation
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process [101,108,109]. Besides preserving the self-renewal capacity of basal SCs, DNMT1
has also been implicated in the induction of epidermal autoinflammation [110]. Specifi-
cally, a histological examination of DNMT1 knockout mice revealed significant structural
changes, including dermal thinning and extensive immune cell infiltration. These modifica-
tions were attributed to disruptions in the cGAS/STING pathway, which is responsible
for the expression of interferon-stimulated genes (ISGs) in response to foreign DNA or
chromosomal instability. Additionally, the activation of toll-like receptors (TLRs) and the
inflammasome contributed to these alterations in tissue organization [111,112].

DNMT1 plays a critical role in the homeostasis of adult HFs (Figure 1) [113]. It is
expressed in the HF matrix, outer and inner root sheaths during anagen, as well as in the
hair germ during telogen. Mice with mutations in the gene encoding DNMT1 exhibited
progressive alopecia, characterized by a gradual reduction in hair fibres and HFs, alongside
significant variability in HF size and an expanded hair canal. Hair bulge SCs remained
relatively stable and could be activated to develop into hair germs and produce hairs.
However, the activation process was less efficient, and their capacity for self-renewal was
impaired. Regarding DNMT3A and DNMT3B, they appear to play a protective role in the
epidermis against tumour formation [114]. Their absence in the mouse epidermis leads
to squamous transformation. Histological analyses from knockout mice indicated that
the loss of Dnmt3a triggers tumorigenesis through the upregulation of the adipogenesis
regulator PPARγ, while the absence of Dnmt3b facilitates tumour growth and metastasis.
However, both methyltransferases seem inessential for maintaining epidermal homeostasis,
as knockout mice did not display significant alterations in their epidermis compared to
wild-type cohorts.

In contrast to DNMTs, which mediate methylation, TET enzymes are responsible for re-
moving methyl groups via oxidation, thus making the methylation process reversible [115].
Specifically, the TET family includes TET1, TET2, and TET3 enzymes, which catalyze
the oxidation of 5-methylcytosine to 5-hydroxymethylcytosine, 5-formylcytosine, and
5-carboxycytosine [116–119]. A delicate balance in the expression of genes encoding DN-
MTs and TET enzymes is essential for preserving proper methylation patterns. The di-
minished expression of TET1 and TET2 is associated with skin diseases such as psoriasis.
Reduced TET expression may impair the self-renewal capacity of basal SCs (Figure 1),
leading to the expansion of the transit-amplifying cells’ (TACs’) compartment [120]. TACs,
descendants of SCs, are destined to exit the cell cycle and undergo terminal differentia-
tion. Observations in both human and murine models of psoriasis suggest that reduced
methylation levels may influence the expression of genes critical for regulating basal SC
homeostasis and responses to proliferative signals. Immunohistochemical analyses indi-
cated that more SCs undergo asymmetric division in mouse models and human epidermis
affected by psoriasis [121]. This hypomethylation, resulting from aberrant TET expres-
sion, appears to trigger the expansion of the TACs’ compartment, which is characteristic
of psoriasis [120,122].

3.2. Histone Modification Dynamics and Their Impact in Skin Maintenance

Post-translational modifications of histone residues represent another critical epige-
netic mechanism involved in skin homeostasis [123]. Key regulators of this epigenetic
mechanism are the PcG proteins, which act as transcriptional repressors and play a crucial
role in regulating cell lineage decisions during homeostasis [124]. These proteins form
complexes known as PRC1 and PRC2, responsible for chromatin condensation and, thus,
transcriptional repression [125,126]. Specifically, chromobox 4 (Cbx4), a subunit of the PRC1
complex, is essential for maintaining the multipotency of basal SCs and preventing their
terminal differentiation [127]. This is evidenced by studies in which the deletion of Cbx4
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in mouse epidermis resulted in decreased basal SC proliferation and increased premature
differentiation. Similarly, the absence of Cbx4 in human basal SCs leads to the acquisition
of terminally differentiated morphology and increased susceptibility to cellular ageing.
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capacity of IFESCs while inhibiting their differentiation. Conversely, red-coloured molecules reduce 
the proliferative dynamics of IFESCs and promote their differentiation. DNMT1, PRC1, and JARID2 
promote the expansion of HFSCs, whereas miR-148a exerts an opposing effect. The apoptosis of 
keratinocytes is mediated by miR-30a. IFESCs: interfollicular stem cells, HFSCs: hair follicle stem 
cells, CBX4: chromobox 4, DNMT1: DNA methyltransferase 1, EZH2: enhancer of zeste homolog 2, 
GADD45A: DNA-damage-inducible protein 45 alpha, JARID2: Jumonji and AT-rich interaction do-
main containing 2, KDM6B: lysine demethylase 6B, miR-30a: microRNA-30a, miR-148a: microRNA-
148a, miR-203: microRNA-203, PRC1: Polycomb repressive complex 1, PRC2: Polycomb repressive 
complex 2, TETs: ten-eleven translocation family proteins, UHRF1: ubiquitin-like with PHD and 
ring finger domains 1. Created with BioRender.com. 
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Figure 1. The epigenetic regulators of skin homeostasis. DNMT1, TETs, UHRF1, JARID2, PRC1
(CBX4), PRC2 (EZH2), GADD45A, KDM6B, miR-30a, miR-148a, and miR-203 control the function of
stem cells residing in the basal layer. Specifically, green-coloured factors enhance the proliferative
capacity of IFESCs while inhibiting their differentiation. Conversely, red-coloured molecules reduce
the proliferative dynamics of IFESCs and promote their differentiation. DNMT1, PRC1, and JARID2
promote the expansion of HFSCs, whereas miR-148a exerts an opposing effect. The apoptosis
of keratinocytes is mediated by miR-30a. IFESCs: interfollicular stem cells, HFSCs: hair follicle
stem cells, CBX4: chromobox 4, DNMT1: DNA methyltransferase 1, EZH2: enhancer of zeste
homolog 2, GADD45A: DNA-damage-inducible protein 45 alpha, JARID2: Jumonji and AT-rich
interaction domain containing 2, KDM6B: lysine demethylase 6B, miR-30a: microRNA-30a, miR-148a:
microRNA-148a, miR-203: microRNA-203, PRC1: Polycomb repressive complex 1, PRC2: Polycomb
repressive complex 2, TETs: ten-eleven translocation family proteins, UHRF1: ubiquitin-like with
PHD and ring finger domains 1. Created with BioRender.com.

HF homeostasis is also influenced by the PRC1 [128]. Recent studies have demon-
strated that the loss of PRC1 activity in Lgr5+ hair follicle stem cells (HFSCs) results in
decreased levels of H2AK119Ub and a significant delay in HF regeneration, potentially due
to the reduced proliferation rates of HFSCs. Concerning the PRC2, it comprises the embry-
onic ectoderm development (EED) protein, suppressor of zeste 12 (SUZ12) and enhancer of
zeste homolog 1/2 (EZH1/2) [129]. The PRC2 catalyzes the H3K27me3. This epigenetic
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modification is crucial for determining the balance between basal SCs with proliferative
capacity and differentiating keratinocytes [130]. Specifically, Ezh2 expression inversely cor-
relates with the differentiation status of keratinocytes in mice, with its levels being higher in
basal SCs and gradually decreasing as differentiation proceeds [131]. Consequently, Ezh2
appears to play a role in repressing the expression of genes associated with differentiation
in the basal epidermis [65].

Jumonji and AT-rich interaction domain containing 2 (Jarid2) is another auxiliary
molecule responsible for the recruitment of the PRC2 complex and is crucial for the home-
ostasis of the mouse epidermis [132]. It is essential for postnatally maintaining the proper
balance between epidermal SCs and the activation of HFSCs [133]. Additionally, the loss of
Jarid2 leads to delayed HF cycling due to reduced proliferation of HFSCs and their progeny.
Immunohistochemistry in mouse keratinocytes has shown that, although the deletion
of Jarid2 in the epidermis does not impact its development during the embryonic stage,
it decreases the proliferative capacity of basal SCs while promoting their differentiation
postnatally. The methylation mediated by PRC2 is reversible, as specific demethylases can
remove methyl groups [134]. Lysine demethylase 6B (KDM6B), a demethylase that coun-
teracts the enzymatic activity of PRC2, enhances gene expression in SC populations and
regulates processes, including the cell cycle, differentiation, and apoptosis [135]. KDM6B’s
enzymatic activity depends on the JmjC domain at the C-terminal of the protein, which
serves as the catalytic centre responsible for removing repressive H3K27me3 epigenetic
marks from promoters and gene bodies. Specifically, KDM6B activation triggers prema-
ture epidermal differentiation, while the depletion of KDM6B prevents the activation of
differentiation-related genes in human keratinocytes [10,134].

3.3. The Influence of miRNAs on Skin Homeostasis

An alternative mechanism of the epigenetic post-transcriptional regulation of epider-
mal homeostasis involves miRNAs. These RNA-targeting molecules are non-coding RNAs
consisting of approximately twenty-two nucleotides and play a crucial role in repressing
gene expression [136]. MiR-203 is a key regulator of skin homeostasis, as it promotes
the differentiation of basal SCs [137]. In mouse models, the overexpression of miR-203
results in basal SCs’ early differentiation and reduces their proliferative capacity [138].
Conversely, the ablation or reduced levels of miR-203 are associated with increased pro-
liferative capacity, extending beyond the basal layer of the epidermis [137]. Interestingly,
the gene expression outcomes arise from an intricate interaction between miR-203 and
one of its mRNA targets, p63 [139]. p63 is highly concentrated in the basal layer of the
epidermis and serves as a specific marker for SCs, playing a role in controlling both their
proliferation and differentiation. The immunohistochemical detection of p63 in human
epidermal keratinocytes indicates a high proliferative rate of SCs, whereas reduced p63
expression correlates with the initiation of terminal differentiation in the adult epider-
mis [140,141]. Given that p63 is a direct target of miR-203, its expression is upregulated in
the absence of miR-203 and suppressed in the presence of miR-203, thus contributing to the
differentiation process [138].

An additional miRNA implicated in human skin homeostasis is miR-30a. Research
conducted in human keratinocytes confirms that, in addition to its role in cell ageing, its
upregulation hinders epidermal differentiation through the repression of lysyl oxidase
(LOX), a gene involved in keratinocyte differentiation [142–144]. Moreover, miR-30a over-
expression disrupts epidermal barrier function, as confirmed by the Lucifer yellow assay,
which evaluates outside-in permeability, and the trans-epidermal water loss (TEWL) test,
which assesses inside-out permeability [144]. Another effect of miR-30a upregulation is the
enhancement of apoptosis in keratinocytes by inactivating apoptosis and caspase activation
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inhibitor (AVEN), a gene encoding an apoptotic inhibitor. MiR-148a is another epigenetic
regulator crucial for maintaining epidermis and HFs [145]. It is involved in preserving skin
integrity, with its absence correlated with the premature differentiation of keratinocytes.
MiR-148a orchestrates the balance of cellular processes necessary for developing the mouse
epidermis and HFs by modulating the activity of two gene transcripts, E74-like ETS tran-
scription factor 5 (Elf5) and Rho-associated coiled-coil containing protein kinase 1 (Rock1).
Notably, in HFs, miR-148a is expressed spatiotemporally, primarily during the telogen
phase, when the HF is inactive, and the hair has completed its growth. The inhibition of
miR-148a drives HFs into the anagen stage, characterized by the production of new hair.

4. Epigenetic Landscape of Skin Ageing
4.1. Insights into the Ageing Process

Ageing is an inevitable and intricate biological process that influences the entire organ-
ism, affecting every cell type and impairing its functions. At the cellular level, it leads to a
gradual deterioration of all organelles, diminishing the cell’s capacity for self-regulation,
maintaining homeostasis, and replication. This decline extends to all organ systems, re-
sulting in a progressive reduction in physiological function throughout the body [146,147].
Closely associated with ageing is the activation of the senescence programme, which
involves the programmed degeneration of cellular components and cell cycle arrest. Specif-
ically, cellular senescence refers to a state that cells enter in response to stressful conditions
or certain physiological events. It is marked by a prolonged, often irreversible halt in the
cell cycle, along with changes in secretion, macromolecular damage, and metabolism [148].
Four key characteristics define senescent cells, namely (1) withdrawal from the cell cycle,
(2) damage to macromolecules, (3) a secretory phenotype known as the senescence-
associated secretory phenotype (SASP), and (4) disrupted metabolic activity. These cells
release a wide range of substances, including pro-inflammatory cytokines, chemokines,
growth factors, angiogenic factors, and matrix metalloproteinases, which are collectively
referred to as SASP. In this context, epigenetics has been found to play a critical role in the
regulation and programming of senescence [149].

The skin, serving as the boundary between the human body and the external envi-
ronment, is not exempt from ageing. Various factors contribute to this process, including
increased levels of reactive oxygen species, UV radiation, smoke, environmental chemicals,
diet, and hormonal changes [150–153]. Establishing cellular senescence plays a central role
in the gradual deterioration of skin health, as many senescent cells accumulate in aged
skin. This decline is characterized by several biological landmarks, the most prominent
being genomic instability, telomere shortening, and alterations in epigenetic expression
patterns [154,155]. Beyond these changes in genetic material maintenance, ageing cells
exhibit impaired nutrient-sensing mechanisms, mitochondrial and protein dysfunction,
disrupted macroautophagy, and diminished capacity for cellular self-renewal. Additionally,
inflammation and dysbiosis are commonly observed [156,157]. Phenotypically, skin ageing
is manifested by thinning skin, wrinkle formation, and the deterioration of HFs, which is
evidenced by brittle and greying hair [158–162].

4.2. Epigenetic Mechanisms Regulating Ageing in Fibroblasts

Epigenetic regulation plays a significant role in the age-related deterioration of skin
cells [163,164]. Notably, the accumulation of senescent dermal fibroblasts (FBs)—the pri-
mary cells in the dermis responsible for producing key connective tissue components, such
as collagen and elastic fibres—is strongly implicated in skin ageing [165,166]. Age-related
changes in the dermis mainly arise from the dysfunction of FBs that accumulate damage
over time and lose their ability to remodel and organize the extracellular matrix (ECM).
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This leads to reduced synthesis of collagen and elastin [167]. Collagen atrophy and the loss
of elastic fibres are critical components of skin ageing, underscoring the essential role of
FBs in maintaining skin elasticity [168]. Using micrococcal nuclease digestion and electron
microscopy techniques to monitor age-related changes in these cells, researchers observed
that human skin FBs derived from older donors, in contrast to younger ones, exhibited
alterations in their chromatin structure. Specifically, the spacing between nucleosomes was
found to be irregular [169]. These findings indicate that with ageing, the length of linker
DNA between nucleosomes becomes increasingly variable, potentially contributing to FB
dysfunction and impaired ECM deposition [165,169,170].

As the senescence programme is activated in FBs, its progression is further driven
by the accumulation of heterochromatin structures known as senescence-associated hete-
rochromatin foci (SAHF), resulting from the activation of the p16INK4a/pRb pathway [171].
The loci mentioned above, co-localized with the epigenetic marker H3K9me3, along with
HP1 and the retinoblastoma (RB) protein, repress E2F target genes essential for cell pro-
liferation, thereby establishing a stable senescent state [171,172]. Various enzymes play
a pivotal role in epigenetic regulatory networks. DNMT1, responsible for the methyla-
tion of CpG islands, is significantly involved in the epigenetic regulation of dermal FBs
and the maintenance of skin cells, primarily through the repression of the INK4a/ARF
locus [101,173]. Levels of DNMT1 are reduced in ageing FBs, which leads to the induction
of cellular senescence in human skin [174,175]. The decreased levels of DNMT1 likely
contribute to the reduced deposition of new collagen in the ECM and the degradation of
pre-existing collagen, thereby impacting skin ageing [176,177].

Regarding the regulation of DNMT1, it has been demonstrated that DNMT1 expres-
sion in human skin FBs is downregulated by miR-377, a process that induces senescence
in these cells (Figure 2). This is supported by the observation that miR-377 levels are
significantly elevated in passage-aged human skin FBs [178]. Similarly, miR-217 has been
shown to suppress DNMT1 expression in human skin FBs directly, and the overexpres-
sion of miR-217 induces a senescence-like state in FBs derived from young patients [173].
Furthermore, it is crucial to note that the concentrations of other enzymes involved in
the methylation and demethylation of DNA are altered with skin ageing [179]. Western
blot analysis in mice revealed that with skin ageing, the expression levels of DNMT3a,
DNMT3b, and Tet2 decrease significantly, with DNMT3b exhibiting a more drastic de-
cline compared to DNMT3a, while DNMT1 and Tet1 levels remain relatively stable [180].
Additionally, alterations in DNA methylation patterns in gene promoters occur as the
skin ages. A whole-genome-promoter methylation array study documented increased
and decreased DNA methylation in gene promoters with ageing. Hypermethylated genes
were primarily associated with cell proliferation and growth, whereas hypomethylated
genes were enriched in categories related to responses to stimuli, such as genes encoding
receptor proteins [180].

DNMT3A has been further implicated in the ageing process of dermal FBs through its
regulation of the LOXL1 gene, a gene whose protein product is involved in the maturation
of elastic fibres (Figure 2) [180–184]. Researchers reached this conclusion by performing
anti-DNMT3A chromatin immunoprecipitation in human skin FBs from younger and older
individuals [181]. It was identified that in FBs from older subjects, DNMT3A protein
exhibited greater binding to the LOXL1 promoter, accompanied by the increased overall
methylation of the LOXL1 promoter. The hypermethylation was correlated with decreased
LOXL1 mRNA levels, indicating the reduced transcriptional activity of LOXL1 in aged
skin [181]. While it is widely accepted that ageing is associated with a general reduction in
DNA methylation, there is also a simultaneous occurrence of the localized hypermethy-
lation of CpG islands in the promoters of specific genes, particularly tumour suppressor
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genes, leading to their transcriptional silencing. Notable among these genes are LOX,
p16INK4a, RUNX3, and TIG1 [185–188]. This evidence supports a strong connection be-
tween DNMT3A levels, the methylation state of ageing-associated genes, and cell cycle
regulation. It also underscores the impact of these epigenetic changes on the connective
tissue and skin repair processes that deteriorate with ageing.
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Figure 2. Epigenetic mediators and marks implicated in aged skin. The effectors of fibroblasts
are DNMT1, DNMT3A, DNMT3B, TET2, and several miRNAs. H2A.J, miR-130b, miR-138, miR-
181a and miR-181b regulate the biological behaviour of keratinocytes, while H3K9me3, H3K4me3,
H3K27me3 and DNMT1 act in epidermal SCs. Upward-pointing arrows indicate elevated levels of
the corresponding molecules or marks in aged skin, whereas downward-pointing arrows represent
reduced levels. SCs: stem cells, miRNAs: microRNAs, DNMT1: DNA methyltransferase 1, DNMT3A:
DNA methyltransferase 3A, DNMT3B: DNA methyltransferase 3B, H2A.J: Histone H2A variant
J, H3K27me3: trimethylation of lysine 27 on histone H3, H3K4me3: trimethylation of lysine 4 on
histone H3, H3K9me3: trimethylation of lysine 9 on histone H3, TET2: ten-eleven translocation
methylcytosine dioxygenase 2. Created with BioRender.com.

In addition to their correlation with DNMT1 levels, the regulatory significance of miRNAs
is further demonstrated by their role as cargo in extracellular vesicles (EVs) secreted by
dermal FBs [189]. EVs are cell-derived membranous particles that mediate intercellular
communication among various types of skin cells, including FBs, keratinocytes, melanocytes,
and HF cells. These vesicles contain a heterogeneous array of molecules, including miRNAs,
proteins, and lipids [190–194]. When FBs enter a senescent state, EVs and their miRNA content
act as key mediators in establishing the SASP in human skin FBs. SASP, a state acquired by
senescent cells, enables them to secrete extracellular modulators that reinforce senescence-
induced cell cycle arrest, contribute to developing a pro-inflammatory environment in skin
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tissue, and potentially facilitate skin ageing [189,195,196]. One particularly significant miRNA
derived from FBs is miR-23a-3p [189]. This miRNA targets hyaluronan synthase 2 (HAS2) and
plays a substantial role as an effector in the induction of senescence and dermal ageing [197].
The expression of miR-23a-3p is upregulated in aged and senescent FBs, leading to the
inhibition of HAS2. As a result, hyaluronic acid levels in the ECM are reduced, leading to
decreased skin hydration and elasticity [197,198].

In the same context, the increased expression of miR-152 and miR-181a in senescent
human skin FBs has been observed, and their overexpression is sufficient to induce cellular
senescence [199–201]. The consequent reduction in the expression of integrin α5 and colla-
gen XVI, along with alterations in the ECM structure, is consistent with the compositional
changes in the skin during ageing [200]. Several other miRNAs have been identified as
potential biomarkers of ageing in human dermal senescent FBs. These include 15 miRNAs
with upregulated levels, such as let-7d-5p, let-7e-5p, miR-23a-3p, miR-34a-5p, miR-122-5p,
miR-125a-3p, miR-125a-5p, miR-125b-5p, miR-181a-5p, miR-221-3p, miR-222-3p, miR-503-
5p, miR-574-3p, miR-574-5p, and miR-4454 [202]. Consequently, these miRNAs exhibit a
strong correlation with the ageing process, although their precise biological roles remain
to be elucidated [202]. Furthermore, an RNA microarray performed on UVA-irradiated,
photoaged skin cells revealed the upregulation of miR-365, miR-30b, miR-148a, miR-30c,
and miR-199a-5p and the downregulation of miR-1246, miR-146a, miR-3613-3p, miR-218,
miR-146b-5p, miR-4281, and miR-181 compared to untreated cells [203]. This suggests a
potential role for these miRNAs in photo-induced ageing.

4.3. Ageing Dynamics and Keratinocytes

Keratinocytes, the predominant cells of the epidermis, also exhibit age-related epi-
genetic changes. Although UV radiation is the most detrimental factor contributing to
skin damage and accelerating ageing, keratinocytes in photo-protected areas also display
age-associated epigenetic alterations [204–207]. Recent studies on photo-protected skin
from healthy individuals have demonstrated a significant accumulation of H2A.J-positive
keratinocytes as ageing progresses (Figure 2) [206]. H2A.J, a histone variant, is found in
elevated levels in keratinocytes derived from older individuals compared to those derived
from younger ones [206]. Regarding microRNAs expressed in human skin keratinocytes,
miR-130b, miR-138, miR-181a, and miR-181b are associated with the induction of replicative
senescence [199]. These microRNAs modulate the levels of regulatory proteins such as
p63 and SIRT1, which play critical roles in skin homeostasis, cell proliferation, and the
manifestation of ageing phenotypes. Furthermore, the expression of these senescence-
inducing microRNAs is directly inhibited by p63 in a negative feedback loop [199]. Conse-
quently, miR-130b, miR-138, miR-181a, and miR-181b strongly correlate with the initiation
of senescence and possibly the ageing process [202,208]. SIRT1, a NAD-dependent his-
tone deacetylase, is associated with extended longevity in mammals and delayed ageing
when overexpressed. This correlation is further supported by experiments involving trans-
genic mice overexpressing SIRT1, which demonstrate delayed ageing phenotypes and
increased lifespan [209,210].

4.4. Epigenetic Modulation of Ageing in Epidermal SCs

Epidermal SCs undergo significant epigenetic modifications during ageing, pro-
foundly affecting their renewal capabilities (Figure 2). Among these epigenetic changes,
histone post-translational modifications are critical in regulating ageing. Specifically, dis-
ruptions in histone methylation and acetylation patterns can significantly impact the
maintenance of SC properties [211,212]. A recent study on murine HFSCs revealed a
marked decrease in chromatin accessibility in aged HFSCs, particularly in genes essential
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for self-renewal and differentiation [213]. Furthermore, aged HFSCs exhibited a reduced
capacity to activate bivalent genes—meaning genes whose promoters/enhancers have
both repressing and activating epigenetic regulators in the same region—which are crucial
for maintaining their renewal potential [213]. Notably, the H3K9me3 and trimethylation
of histone H3 at lysine 4 (H3K4me3) are essential modifications that regulate the balance
between quiescence and proliferation in HFSCs [214].

Aside from histone modifications, DNA methylation and demethylation enzymes
are critical for maintaining epidermal SCs. As we have already mentioned, DNMT1
is essential for sustaining the self-renewal potential of progenitor cells in the human
epidermis and preventing their differentiation. However, the precise biological mechanism
remains unclear [101,107]. The importance of DNMT1 is further highlighted by experiments
involving regenerated human skin on immunodeficient mice, where low levels of DNMT1
correlate with hypoplastic tissue and increased tissue loss [101]. Additionally, in murine
models, the targeted deletion of DNMT1 in the epidermis leads to age-associated changes
such as HF miniaturization, an extended telogen phase, hair loss, and hyperplasia of both
the epidermis and sebaceous glands [113]. This evidence underscores the pivotal role of
DNA methylation in regulating and preserving epidermal and HFSC function.

5. Conclusions and Prospects
Epigenetic regulation assumes a central role in skin homeostasis and ageing. Key

epigenetic modifications, such as DNA methylation, histone alterations, and non-coding
RNAs, profoundly influence gene expression patterns that govern the proliferation and
differentiation of skin cells. The modulation of these epigenetic marks impacts critical
pathways essential for preserving skin integrity and function over time. Despite signifi-
cant advancements in mapping these modifications, the intricate mechanisms and their
functional consequences remain incompletely understood. Given the skin’s heterogeneous
cellular composition, elucidating the specific epigenetic changes within each cell type and
their distinct contributions to skin maintenance and ageing requires further investiga-
tion. Single-cell epigenetic studies offer a promising approach to address this complexity.
Furthermore, the interplay between genetic predispositions, environmental influences,
lifestyle choices, and epigenetic modifications forms an intricate network that still needs
to be fully elucidated. Particularly noteworthy is the emerging role of non-coding RNAs,
especially lncRNAs, whose functions are largely unexplored. Bridging foundational epi-
genetic research with clinical applications remains a formidable challenge. Identifying
reliable epigenetic biomarkers for skin ageing and developing therapeutic interventions to
modulate these marks hold significant promise. Addressing these research gaps through
interdisciplinary collaboration and advanced technologies will pave the way for innova-
tive therapeutic strategies and a deeper understanding of the role of epigenetics in skin
homeostasis and ageing.
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Abbreviations

AVEN Apoptosis and caspase activation inhibitor
CBX4 Chromobox 4
CH3 Methyl group
circRNA CircularRNA
CpG Cytosine–phosphate–guanine
DNA Deoxyribonucleic acid
DNMT DNA methyltransferase
ECM Extracellular matrix
EED Embryonic ectoderm development
ELF5 E74-like ETS transcription factor 5
EMD Emerin
EV Extracellular vesicle
EZH1/2 Enhancer of zeste homolog 1/2
FB Fibroblast
GADD45A DNA-damage-inducible protein 45 alpha
H2A Histone 2A
H2AK119Ub Histone 2A lysine 119 ubiquitination
H2B Histone 2B
H3 Histone H3
H3K27me3 Histone 3 lysine 27 trimethylation
H3K36 Histone 3 lysine 36
H3K4 Histone 3 lysine 4
H3K4me3 Trimethylation of histone H3 lysine 4
H3K79 Histone 3 lysine 79
H3K9me3 Histone 3 lysine 9 trimethylation
H4 Histone H4
H4K20 Histone 4 lysine 20
HAS2 Hyaluronan synthase 2
HATs Histone acetyltransferases
HDACs Histone deacetylases
HFs Hair follicles
HFSCs Hair follicle stem cells
HP1 Heterochromatin protein 1
ISGs Interferon-stimulated genes
JARID2 Jumonji and AT-rich interaction domain containing 2
KDM6B Lysine demethylase 6B
LCE3D Late cornified envelope 3D
lncRNA Long non-coding RNA
LOX Lysyl oxidase
MAFF MAF bZIP transcription factor F
MBDs Methyl-CpG-binding domain proteins
meDIP Methylated DNA immunoprecipitation
miRNAs MicroRNAs
mRNA Messenger RNA
ncRNA Non-coding RNA
p300 Histone acetyltransferase p300
PcG Polycomb group
PIASy Protein inhibitor of activated STAT Y
POU2F3 POU class 2 homeobox 3
PRC Polycomb repressive complex
QPCR MeDIP-coupled quantitative PCR
RB Retinoblastoma protein
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RNA Ribonucleic acid
ROCK1 Rho-associated coiled-coil containing protein kinase 1
S100P S100 calcium binding protein P
SAHF Senescence-associated heterochromatin foci
SAM S-adenosylmethionine
SASP Senescence-associated secretory phenotype
SCs Stem cells
SP1 Specificity protein 1
SUMO Small ubiquitin-like modifier
SUZ12 Suppressor of zeste 12
TACs Transit-amplifying cells
TET Ten-eleven translocation methylcytosine dioxygenases
TEWL Trans-epidermal water loss
TLRs Toll-like receptors
UBC9 Ubiquitin-conjugating enzyme 9
UHRF1 Ubiquitin-like with PHD and ring finger domains 1
UPS Ubiquitin–proteasome System
UV Ultraviolet
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21. Leśniak, W. Dynamics and Epigenetics of the Epidermal Differentiation Complex. Epigenomes 2024, 8, 9. [CrossRef] [PubMed]
22. Kang, S.; Chovatiya, G.; Tumbar, T. Epigenetic Control in Skin Development, Homeostasis and Injury Repair. Exp. Dermatol. 2019,

28, 453–463. [CrossRef] [PubMed]
23. Perdigoto, C.N.; Valdes, V.J.; Bardot, E.S.; Ezhkova, E. Epigenetic Regulation of Epidermal Differentiation. Cold Spring Harb.

Perspect. Med. 2014, 4, a015263. [CrossRef]
24. Pozzo, L.D.; Xu, Z.; Lin, S.; Wang, J.; Wang, Y.; Enechojo, O.S.; Abankwah, J.K.; Peng, Y.; Chu, X.; Zhou, H.; et al. Role

of Epigenetics in the Regulation of Skin Aging and Geroprotective Intervention: A New Sight. Biomed. Pharmacother. 2024,
174, 116592. [CrossRef]

25. He, J.; He, H.; Qi, Y.; Yang, J.; Zhi, L.; Jia, Y. Application of Epigenetics in Dermatological Research and Skin Management.
J. Cosmet. Dermatol. 2022, 21, 1920–1930. [CrossRef]

26. Mulero-Navarro, S.; Esteller, M. Epigenetic Biomarkers for Human Cancer: The Time Is Now. Crit. Rev. Oncol./Hematol. 2008, 68,
1–11. [CrossRef]

27. Izadi, M.; Sadri, N.; Abdi, A.; Serajian, S.; Jalalei, D.; Tahmasebi, S. Epigenetic Biomarkers in Aging and Longevity: Current and
Future Application. Life Sci. 2024, 351, 122842. [CrossRef]

28. Yi, J.Z.; McGee, J.S. Epigenetic-modifying Therapies: An Emerging Avenue for the Treatment of Inflammatory Skin Diseases. Exp.
Dermatol. 2021, 30, 1167–1176. [CrossRef]

29. Orioli, D.; Dellambra, E. Epigenetic Regulation of Skin Cells in Natural Aging and Premature Aging Diseases. Cells 2018,
7, 268. [CrossRef]

30. Saha, K.; Hornyak, T.J.; Eckert, R.L. Epigenetic Cancer Prevention Mechanisms in Skin Cancer. AAPS J. 2013, 15,
1064–1071. [CrossRef]

31. Sawada, Y.; Gallo, R.L. Role of Epigenetics in the Regulation of Immune Functions of the Skin. J. Investig. Dermatol. 2021, 141,
1157–1166. [CrossRef] [PubMed]

32. Reolid, A.; Muñoz-Aceituno, E.; Abad-Santos, F.; Ovejero-Benito, M.C.; Daudén, E. Epigenetics in Non-Tumor Immune-Mediated
Skin Diseases. Mol. Diagn. Ther. 2021, 25, 137–161. [CrossRef] [PubMed]

33. Penta, D.; Somashekar, B.S.; Meeran, S.M. Epigenetics of Skin Cancer: Interventions by Selected Bioactive Phytochemicals.
Photodermatol. Photoimmunol. Photomed. 2018, 34, 42–49. [CrossRef]

34. Venkatesh, S.; Workman, J.L. Histone Exchange, Chromatin Structure and the Regulation of Transcription. Nat. Rev. Mol. Cell Biol.
2015, 16, 178–189. [CrossRef]

35. Edwards, J.R.; Yarychkivska, O.; Boulard, M.; Bestor, T.H. DNA Methylation and DNA Methyltransferases. Epigenetics Chromatin
2017, 10, 23. [CrossRef]

36. Moore, L.D.; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]
37. Smith, Z.D.; Meissner, A. DNA Methylation: Roles in Mammalian Development. Nat. Rev. Genet. 2013, 14, 204–220. [CrossRef]
38. Deaton, A.M.; Bird, A. CpG Islands and the Regulation of Transcription. Genes Dev. 2011, 25, 1010–1022. [CrossRef]
39. Angeloni, A.; Bogdanovic, O. Sequence Determinants, Function, and Evolution of CpG Islands. Biochem. Soc. Trans. 2021, 49,

1109–1119. [CrossRef]
40. Jeltsch, A.; Jurkowska, R.Z. New Concepts in DNA Methylation. Trends Biochem. Sci. 2014, 39, 310–318. [CrossRef]
41. Lyko, F. The DNA Methyltransferase Family: A Versatile Toolkit for Epigenetic Regulation. Nat. Rev. Genet. 2018, 19,

81–92. [CrossRef] [PubMed]
42. Tajima, S.; Suetake, I.; Takeshita, K.; Nakagawa, A.; Kimura, H.; Song, J. Domain Structure of the Dnmt1, Dnmt3a, and Dnmt3b

DNA Methyltransferases. In DNA Methyltransferases—Role and Function; Jeltsch, A., Jurkowska, R.Z., Eds.; Springer International
Publishing: Cham, Switzerland, 2022; pp. 45–68, ISBN 978-3-031-11454-0.

43. Del Castillo Falconi, V.M.; Torres-Arciga, K.; Matus-Ortega, G.; Díaz-Chávez, J.; Herrera, L.A. DNA Methyltransferases: From
Evolution to Clinical Applications. Int. J. Mol. Sci. 2022, 23, 8994. [CrossRef] [PubMed]

44. Richa, R.; Sinha, R.P. Hydroxymethylation of DNA: An Epigenetic Marker. EXCLI J. 2014, 13, 592–610. [PubMed]

https://doi.org/10.3390/cimb44070222
https://doi.org/10.3390/cimb45030171
https://doi.org/10.3390/cimb45050272
https://doi.org/10.3390/ijms23094874
https://doi.org/10.3390/epigenomes8010009
https://www.ncbi.nlm.nih.gov/pubmed/38534793
https://doi.org/10.1111/exd.13872
https://www.ncbi.nlm.nih.gov/pubmed/30624812
https://doi.org/10.1101/cshperspect.a015263
https://doi.org/10.1016/j.biopha.2024.116592
https://doi.org/10.1111/jocd.14355
https://doi.org/10.1016/j.critrevonc.2008.03.001
https://doi.org/10.1016/j.lfs.2024.122842
https://doi.org/10.1111/exd.14334
https://doi.org/10.3390/cells7120268
https://doi.org/10.1208/s12248-013-9513-3
https://doi.org/10.1016/j.jid.2020.10.012
https://www.ncbi.nlm.nih.gov/pubmed/33256976
https://doi.org/10.1007/s40291-020-00507-1
https://www.ncbi.nlm.nih.gov/pubmed/33646564
https://doi.org/10.1111/phpp.12353
https://doi.org/10.1038/nrm3941
https://doi.org/10.1186/s13072-017-0130-8
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/nrg3354
https://doi.org/10.1101/gad.2037511
https://doi.org/10.1042/BST20200695
https://doi.org/10.1016/j.tibs.2014.05.002
https://doi.org/10.1038/nrg.2017.80
https://www.ncbi.nlm.nih.gov/pubmed/29033456
https://doi.org/10.3390/ijms23168994
https://www.ncbi.nlm.nih.gov/pubmed/36012258
https://www.ncbi.nlm.nih.gov/pubmed/26417286


Epigenomes 2025, 9, 3 18 of 24

45. Globisch, D.; Münzel, M.; Müller, M.; Michalakis, S.; Wagner, M.; Koch, S.; Brückl, T.; Biel, M.; Carell, T. Tissue Distribution of
5-Hydroxymethylcytosine and Search for Active Demethylation Intermediates. PLoS ONE 2010, 5, e15367. [CrossRef]

46. Jeschke, J.; Collignon, E.; Fuks, F. Portraits of TET-Mediated DNA Hydroxymethylation in Cancer. Curr. Opin. Genet. Dev. 2016,
36, 16–26. [CrossRef]

47. Kinney, S.M.; Chin, H.G.; Vaisvila, R.; Bitinaite, J.; Zheng, Y.; Estève, P.-O.; Feng, S.; Stroud, H.; Jacobsen, S.E.; Pradhan, S.
Tissue-Specific Distribution and Dynamic Changes of 5-Hydroxymethylcytosine in Mammalian Genomes. J. Biol. Chem. 2011, 286,
24685–24693. [CrossRef]

48. Guibert, S.; Weber, M. Chapter Two—Functions of DNA Methylation and Hydroxymethylation in Mammalian Development. In
Current Topics in Developmental Biology; Heard, E., Ed.; Epigenetics and Development; Academic Press: Cambridge, MA, USA,
2013; Volume 104, pp. 47–83.

49. Fu, S.; Wu, H.; Zhang, H.; Lian, C.G.; Lu, Q. DNA Methylation/Hydroxymethylation in Melanoma. Oncotarget 2017, 8,
78163–78173. [CrossRef]

50. Branco, M.R.; Ficz, G.; Reik, W. Uncovering the Role of 5-Hydroxymethylcytosine in the Epigenome. Nat. Rev. Genet. 2011, 13,
7–13. [CrossRef]

51. Cheng, Y.; Xie, N.; Jin, P.; Wang, T. DNA Methylation and Hydroxymethylation in Stem Cells. Cell Biochem. Funct. 2015, 33,
161–173. [CrossRef]

52. Khan, S.N.; Khan, A.U. Role of Histone Acetylation in Cell Physiology and Diseases: An Update. Clin. Chim. Acta 2010, 411,
1401–1411. [CrossRef]

53. Peleg, S.; Feller, C.; Ladurner, A.G.; Imhof, A. The Metabolic Impact on Histone Acetylation and Transcription in Ageing. Trends
Biochem. Sci. 2016, 41, 700–711. [CrossRef]

54. Seto, E.; Yoshida, M. Erasers of Histone Acetylation: The Histone Deacetylase Enzymes. Cold Spring Harb. Perspect. Biol. 2014,
6, a018713. [CrossRef] [PubMed]

55. Marmorstein, R.; Zhou, M.-M. Writers and Readers of Histone Acetylation: Structure, Mechanism, and Inhibition. Cold Spring
Harb. Perspect. Biol. 2014, 6, a018762. [CrossRef] [PubMed]

56. Zhao, S.; Zhang, X.; Li, H. Beyond Histone Acetylation—Writing and Erasing Histone Acylations. Curr. Opin. Struct. Biol. 2018,
53, 169–177. [CrossRef] [PubMed]

57. Ghosh, K.; O’Neil, K.; Capell, B.C. Histone Modifiers: Dynamic Regulators of the Cutaneous Transcriptome. J. Dermatol. Sci. 2018,
89, 226–232. [CrossRef]

58. Verdone, L.; Caserta, M.; Mauro, E.D. Role of Histone Acetylation in the Control of Gene Expression. Biochem. Cell Biol. 2005, 83,
344–353. [CrossRef]

59. Annunziato, A.T.; Hansen, J.C. Role of Histone Acetylation in the Assembly and Modulation of Chromatin Structures. Gene Expr.
2018, 9, 37–61. [CrossRef]

60. Greer, E.L.; Shi, Y. Histone Methylation: A Dynamic Mark in Health, Disease and Inheritance. Nat. Rev. Genet. 2012, 13,
343–357. [CrossRef]

61. Jambhekar, A.; Dhall, A.; Shi, Y. Roles and Regulation of Histone Methylation in Animal Development. Nat. Rev. Mol. Cell Biol.
2019, 20, 625–641. [CrossRef]

62. Michalak, E.M.; Burr, M.L.; Bannister, A.J.; Dawson, M.A. The Roles of DNA, RNA and Histone Methylation in Ageing and
Cancer. Nat. Rev. Mol. Cell Biol. 2019, 20, 573–589. [CrossRef]

63. Cheung, P.; Lau, P. Epigenetic Regulation by Histone Methylation and Histone Variants. Mol. Endocrinol. 2005, 19,
563–573. [CrossRef] [PubMed]

64. Di Croce, L.; Helin, K. Transcriptional Regulation by Polycomb Group Proteins. Nat. Struct. Mol. Biol. 2013, 20,
1147–1155. [CrossRef] [PubMed]

65. Eckert, R.L.; Adhikary, G.; Rorke, E.A.; Chew, Y.C.; Balasubramanian, S. Polycomb Group Proteins Are Key Regulators of
Keratinocyte Function. J. Investig. Dermatol. 2011, 131, 295–301. [CrossRef] [PubMed]

66. Rice, J.C.; Allis, C.D. Histone Methylation versus Histone Acetylation: New Insights into Epigenetic Regulation. Curr. Opin. Cell
Biol. 2001, 13, 263–273. [CrossRef] [PubMed]

67. Lan, F.; Shi, Y. Epigenetic Regulation: Methylation of Histone and Non-Histone Proteins. Sci. China Ser. C 2009, 52,
311–322. [CrossRef]

68. Gil, R.S.; Vagnarelli, P. Protein Phosphatases in Chromatin Structure and Function. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res.
2019, 1866, 90–101. [CrossRef]

69. Rossetto, D.; Avvakumov, N.; Côté, J. Histone Phosphorylation: A Chromatin Modification Involved in Diverse Nuclear Events.
Epigenetics 2012, 7, 1098–1108. [CrossRef]

70. Sawicka, A.; Seiser, C. Histone H3 Phosphorylation—A Versatile Chromatin Modification for Different Occasions. Biochimie 2012,
94, 2193–2201. [CrossRef]

https://doi.org/10.1371/journal.pone.0015367
https://doi.org/10.1016/j.gde.2016.01.004
https://doi.org/10.1074/jbc.M110.217083
https://doi.org/10.18632/oncotarget.18293
https://doi.org/10.1038/nrg3080
https://doi.org/10.1002/cbf.3101
https://doi.org/10.1016/j.cca.2010.06.020
https://doi.org/10.1016/j.tibs.2016.05.008
https://doi.org/10.1101/cshperspect.a018713
https://www.ncbi.nlm.nih.gov/pubmed/24691964
https://doi.org/10.1101/cshperspect.a018762
https://www.ncbi.nlm.nih.gov/pubmed/24984779
https://doi.org/10.1016/j.sbi.2018.10.001
https://www.ncbi.nlm.nih.gov/pubmed/30391813
https://doi.org/10.1016/j.jdermsci.2017.12.006
https://doi.org/10.1139/o05-041
https://doi.org/10.3727/000000001783992687
https://doi.org/10.1038/nrg3173
https://doi.org/10.1038/s41580-019-0151-1
https://doi.org/10.1038/s41580-019-0143-1
https://doi.org/10.1210/me.2004-0496
https://www.ncbi.nlm.nih.gov/pubmed/15677708
https://doi.org/10.1038/nsmb.2669
https://www.ncbi.nlm.nih.gov/pubmed/24096405
https://doi.org/10.1038/jid.2010.318
https://www.ncbi.nlm.nih.gov/pubmed/21085188
https://doi.org/10.1016/S0955-0674(00)00208-8
https://www.ncbi.nlm.nih.gov/pubmed/11343896
https://doi.org/10.1007/s11427-009-0054-z
https://doi.org/10.1016/j.bbamcr.2018.07.016
https://doi.org/10.4161/epi.21975
https://doi.org/10.1016/j.biochi.2012.04.018


Epigenomes 2025, 9, 3 19 of 24

71. Wirth, M.; Schick, M.; Keller, U.; Krönke, J. Ubiquitination and Ubiquitin-Like Modifications in Multiple Myeloma: Biology and
Therapy. Cancers 2020, 12, 3764. [CrossRef]

72. Pinto-Fernandez, A.; Kessler, B.M. DUBbing Cancer: Deubiquitylating Enzymes Involved in Epigenetics, DNA Damage and the
Cell Cycle As Therapeutic Targets. Front. Genet. 2016, 7, 133. [CrossRef]

73. Bach, S.V.; Hegde, A.N. The Proteasome and Epigenetics: Zooming in on Histone Modifications. Biomol. Concepts 2016, 7,
215–227. [CrossRef] [PubMed]

74. Jeusset, L.M.-P.; McManus, K.J. Developing Targeted Therapies That Exploit Aberrant Histone Ubiquitination in Cancer. Cells
2019, 8, 165. [CrossRef] [PubMed]

75. Oss-Ronen, L.; Sarusi, T.; Cohen, I. Histone Mono-Ubiquitination in Transcriptional Regulation and Its Mark on Life: Emerging
Roles in Tissue Development and Disease. Cells 2022, 11, 2404. [CrossRef] [PubMed]

76. Liu, B.; Shuai, K. Regulation of the Sumoylation System in Gene Expression. Curr. Opin. Cell Biol. 2008, 20, 288–293. [CrossRef]
77. Shiio, Y.; Eisenman, R.N. Histone Sumoylation Is Associated with Transcriptional Repression. Proc. Natl. Acad. Sci. USA 2003, 100,

13225–13230. [CrossRef]
78. Nathan, D.; Sterner, D.E.; Berger, S.L. Histone Modifications: Now Summoning Sumoylation. Proc. Natl. Acad. Sci. USA 2003, 100,

13118–13120. [CrossRef]
79. Celen, A.B.; Sahin, U. Sumoylation on Its 25th Anniversary: Mechanisms, Pathology, and Emerging Concepts. FEBS J. 2020, 287,

3110–3140. [CrossRef]
80. Ryu, H.-Y.; Hochstrasser, M. Histone Sumoylation and Chromatin Dynamics. Nucleic Acids Res. 2021, 49, 6043–6052. [CrossRef]
81. Yao, Q.; Chen, Y.; Zhou, X. The Roles of microRNAs in Epigenetic Regulation. Curr. Opin. Chem. Biol. 2019, 51, 11–17. [CrossRef]
82. Morales, S.; Monzo, M.; Navarro, A. Epigenetic Regulation Mechanisms of microRNA Expression. Biomol. Concepts 2017, 8,

203–212. [CrossRef]
83. Wang, C.; Wang, L.; Ding, Y.; Lu, X.; Zhang, G.; Yang, J.; Zheng, H.; Wang, H.; Jiang, Y.; Xu, L. LncRNA Structural Characteristics

in Epigenetic Regulation. Int. J. Mol. Sci. 2017, 18, 2659. [CrossRef] [PubMed]
84. Lee, J.T. Epigenetic Regulation by Long Noncoding RNAs. Science 2012, 338, 1435–1439. [CrossRef] [PubMed]
85. Mercer, T.R.; Mattick, J.S. Structure and Function of Long Noncoding RNAs in Epigenetic Regulation. Nat. Struct. Mol. Biol. 2013,

20, 300–307. [CrossRef]
86. Mattick, J.S.; Amaral, P.P.; Carninci, P.; Carpenter, S.; Chang, H.Y.; Chen, L.-L.; Chen, R.; Dean, C.; Dinger, M.E.;

Fitzgerald, K.A.; et al. Long Non-Coding RNAs: Definitions, Functions, Challenges and Recommendations. Nat. Rev.
Mol. Cell Biol. 2023, 24, 430–447. [CrossRef]

87. Cortés-López, M.; Miura, P. Emerging Functions of Circular RNAs. Yale J. Biol. Med. 2016, 89, 527–537.
88. Wu, J.; Qi, X.; Liu, L.; Hu, X.; Liu, J.; Yang, J.; Yang, J.; Lu, L.; Zhang, Z.; Ma, S.; et al. Emerging Epigenetic Regulation of Circular

RNAs in Human Cancer. Mol. Ther.-Nucleic Acids 2019, 16, 589–596. [CrossRef]
89. Rompolas, P.; Mesa, K.R.; Kawaguchi, K.; Park, S.; Gonzalez, D.; Brown, S.; Boucher, J.; Klein, A.M.; Greco, V. Spatiotemporal

Coordination of Stem Cell Commitment during Epidermal Homeostasis. Science 2016, 352, 1471–1474. [CrossRef]
90. Gadre, P.; Markova, P.; Ebrahimkutty, M.; Jiang, Y.; Bouzada, F.M.; Watt, F.M. Emergence and Properties of Adult Mammalian

Epidermal Stem Cells. Dev. Biol. 2024, 515, 129–138. [CrossRef]
91. Grove, G.L.; Kligman, A.M. Age-Associated Changes in Human Epidermal Cell Renewal1. J. Gerontol. 1983, 38,

137–142. [CrossRef]
92. Gonzalez-Celeiro, M.; Zhang, B.; Hsu, Y.-C. Fate by Chance, Not by Choice: Epidermal Stem Cells Go Live. Cell Stem Cell 2016, 19,

8–10. [CrossRef]
93. Cavalli, G.; Heard, E. Advances in Epigenetics Link Genetics to the Environment and Disease. Nature 2019, 571,

489–499. [CrossRef] [PubMed]
94. Lister, R.; Pelizzola, M.; Dowen, R.H.; Hawkins, R.D.; Hon, G.; Tonti-Filippini, J.; Nery, J.R.; Lee, L.; Ye, Z.;

Ngo, Q.-M.; et al. Human DNA Methylomes at Base Resolution Show Widespread Epigenomic Differences. Nature
2009, 462, 315–322. [CrossRef] [PubMed]

95. Dauber, K.L.; Perdigoto, C.N.; Valdes, V.J.; Santoriello, F.J.; Cohen, I.; Ezhkova, E. Dissecting the Roles of Polycomb Repressive
Complex 2 Subunits in the Control of Skin Development. J. Investig. Dermatol. 2016, 136, 1647–1655. [CrossRef]

96. Bartel, D.P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 2009, 136, 215–233. [CrossRef]
97. Bird, A.P. DNA Methylation and the Frequency of CpG in Animal DNA. Nucleic Acids Res. 1980, 8, 1499–1504. [CrossRef]
98. Bestor, T.H. Activation of Mammalian DNA Methyltransferase by Cleavage of a Zn Binding Regulatory Domain. EMBO J. 1992,

11, 2611–2617. [CrossRef]
99. Lei, H.; Oh, S.P.; Okano, M.; Jüttermann, R.; Goss, K.A.; Jaenisch, R.; Li, E. De Novo DNA Cytosine Methyltransferase Activities

in Mouse Embryonic Stem Cells. Development 1996, 122, 3195–3205. [CrossRef]
100. Okano, M.; Bell, D.W.; Haber, D.A.; Li, E. DNA Methyltransferases Dnmt3a and Dnmt3b Are Essential for de Novo Methylation

and Mammalian Development. Cell 1999, 99, 247–257. [CrossRef]

https://doi.org/10.3390/cancers12123764
https://doi.org/10.3389/fgene.2016.00133
https://doi.org/10.1515/bmc-2016-0016
https://www.ncbi.nlm.nih.gov/pubmed/27522625
https://doi.org/10.3390/cells8020165
https://www.ncbi.nlm.nih.gov/pubmed/30781493
https://doi.org/10.3390/cells11152404
https://www.ncbi.nlm.nih.gov/pubmed/35954248
https://doi.org/10.1016/j.ceb.2008.03.014
https://doi.org/10.1073/pnas.1735528100
https://doi.org/10.1073/pnas.2436173100
https://doi.org/10.1111/febs.15319
https://doi.org/10.1093/nar/gkab280
https://doi.org/10.1016/j.cbpa.2019.01.024
https://doi.org/10.1515/bmc-2017-0024
https://doi.org/10.3390/ijms18122659
https://www.ncbi.nlm.nih.gov/pubmed/29292750
https://doi.org/10.1126/science.1231776
https://www.ncbi.nlm.nih.gov/pubmed/23239728
https://doi.org/10.1038/nsmb.2480
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1016/j.omtn.2019.04.011
https://doi.org/10.1126/science.aaf7012
https://doi.org/10.1016/j.ydbio.2024.07.014
https://doi.org/10.1093/geronj/38.2.137
https://doi.org/10.1016/j.stem.2016.06.010
https://doi.org/10.1038/s41586-019-1411-0
https://www.ncbi.nlm.nih.gov/pubmed/31341302
https://doi.org/10.1038/nature08514
https://www.ncbi.nlm.nih.gov/pubmed/19829295
https://doi.org/10.1016/j.jid.2016.02.809
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1093/nar/8.7.1499
https://doi.org/10.1002/j.1460-2075.1992.tb05326.x
https://doi.org/10.1242/dev.122.10.3195
https://doi.org/10.1016/S0092-8674(00)81656-6


Epigenomes 2025, 9, 3 20 of 24

101. Sen, G.L.; Reuter, J.A.; Webster, D.E.; Zhu, L.; Khavari, P.A. DNMT1 Maintains Progenitor Function in Self-Renewing Somatic
Tissue. Nature 2010, 463, 563–567. [CrossRef]
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