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Abstract

Inflammatory and immune-mediated skin diseases are increasingly recognized as disor-
ders in which genetic susceptibility is shaped and sustained by environmentally respon-
sive regulatory programs. Psoriasis, atopic dermatitis (AD), vitiligo, systemic sclerosis
(S5c), lupus erythematosus (LE), and lichen planus (LP) are clinically distinct, yet they
share chronic or relapsing inflammation, tissue remodeling, and limited durability of
many current therapies. Because genetic variation alone cannot fully explain disease on-
set, flare dynamics, heterogeneity in severity, or lesion recurrence, epigenetic mechanisms
have emerged as a plausible link between environmental exposures and stable disease
phenotypes in skin. Epigenetic regulation, including DNA methylation, histone modifica-
tions, and non-coding RNA networks, controls cell-type-specific transcription without al-
tering the DNA sequence and may contribute to persistent inflammatory states and dis-
ease memory despite clinical improvement. The current review synthesizes primary pre-
clinical and translational evidence on epigenetic-targeted therapeutic strategies across
these conditions, focusing on interventions that modulate DN A methylation, histone acet-
ylation and deacetylation, histone methylation, chromatin-associated regulatory proteins,
and RNA-based approaches. We compare the maturity of therapeutic development across
§ diseases, noting that research and intervention studies are concentrated in psoriasis and
Academic Editor: Marie Cernd AD, whereas evidence for vitiligo, SSc, LE, and LP remains more limited and often de-
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restrict clinical translation and discuss why bridging them is essential for determining
whether epigenetic modulation can move beyond proof-of-concept toward durable and
clinically actionable interventions in inflammatory skin disease.
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1. Introduction

Inflammatory and autoimmune skin diseases are increasingly regarded as conditions
in which genetic predisposition is reinforced and perpetuated by environmentally driven
regulatory mechanisms [1-3]. These conditions, including psoriasis, atopic dermatitis
(AD), vitiligo, systemic sclerosis (SSC), lupus erythematosus (LE), and lichen planus (LP),
are clinically distinct conditions, yet each is characterized by chronic or relapsing inflam-
mation, tissue remodeling, and incomplete durability of many existing therapies [4-6].
While genome-wide association studies have clarified important risk loci, genetic varia-
tion alone does not adequately explain disease onset, flare dynamics, heterogeneity in se-
verity, or the frequent recurrence of lesions at previously affected sites [1,3,7]. These lim-
itations have shifted attention towards epigenetic mechanisms as the molecular interface
that integrates environmental signals into stable disease phenotypes in the skin. Accord-
ingly, environmental and lifestyle factors have emerged as important modulators of dis-
ease expression and contributors to comorbidities and psychosocial burden [8-11]. De-
spite these advances, many patients fail to achieve sustained remission with current ther-
apies, underscoring the need for novel, targeted interventions [12-14].

Epigenetic regulation, which is classically encompassing DNA methylation, histone
modifications, and non-coding RNA (ncRNA) networks, controls cell-type-specific transcrip-
tion [15-20]. In the skin, these regulatory events coordinate keratinocyte differentiation, bar-
rier integrity, melanocyte survival, stress responses, fibroblast activation, extracellular matrix
deposition, as well as immune-cell polarization and memory [1,21,22]. Epigenetic programs
integrate environmental cues with genetic susceptibility, shaping disease-relevant cellular
states and functional programs [23,24]. Their plastic nature makes epigenetic programs attrac-
tive therapeutic targets, including DNA methylation and histone deacetylase (HDAC) inhibi-
tors, microRNA (miRNA)-based modulators, and microbiome-derived interventions
[16,18,25,26]. Epigenetic programs are inherently dynamic and, crucially, druggable. They are
remodeled by inflammatory cytokines, oxidative stress, microbial cues, and environmental
pollutants, yet remain anchored by dedicated enzymatic and chromatin machinery (writers,
erasers, readers) that can be selectively targeted with small molecules or RNA-based thera-
peutics [17,19,20].

A central translational challenge in dermatology remains treatment durability, re-
flecting both recurrence of lesions despite clinical resolution and variability in patient re-
sponses [6,27-29]. Emerging multi-omic studies indicate that clinically improved tissue
can retain disease-residual chromatin and transcriptional states, consistent with an epige-
netic “memory” that primes rapid reactivation [25,30]. Preclinical work further demon-
strates that manipulating epigenetic regulators can suppress pathogenic immune circuit
such as T helper 17 cells (Th17)/interleukin 17 (IL-17) in psoriasis or Th2-skewed inflam-
mation and barrier repression in AD, or reverse profibrotic fibroblast states in SSc
[16,18,31,32]. However, despite this compelling mechanistic basis, clinical translation of
epigenetic therapies remains in its infancy, highlighting the ongoing need for tailored ap-
proaches [1,3,7]. Collectively, these observations support the rationale for this review,
highlighting epigenetic-targeted interventions as a promising approach in the manage-
ment of inflammatory and autoimmune skin diseases.

In the current review, we synthesize primary preclinical and translational evidence
supporting epigenetic-targeted therapeutic strategies across major immune-mediated and
autoimmune skin diseases. We focus on interventions directed at DNA methylation ma-
chinery, histone acetylation and deacetylation pathways, chromatin reader proteins, his-
tone methylation regulators, and ncRNA-based approaches. Where available, we also dis-
cuss human data linking epigenetic marks to therapeutic response and disease persis-
tence. By outlining current experimental and clinical gaps, this review aims to serve as a
roadmap for future advances in epigenetic therapy.
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2. Overview of Epigenetic Mechanisms and Interventions

Three distinct yet interconnected mechanisms primarily govern the epigenetic land-
scape: DNA methylation, histone modifications, and ncRNAs [33,34]. Together, these
mechanisms regulate the accessibility of DNA to transcriptional machinery, determining
the transcriptional activation or repression of specific genomic regions [34,35].

2.1. DNA Methylation

DNA methylation is the most extensively characterized epigenetic modification,
playing a fundamental role in genomic stability and the silencing of repetitive elements
[36,37]. This epigenetic modification involves the DNA methyltransferase (DNMT)-medi-
ated covalent transfer of a methyl group (CHs) from S-adenosyl methionine to the C5 po-
sition of cytosine, resulting in the formation of 5-methylcytosine (5mC) [2,25,36,37]. This
process occurs predominantly within cytosine-guanine (CpG) dinucleotides, which are
frequently clustered in regions known as CpG islands. CpG islands are enriched at gene
promoters and other transcriptionally active regions and typically span 1000 bp [38,39].
Interestingly, CpG islands are present in approximately 70-80% of the human genome
and play a critical role in transcriptional regulation. These marks are established by the
de novo methyltransferases DNMT3A and DNMT3B and maintained during replication
by DNMT1 [37,40]. DNMT1 mainly acts to preserve existing DNA methylation patterns,
copying them onto the newly synthesized DNA strand during S phase by recognizing
hemimethylated sites [41-43]. DNMT3a and DNMT3b function as de novo methyltrans-
ferases, initiating methylation at previously unmethylated genomic loci [42,44]. Although
typically linked to transcriptional repression and gene silencing, DNA methylation is re-
versible, as ten-eleven translocation (TET) enzymes oxidize 5mC to 5-hydroxymethylcy-
tosine (5hmC), initiating active demethylation pathways [37,45,46].

Across the studies reviewed, 5-aza-2'-deoxycytidine (5-Aza-dC) emerges as a prototyp-
ical DNMT inhibitor [47]. It incorporates into replicating DNA and covalently traps DNMTs,
preventing the addition of methyl groups to cytosine residues and promoting passive DNA
demethylation [48,49]. By reversing aberrant promoter hypermethylation, 5-Aza-dC re-
stores the expression of key anti-fibrotic factors, reactivates epigenetically silenced genes,
and exerts prominent anti-fibrotic effects, demonstrating broad epigenetic activity across in
vitro and in vivo models of systemic sclerosis [50].

2.2. Histone Modifications

The nucleosome, the fundamental repeating unit of chromatin, consists of DNA
wrapped around an octamer of histone proteins (H2A, H2B, H3, and H4) [33,35]. Histone
amino-terminal tails undergo a wide range of post-translational modifications (PTMs), such
as acetylation, methylation, phosphorylation, ubiquitination, and sumoylation, that regu-
late chromatin by altering histone-DNA interactions or recruiting “reader” proteins [16,51-
54]. These PTMs create permissive or repressive states that control transcription, immune
responses, and T-cell differentiation, e.g., IL-6 downregulation via DNA methylation and
histone deacetylation [1,2,16,33,55]. Histone acetylation is regulated by histone acetyltrans-
ferases (HATSs), which add acetyl groups to lysines to promote euchromatin, and HDACs,
which remove them to compact chromatin and repress transcription [56-58]. HATs neutral-
ize lysine charges, loosening histone-DNA interactions and enhancing transcription factor
binding [51,52,59,60]. In contrast, HDACs reverse these effects, limiting regulator access and
repressing transcription [35,51-53,61,62].

Bromodomain and extra-terminal (BET) proteins act as “readers” by binding acetylated
lysines, recruiting transcriptional machinery, and sustaining inflammatory and lineage-spe-
cific transcription, notably via bromodomain 4 (BRD4) at promoters and super-enhancers
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[63]. On the other hand, histone methylation involves the enzymatic addition of one to three
methyl groups to lysine or arginine residues on H3 and H4 N-terminal tails, thereby mod-
ulating chromatin and transcription factor access [64,65]. Polycomb Repressive Complex 2
(PRC2), via enhancer of zeste homolog 2 (EZH2), mediates H3K27 trimethylation
(H3K27me3), establishing repressive chromatin by restricting transcription factor access,
promoting compaction, and cooperating with DNMTs for long-term epigenetic memory
[66,67]. Lysine methyltransferases catalyze, and histone demethylases reverse, these modi-
fications, making methylation dynamic and reversible [68,69]. Polycomb group proteins in
PRC1 and PRC2 further mediate chromatin compaction independently of their catalytic ac-
tivities and catalyze H2A ubiquitination and H3K27 methylation, while PRC2 specifically
recruits and cooperates with DNMTs to reinforce repression through DNA methylation
[66,67,70-74]. Functional outcomes depend on residue and state: H3K4, H3K36, and H3K79
promote activation, whereas H3K9me3, H3K27me3, and H4K20 confer repression
[51,52,75,76]. Small-molecule inhibitors targeting methylation, such as EZH2 inhibitors, re-
duce H3K27me3 and reverse repressive chromatin [77].

Consistent with this mechanistic framework, interventional studies targeting the reg-
ulation and recognition of histone acetylation have mainly used HDAC and BET inhibi-
tors [78-80]. HDAC-directed interventions include HDAC inhibitors, such as vorinostat,
trichostatin A (TSA), entinostat, remetinostat, RGFP966, and tubastatin A (TubA) [1,80-
84]. Pan-HDAC inhibitors broadly enhance H3 and H4 acetylation by preventing deacety-
lation, whereas selective inhibitors sustain elevated acetylation in an isoform-, context-,
and substrate-specific manner, affecting chromatin and non-histone protein function [85-
88]. BET inhibitors targeting BRD2, BRD3, and BRD4 disrupt recognition of acetylated
residues by epigenetic readers, impairing transcriptional machinery recruitment [79,89].
Prototypical compounds such as JQ1, together with second-generation and orally availa-
ble BET inhibitors, have demonstrated robust anti-inflammatory and anti-proliferative ef-
fects in preclinical psoriasiform models by suppressing Th17-associated transcriptional pro-
grams and keratinocyte hyperactivation [66,90,91]. Moreover, with respect to epigenetic
mechanisms, deacetylase complexes (such as NuRD) have been shown to facilitate PRC2
activity and H3K27me3 deposition, highlighting the crucial interplay between histone acet-
ylation and methylation. Collectively, these interventions reshape the histone modification
landscapes, enhance chromatin accessibility, and reset transcriptional programs via targeted
modulation of methyltransferases, demethylases, and chromatin regulators.

2.3. Non-Coding RNAs (ncRNAs)

ncRNAs represent a multifaceted layer of epigenetic regulation that functions pri-
marily at the post-transcriptional level [33,92]. This category includes miRNAs, long non-
coding RNAs (IncRNAs), and circular RNAs (circRNAs), which do not translate into pro-
teins but exert a profound influence over gene expression [16,93]. Furthermore, ncRNAs
participate in complex feedback loops by modulating the expression of enzymes respon-
sible for DNA methylation and histone modifications, thereby integrating post-transcrip-
tional control with chromatin remodeling [94,95].

miRNAs are small, single-stranded RNA molecules, typically 21-23 nucleotides long,
that constitute a pivotal layer of post-transcriptional and epigenetic regulation [25,96,97].
The human genome encodes over 1000 miRNAs, collectively controlling approximately
30% of protein-coding genes, with individual miRNAs capable of modulating hundreds
of proteins and multiple miRNAs, often converging on the same target [34,98]. Following
transcription by RNA polymerase Il and processing via Drosha/DGCRS8 and Dicer, mature
miRNAs bind to 3" untranslated regions (UTRs) of target mRNAs, eliciting gene silencing
through mRNA cleavage, deadenylation, or translational inhibition [1,97,98]. miRNAs
form a reciprocal regulatory network with the epigenetic machinery, modulating DNMTs,
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HDACs, and histone methyltransferases while being shaped by DNA methylation and
histone marks, thereby controlling cell fate, chromatin dynamics, immune responses, in-
tercellular communication, and representing promising therapeutic targets [1,97,98]. An-
other class of ncRNAs is the IncRNAs, which are transcripts longer than 200 nucleotides
[99]. They typically lack protein-coding potential but act as key epigenetic regulators by
modulating chromatin structure and gene expression through interactions with DNA,
RNA, and proteins. Many IncRNAs function as molecular scaffolds, recruiting chromatin-
modifying complexes such as PRC2 and DNMTs to specific loci, thereby influencing his-
tone modifications (e.g., H3K27me3) and DNA methylation [100,101].

3. Epigenetic Interventions in Inflammatory and Immune-Mediated
Skin Diseases

This section provides an overview of epigenetic therapeutic interventions evaluated
in preclinical and clinical settings for major inflammatory and immune-mediated skin dis-
eases, including psoriasis, AD, vitiligo, SSc, LE, and LP. The discussion is restricted to
strategies aimed at skin involvement, acknowledging that for several of these conditions,
the available evidence derives predominantly from systemic or non-cutaneous models.
Across diseases, studies targeting DNA methylation, histone-modifying enzymes, chro-
matin reader proteins, and ncRNAs are critically reviewed to assess therapeutic potential,
translational progress, and current limitations.

3.1. Psoriasis

Psoriasis is a chronic immune-mediated inflammatory skin disease characterized by
epidermal hyperplasia, increased epidermal thickness, and dysregulated crosstalk be-
tween keratinocytes and immune cells, driven predominantly by the IL-23/IL-17 axis [18].
Genetic predisposition plays a major role, with HLA-C*06:02 representing the most ro-
bustly associated risk allele, especially in early-onset cases [102]. Accumulating evidence
indicates that epigenetic mechanisms substantially contribute to disease initiation,
maintenance, and variability in treatment response [103]. At the DNA methylation level,
psoriatic lesions exhibit hypomethylation of promoters regulating inflammatory media-
tors and keratinocyte differentiation, alongside altered methylation patterns in immune
cells that favor Th17 polarization. Histone modifications further shape the psoriatic tran-
scriptome, with increased activity of HATs and reduced HDAC function promoting sus-
tained expression of pro-inflammatory cytokines [104,105]. Given the consistent involve-
ment of epigenetic pathways across epidermal and immune compartments, it is important
to examine whether these mechanisms can be therapeutically modulated. The following
section, therefore, summarizes primary preclinical and translational studies exploring ep-
igenetic-targeted strategies in psoriasis [2].

3.1.1. DNA Methylation

A preclinical in vivo study investigated whether pharmacologic inhibition of DNMTs
could improve environmentally aggravated psoriasiform inflammation, a situation in
which environmental exposures contribute to disease onset or progression [47]. In this
study, the widely used imiquimod (IMQ)-induced psoriasis mouse model was exposed to
the plasticizer di-(2-ethylhexyl) phthalate (DEHP) to generate an environmentally driven
epigenetic model of psoriasis, in which DEHP-induced DNA methylation changes were as-
sociated with inflammatory responses. The IMQ mouse model is a widely used system, in
which topical application of IMQ cream to a mouse induces symptoms that mimic human
plaque psoriasis and is therefore commonly employed for drug screening. Mice were
treated with the DNMT inhibitor 5-Aza-dC, which resulted in a marked reduction in
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epidermal thickness, inflammatory cell infiltration, and expression of key psoriatic cyto-
kines (Figure 1). DNMT inhibition also reduced DEHP-induced epigenetic alterations by
reducing global DNA hypermethylation in both dermal tissue and peripheral immune com-
partments, thereby restoring the expression of anti-inflammatory genes. Together, these
findings establish a direct causal link between environmentally induced epigenetic dysreg-
ulation and psoriasis-like pathology in vivo. As this model reflects acute inflammation and
short-term DNMT inhibition, questions remain regarding durability and safety.

A Psoriasis

DNA Methylation L DNMT1 and global DNA

hypermethylation, ! IL-17A, IL-6
and iNOS levels, 1TIL-10 and
NRF2, { epidermal thickness

(5-aza-dC)

1 inflammatory cytokines,

Histone Acetylation ® normalization of keratinocyte
differentiation, ! keratinocyte
(entinostat, vorinostat, remetinostat) hyperproliferation and cell

infiltration, { epidermal
thickness

Bromodomain

4 Th17 cytokines and
(0TX015, ABBVO075, JQ1, 9- . chemokines, ! RORC, IL-17A
fluorobenzolf]pyrido[4,3-b] and IL-22, | epidermal
[1,4]oxazepin-10-one derivative 43) thickness

Non-Coding RNAs miRNA125b 1 TNF-q, IL-6, IL-23 and STAT3,
Y L PASI score, I epidermal
(FNA-miRNA-125b) %"’””m thickness

L IL-4,1 Treg cells, T NRF2/
Histone Acetylation [ @ ® HO-1, { epidermal

inflammation and tissue
(TSA, TubA, RGFP966) m damage, ! epidermal
hyperplasia and mast cell
activation

Figure 1. Epigenetic interventions in psoriasis and atopic dermatitis. (A) Psoriasis. Inhibition of
DNA methylation using the DNMT inhibitor 5-aza-2"-deoxycytidine reduces epidermal thickness,
leads to low IL-17A, IL-6, and inducible nitric oxide synthase (iNOS) levels, and normalizes aberrant
DNA methylation patterns. Modulation of histone acetylation by HDAC inhibitors (entinostat, vo-
rinostat, remetinostat) suppresses inflammatory cytokine production, reduces epidermal hyper-
plasia, and promotes normalization of keratinocyte differentiation. Inhibition of BET proteins
(OTX015, ABBV075, JQ1, 9-fluorobenzo(f]pyrido [4,3-b][1,4]oxazepin-10-one derivative 43) attenu-
ates Th17-driven inflammatory signaling, leading to reduced IL-17A, RORC and IL-22 and epider-
mal thickness. Non-coding RNAs further contribute to epigenetic regulation, with increased miR-
125b levels associated with reduced inflammatory responses. (B) Atopic dermatitis. Modulation of
histone acetylation with HDAC inhibitors (TSA, TubA, RGFP966) results in reduced epidermal in-
flammation and tissue damage. The downward arrow () indicates downregulation (reduction) of
the corresponding pathway, protein, or activity, while the upward arrow (1) indicates upregulation
of the corresponding pathway, protein, or activity. Created in BioRender. Dermitzakis, I. (2025)
https://BioRender.com/lhfx2ce.

3.1.2. Histone Modifications and ncRNAs

BET bromodomain proteins act as epigenetic readers of acetylated histones, and their
inhibition disrupts acetylation-dependent transcriptional programs [106]. An early in vivo
study demonstrated that chromatin readers could serve as effective therapeutic targets in
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psoriasis. Authors evaluated the BET bromodomain inhibitor JQ1 in an IMQ-induced pso-
riasiform mouse model [90]. In this model, the BET inhibitor JQ1 significantly suppressed
epidermal hyperplasia and Th17-associated cytokine production. Mechanistically, BET in-
hibition reduced transcription of the RAR-related orphan receptor C (RORC) and IL-17A,
directly linking acetylated-histone “reader” proteins, which recognize epigenetic marks,
to Th17 differentiation. Interestingly, elevated RORC expression has been consistently as-
sociated with enhanced Th17 responses and IL-17 pathway activation in psoriatic skin
[107]. A human monocyte-keratinocyte co-culture system was also developed to screen
the efficacy of BET inhibitors [108]. Multiple BET inhibitors significantly suppressed pso-
riatic inflammatory gene expression in vitro, and this suppression mirrored their thera-
peutic efficacy observed in vivo. In this context, the in vitro model demonstrated that BET
inhibition directly modulates keratinocyte-immune cell cross-talk via histone acetylation-
dependent transcriptional control. More recently, a novel orally available 9-fluoro-
benzo[f]pyrido [4,3-b][1,4]oxazepin-10-one derivative 43 displayed robust BRD4 inhibi-
tory activity and pronounced therapeutic efficacy in an IMQ-induced psoriasis mouse
model [91]. This agent improved ear thickness in a dose-dependent manner.

Given their central role in keratinocyte differentiation and immune activation, HDACs
have emerged as attractive therapeutic targets in psoriasis. One preclinical study evaluated
the pan-HDAC inhibitor vorinostat in primary human keratinocytes and in vivo in a chimeric
mouse model of psoriasis, in which a psoriasis-like phenotype was induced in normal human
skin grafted onto beige-SCID mice [109]. Treatment with vorinostat normalized keratinocyte
differentiation markers and promoted apoptosis in primary keratinocytes. Using this chimeric
mouse model, vorinostat was found to result in marked attenuation of a psoriasiform pheno-
type, with a significant decrease in epidermal thickness and inhibition of epidermal prolifera-
tion. Building on this work, topical HDACT inhibition was examined using entinostat in an
IMQ-induced psoriasis mouse model [110]. The administration of this agent alleviated disease
progression, accompanied by reduced infiltration of IL-17A*yd T cells and a marked decline
in cutaneous psoriasis-associated cytokines. Within the psoriatic immune environment, enti-
nostat not only restrained the IL-17A production by murine and human T cells and reduced
IL-17-related transcripts in vitro but also interfered with the pathological dialogue between
keratinocytes and T cells, leading to a substantial decrease in cytokines released by keratino-
cytes in co-culture systems.

More recently, remetinostat, a broader topical HDAC inhibitor, was examined in the
same model [83]. This agent’s skin inflammation is associated with reduced CD86 levels
on CD11C~ I-A/I-E* dendritic cells within lesional tissue. In vitro, remetinostat also sup-
pressed the maturation and activation of bone marrow-derived dendritic cells and par-
tially reduced the production of psoriasis-associated inflammatory factors by keratino-
cytes. Beyond direct epigenetic intervention, histone modifications have also emerged as
informative biomarkers of therapeutic response, linking existing psoriasis treatments to
epigenetic regulation. Although these studies do not manipulate epigenetic enzymes di-
rectly, they demonstrate that effective biologic therapies induce —or are associated with—
measurable epigenetic changes, reinforcing the clinical relevance of epigenetic pathways
in disease control. Histone modifications were analyzed in peripheral blood mononuclear
cells (PBMCs) from patients with psoriasis receiving anti-tumor necrosis factor (TNF) bi-
ologic therapy [111]. Distinct baseline H3K27ac and H3K4me3 profiles differentiated re-
sponders from non-responders at promoters of inflammatory genes. This human obser-
vational pharmacogenomic study assessed histone H3/H4 acetylation and H3K4/H3K27
methylation and identified differences between responders and non-responders in treat-
ment-associated changes in histone methylation at early follow-up; it proposed these his-
tone marks as predictive epigenetic biomarkers of biologic treatment response, while di-
rect causal involvement has yet to be demonstrated. Another major layer of epigenetic
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intervention is non-coding RNAs, which regulate gene expression without altering the
DNA sequence. One of the most recent approaches involves RNA-based epigenetic mod-
ulation. A topical delivery system for miR-125b was developed using framework nucleic
acids and evaluated in an IMQ psoriasis mouse model [112]. Topical delivery of miR-125b
via functional nucleic acid (FNA) significantly reduced epidermal hyperplasia and inflam-
matory cytokine expression in lesional skin. This nanotherapeutic study supports RNA-
based epigenetic intervention but lacks long-term toxicity and stability assessment.

Collectively, primary studies demonstrate that DNMT inhibitors (e.g., 5-Aza-dC),
HDAC inhibitors (e.g., entinostat, remetinostat, vorinostat), BET inhibitors (e.g., JQ1), and
miRNA-based topical therapies (e.g., miR-125b) exert significant anti-psoriatic effects in
preclinical models. However, the field remains at a very early stage, with interventional
clinical trials of epigenetic drugs in humans being scarce and long-term safety largely un-
explored, highlighting the need for robust translational studies to bridge preclinical in-
sights to clinical application.

3.2. Atopic Dermatitis (AD)

AD is a chronic, relapsing inflammatory skin disease clinically characterized by in-
tense pruritus, eczematous lesions, epidermal barrier dysfunction, and a strong associa-
tion with allergic comorbidities [36]. Beyond its well-established immunologic hallmarks,
namely Th2-inflammation and cytokines such as IL-4, IL-13, and IL-31. Recurrent scratch-
ing perpetuates an itch-scratch cycle that substantially impairs patients’ quality of life
[113]. AD is increasingly recognized as a disease in which environmental exposures and
genetic susceptibility converge through epigenetic regulation [114]. Histone modifications
and ncRNAs act as molecular “integrators” of environmental triggers—such as allergens,
pollutants, and microbial signals—into sustained inflammatory and barrier-defective
states in AD skin [115]. Importantly, these epigenetic alterations are not merely descrip-
tive; they correlate with clinical outcomes, including disease chronicity, flare frequency,
and response to both topical and systemic therapies [7]. This has positioned epigenetic
regulators not only as mechanistic drivers of AD pathophysiology, but also as attractive
therapeutic targets. As outlined in the sections below, preclinical studies have begun to
test epigenetic interventions directly, while parallel human studies suggest that existing
therapies may exert part of their efficacy through epigenetic interventions [116,117].

Histone deacetylation plays a central role in amplifying inflammatory transcription
in AD and has emerged as a key therapeutic target. Early preclinical evidence evaluated
the pan-HDAC inhibitor TSA in a murine model, induced by 2,4-dinitrofluorobenzene
(DNFB), which is widely used as it mimics inflammatory conditions similar to those pre-
sent in the skin of patients with AD [118]. This work established HDAC as a defined epi-
genetic therapeutic target in AD, demonstrating that TSA treatment improved dermatitis
and epidermal hyperplasia. More recently, HDAC3 inhibition was investigated in a 2,4-
dinitrochlorobenzene (DNCB)-induced AD mouse model [119]. Pharmacologic HDAC3
selective inhibitor, namely RGFP966, rescued the suppressed nuclear factor erythroid 2-
related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling activity in lesional skin and
markedly reduced epidermal inflammation and inflammatory cell infiltration. This study
linked histone deacetylation to oxidative-stress-driven AD pathology. Additionally, phar-
macologic HDACS6 inhibition with TubA significantly improved clinical symptoms in a
DNCB-induced AD model, prevented AD-associated epithelial hyperplasia, and reduced
the number of activated mast cells [84].

Current evidence indicates that epigenetic dysregulation in AD primarily involves
histone modifications, which amplify inflammatory transcription and mediate immune-—
epidermal crosstalk. Preclinical studies show that HDAC inhibitors, including TSA,
RGFP966, and TubA, reduce inflammation, immune-cell recruitment, and oxidative stress
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in experimental AD models. In contrast, epigenetic strategies targeting DNA methylation
or ncRNAs remain limited. All current interventions are still at the preclinical stage.

3.3. Vitiligo

Vitiligo is an acquired depigmenting disorder characterized by progressive melano-
cyte loss driven by oxidative stress, innate immune activation, and autoreactive cytotoxic
T cells [120]. It usually appears as well-defined white patches on the skin, commonly af-
fecting the face, hands, and other exposed areas [121]. The pathogenesis of non-segmental
vitiligo is shaped by genetic polymorphisms affecting immune regulation and melano-
genesis-related pathways [122]. In contrast to other inflammatory skin diseases, such as
psoriasis and atopic dermatitis, there are currently no studies investigating defined phar-
macological epigenetic interventions in patients with vitiligo. Nevertheless, multiple stud-
ies examining disease pathophysiology demonstrate that epigenetic dysregulation is a
consistent feature of vitiligo, implicating DNA methylation, histone modifications, and
ncRNAs as candidate regulatory layers that may stabilize melanocyte dysfunction and
immune-mediated damage [123,124].

Mechanistic studies in patient-derived cells support this view. A recent study
showed that CD8* T cells from vitiligo patients exhibit epigenetically driven overexpres-
sion of perforin, which is associated with DNA hypomethylation of the perforin 1 (PRF1)
promoter locus and enhanced melanocyte cytotoxicity [125]. Complementary work
demonstrated reproducible DNA methylation changes in vitiligo melanocytes and im-
mune cells across cohorts and integrated these findings with transcriptome data from vit-
iligo melanocytes and lesional skin datasets. This revealed an overall negative correlation
between methylation levels and differentially expressed genes. They proposed that
changes in methylation level may regulate the differential expression of functional genes
in vitiligo. To the best of our knowledge, this is the first study to analyze the methylation
profile of vitiligo melanocytes. [126]. Additional studies highlight extensive dysregulation
of circulating and cellular ncRNAs (including miRNAs and exosome-derived miRNAs)
implicated in melanocyte function, oxidative stress responses, and immune regulation in
vitiligo [127-130]. Oxidative stress and innate immune “training” appear to drive and sta-
bilize many of these epigenetic changes, suggesting that effective therapy will likely re-
quire rational combination strategies (antioxidants plus epigenetic modulators plus tar-
geted immune therapies) rather than single-agent approaches [123,131]. These findings
highlight epigenetic candidate pathways; however, it remains to be determined whether
they truly constitute therapeutic targets, as their epigenetic modulation has not yet been
systematically evaluated and requires validation in additional experimental models and
rigorously designed clinical studies.

3.4. Systemic Sclerosis (SSc)

SSc s a fibrotic autoimmune disease characterized by immune dysregulation, micro-
vascular injury and progressive fibroblast-mediated extracellular matrix accumulation in
skin and internal organs. The cutaneous manifestations of SSc include skin thickening,
induration, and loss of elasticity, with skin fibrosis representing the hallmark and best-
defined clinical feature of the disease [132]. While classical genetic risk factors account for
only a limited proportion of disease susceptibility, increasing evidence demonstrates that
epigenetic alterations in fibroblasts, endothelial cells, and immune cells mediate the tran-
sition from environmental or inflammatory triggers to persistent cutaneous fibrosis
[50,133,134]. Pro-oxidant imbalance in SSc has also been documented and may be linked
to systemic inflammation and endothelial injury [135]. In patients with SSc, aberrant DNA
methylation patterns, histone modifications, and dysregulated ncRNA expression pro-
mote sustained activation of dermal fibroblasts, excessive extracellular matrix deposition,
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and impaired angiogenic responses [50,134]. These epigenetic changes directly contribute
to fibroblast activation and collagen accumulation, linking immune and vascular abnor-
malities to progressive skin thickening and fibrosis. Key profibrotic pathways affected by
epigenetic dysregulation include transforming growth factor beta (TGF-{) signaling, in-
terferon-regulated gene networks, and pathways controlling vascular homeostasis, all of
which are implicated in the development and maintenance of skin fibrosis in SSc [136].
Overall, SSc represents a paradigm in which stable epigenetic reprogramming integrates
immune activation, vascular dysfunction, and fibroblast-driven skin fibrosis, providing a
strong mechanistic framework for understanding cutaneous disease manifestations and
identifying novel therapeutic targets.

Emerging studies have focused on specific HDAC isoforms. In an in vitro study, TSA
markedly upregulated HDAC3 expression and reduced HDAC? expression, leading to
broad suppression of collagen gene expression [137]. However, selectively inhibiting
HDAC? with siRNA produced a more refined outcome; it markedly decreased type I and
III collagen synthesis without triggering the upregulation of profibrotic mediators such as
CTGF or ICAM-1 in SSc fibroblasts. These results suggest that HDAC7 knockdown offers
a more targeted antifibrotic strategy than TSA, efficiently limiting extracellular matrix ac-
cumulation while avoiding the induction of additional fibrotic pathways. These data are
purely preclinical, highlighting the need to develop a clinically available HDAC7-selec-
tive agent and explore how these insights can be translated into therapeutic strategies. At
the level of histone methylation, the H3K27 methyltransferase EZH2 has emerged as a key
epigenetic regulator of SSc pathology. Fibrotic progression was prevented by the EZH2
inhibitor 3-deazaneplanocin (DZNep) across both in vitro and in vivo settings [138]. In
fibroblasts derived from SSc patients, escalating doses of DZNep led to a graded decrease
in profibrotic transcripts and a marked reduction in cellular migration. In endothelial cells,
DZNep restored normal angiogenic responses by activating the Notch pathway and up-
regulating delta-like ligand 4 (DLL4). In the bleomycin-induced skin fibrosis mouse
model, EZH2 inhibition attenuated skin thickening, hydroxyproline content, and
H3K27me3 presence in the skin.

An additional layer of histone-based regulation involves enhancer-associated epige-
netic memory, whereby enhancers retain marks of prior activation, allowing chromatin to
remain permissive and thereby sustaining gene expression over time. Chromatin profiling
in patient-derived fibroblasts identified a TGF-f2 enhancer marked by active histone
modifications (e.g., H3K27ac) that remains persistently active, maintaining high TGF-32
expression and profibrotic gene programs even after inflammatory stimuli are with-
drawn; this persistent enhancer activity depends on NF-«kB and the bromodomain protein
BRD4 [139]. The BRD4 inhibition through JQ1 suppressed TGF-32 activity, reversed pro-
fibrotic gene expression, and reduced dermal fibrosis. In patient skin explants maintained
in organ culture, JQ1 reduced TGF-32 and COL1A1 signaling and decreased dermal col-
lagen content. These findings suggest that BET/BRD4 inhibitors, and specifically JQ1,
could erase pathological enhancer memory in SSc fibroblasts, although current BET inhib-
itors act systemically and are not specifically targeted to SSc and the affected tissues.

Overall, preclinical studies highlight histone-based epigenetic interventions as key
strategies for modulating dermal fibrosis in SSc. Targeting of HDACs, EZH2, and BRDs
governs profibrotic gene expression, fibroblast activation, and skin fibrosis in cellular and
animal models. These therapeutic approaches underscore the relevance of targeting chro-
matin remodeling and enhancer memory to disrupt the persistence of fibrosis. However,
within this context, there is currently no direct functional evidence supporting the efficacy
of therapeutic interventions targeting DNA methylation changes or ncRNAs in SSc.
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3.5. Lupus Erythematosus (LE)

LE is a chronic autoimmune disease with multi-organ involvement, including the skin,
presenting as acute cutaneous LE (malar rash), subacute cutaneous LE (photosensitive an-
nular or papulosquamous lesions), and chronic cutaneous LE, most commonly discoid lu-
pus, which may result in scarring and alopecia [140]. Epigenetic mechanisms play a central
role in linking environmental triggers to persistent immune-cell reprogramming and tissue-
specific damage. Across systemic and cutaneous lupus, three major epigenetic patterns
emerge: (i) DNA hypomethylation and altered DNMT activity in immune cells; (ii) dysreg-
ulation of histone-modifying enzymes, including HDACs and EZH2, which govern patho-
genic T, B, and myeloid cell function; and (iii) ncRNA dysregulation that reinforces tran-
scriptional programs and inflammatory pathways [141,142]. Multi-omic analyses of lupus
skin reveal distinct programs in different cutaneous phenotypes, linking interferon-stimu-
lated genes, keratinocyte stress responses, and hypomethylated regulatory regions, provid-
ing a rationale for lesion-specific therapeutic strategies [143-145]. However, studies directly
evaluating epigenetic interventions in lupus skin remain limited.

Preclinical lupus models have provided clear proof of concept for HDAC inhibition.
In lupus-prone mouse models (MRL/lpr and NZB/W F1), treatments with HDAC inhibi-
tors reduced renal disease and shifted cytokine profiles toward reduced Th1/Th17 domi-
nance and enhanced regulatory signaling [146]. Chromatin analyses demonstrated his-
tone H3/H4 hypoacetylation in MRL/Ipr splenocytes compared with controls and re-
ported that HDAC inhibition can reset aberrant histone acetylation patterns in lupus mod-
els. Additionally, EZH2, the H3K27 methyltransferase, is overexpressed in systemic LE
(SLE) T and B cells and contributes to pathogenic differentiation and cytokine production.
Preclinical inhibition or knockdown of EZH2 reduced inflammatory cytokines and mor-
tality in MRL/lpr mice [147]. At the same time, EZH?2 inhibition can influence innate im-
mune development. In addition to exerting broad effects on hematopoietic cells, EZH2
inhibitors have been reported to promote, including NK-cell expansion and enhanced cy-
totoxicity, highlighting both therapeutic potential and systemic impact. Ex vivo studies in
SLE and subacute cutaneous lupus further demonstrate disease-associated DNA methyl-
ation abnormalities, including hypomethylation and overexpression of immune genes
such as CD70, which contribute to autoreactive T-cell activation [141]. These studies sug-
gest that HDAC-targeted strategies could serve as a foundation for exploring epigenetic
interventions in dermal disease, including cutaneous lupus. Such approaches might ben-
efit from selective and targeted delivery to minimize systemic toxicity and optimize local
effects, supporting the concept that skin-focused applications could be built upon this pre-
clinical evidence [143,144].

3.6. Lichen Planus (LP)

LP is a chronic inflammatory disorder affecting the skin and mucosal surfaces, charac-
terized by basal keratinocyte apoptosis and epithelial hyperkeratosis [148]. Clinically, pa-
tients present with pruritic, violaceous papules in cutaneous LP (CLP) and erosive or retic-
ular lesions in oral LP (OLP), with the latter carrying a risk of malignant transformation
[149]. Although the immunopathology of LP has been extensively studied, particularly the
role of cytotoxic T cells and epithelial stress responses, epigenetic mechanisms remain com-
paratively underexplored, especially in cutaneous disease. Available evidence suggests that
epigenetic regulation may contribute to key pathological features of LP, including sustained
inflammatory signaling, oxidative stress responses, keratinocyte apoptosis, and epithelial
repair [149]. However, unlike psoriasis or AD, there are currently no studies that directly
test epigenetic interventions in LP, and most data derive from observational or mechanistic
studies in OLP. As such, LP represents an early-stage model in which epigenetics provides
biological insight rather than established therapeutic strategies.
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Early work on global DNA methylation in oral lichenoid disease suggested that
large-scale DNA methylation alterations are not a defining feature of LP. In oral rinse
samples using surrogates of genome-wide methylation, Bediaga and colleagues found no
consistent shift towards either global hypomethylation or hypermethylation compared
with normal mucosa [150]. In other words, the study did not identify a consistent global
DNA methylation signature that distinguishes lichenoid disease from controls. These
findings indicate that epigenetic changes in LP are more likely to be locus-specific, affect-
ing selected inflammatory or differentiation genes. This implies that future DNMT-tar-
geted therapies, if explored, will likely need to be highly focused rather than broad de-
methylating approaches. The study was cross-sectional and lacked gene-level methylation
mapping or functional assays, so any therapeutic relevance remains limited.

Chromatin and DNA repair pathways have been examined more closely in compar-
ative studies of OLP and CLP. In a retrospective cohort of 89 patients (66 OLP and 23
CLP), Gonzaga et al. quantified expression of base-excision repair proteins apurinic endo-
nuclease 1 (APE1) and X-ray repair cross-complementing protein 1 (XRCC1), together with
histone H3 lysine-9 acetylation (H3K9ac), using immunohistochemistry and immunofluo-
rescence [151]. Immunoreactivity for APE1 and XRCC1 was significantly higher in CLP than
in OLP, whereas H3K9ac showed a similar profile across oral versus cutaneous lesions, sup-
porting H3K9 acetylation as a frequent epigenetic event in both conditions. Although the
study did not test HDAC inhibitors or other chromatin-modifying agents, it suggests that
H3K9ac and DNA repair proteins may be part of an adaptive epigenetic response.

Among epigenetic regulators, ncRNAs add an additional epigenetic layer, particu-
larly in OLP, where miRNAs provide the most mechanistic evidence in LP. A detailed
study by Ge and co-workers showed that miR-122 is markedly upregulated in OLP epi-
thelium and in oral keratinocytes exposed to bacterial lipopolysaccharide (LPS) or acti-
vated CD4* T-cell supernatants, via NF-kB—dependent signaling [152]. Functionally, miR-
122 promoted keratinocyte apoptosis by directly targeting the vitamin D receptor (VDR),
as confirmed by luciferase reporter assays. Loss of VDR expression amplified apoptotic
signaling, while VDR overexpression mitigated both miR-122 induction and caspase-3 ac-
tivation, establishing a miR-122-VDR regulatory axis linking inflammation to epithelial
barrier breakdown. These findings identify miR-122 inhibition and VDR pathway resto-
ration as conceptually attractive therapeutic strategies.

In summary, epigenetic dysregulation is clearly involved in LP pathophysiology,
particularly through increased histone acetylation, activation of DNA repair responses,
and pathogenic miRNA-mediated keratinocyte apoptosis. Nevertheless, no study cur-
rently provides direct evidence supporting epigenetic therapy in either CLP or OLP. Most
available data focus on OLP, leaving CLP comparatively unexplored, despite its clinical
relevance. Epigenetic alterations are present and biologically meaningful yet remain at the
stage of target discovery rather than intervention. Future progress will require systematic
epigenomic profiling of CLP lesions, development of appropriate experimental models,
and functional testing of epigenetic modulators before targeted therapeutic strategies can
be credibly pursued. Epigenetic interventions for the diseases described above are sum-
marized in Table 1.
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Table 1. Epigenetic treatments in inflammatory and immune-mediated skin diseases.

Disease = Design Experimental Model Epigenetic Category = Class  Effect Intervention Outcome Ref.
Decreased DNMT1 expression and global DNA
methylation; reversed DEHP-induced epigenetic

Psoriasis  In vivo IMQ mouse model DNA methylation = DNMTs ! 5-aza-dC and inflammatory alterations; downregulated IL-  [47]

17A, IL-6 and iNOS; upregulated IL-10 and NRF2;
reduced epidermal thickness

Attenuated Th17 signature cytokines; suppressed

Psoriasis  In vivo IMQ mouse model  Histone modifications  BRDs l JQ1 RORC, IL-17A, and IL-22; reduced psoriasiform in-  [90]
flammation.
L In vitro;, HaCaT and U-937; IMQ _ . . OTX015; Reduced inflammatory gene expression; decreased
108
Psoriasis in vivo mouse model Histone modifications  BRDs ! ABBV075 IMQ-induced psoriasiform dermatitis in vivo. [108]

9-fluorobenzo[f]pyr-
ido [4,3-b][1,4]oxaze- Dose-dependent improvement in ear thickness; effi-

Psoriasis I vivo IMQ mouse model  Histone modifications  BRDs ! pin-10-one derivative cacy in the IMQ-induced psoriasis murine model. 1]
43
Primary human
In vitro: keratinocytes; Reduced keratinocyte hyperproliferation; promoted
Psoriasis in ViVO, psoriasis-like human Histone modifications HDACs ! Vorinostat keratinocyte apoptosis and differentiation; allevi-  [109]
skin xenografts on ated psoriasiform pathology in the mouse model.
beige-SCID mice
Human CD4+ T cell, Attenuated psoriatic inflammation;
Psoriasis I.n Vi.tI'O,‘ murine T cells, and Histone modifications HDACs ! Entinostat Reduced IL-17A* ydT c.ell inﬁltratior}; . [110]
invivo  NHEK; IMQ mouse suppressed Th17 cell generation and psoriasis-re-
model lated inflammatory mediator expression.
HaCaT and C57BL/6 Improved IMQ-induced psoriasiform dermatitis by
Psoriasis I.n Vi.tI'O male bone marrow Histone modifications HDACs | Remetinostat suppressing dendr.itic cell ma.turation; reduce.d in- [83]
in vivo cells; IMQ mouse flammatory cytokine expression; and normalized
model keratinocyte differentiation
In vitro: HaCaT Suppressed proliferation of HaCaT; decreased TNF-
Psoriasis ! Non-coding RNAs  miRNAs 1 FNA-miR-125b a, IL-6, IL-23, and STAT3 expression; reduced epi- [112]

nvivo IMQ mouse model dermal thickness and PASI score.
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AD In vivo DNFB—indu'ced Histone modifications HDACs | TSA Inhibited Ap—like derma.titis; decreased IL-4 produc- [118]
NC/Nga mice tion; expansion of Treg cells.
In vitro: in g&:ﬁiﬁ;}:ﬁieﬁ Upregulated NRF2/HO-1 signaling pathway; Re-
AD 7 . Histone modifications HDACs l RGFP966 duced inflammation, immune dysfunction, and tis- [119]
vivo cells; DNCB-induced
BALB/c mice sue damage.
DNCB-treated HaCaT,
NC/Nga murine dermal
fibroblasts, and cutane- Negative impact on the elevated release of hista-
AD I.n Vi.tI‘O,‘ ous ma.st cells; Histone modifications HDACs ! TubA m'ine a.nd serum pr(.)staglandin E2 leve.ls; B.locked [84]
in vivo DNCB-induced epithelial hyperplasia and mast cell activation; Im-
NC/Nga mice; Oxazo- proved clinical symptoms.
lone-induced SKH-1
mice
TSA mainly targeted HDAC3 and HDAC? and sup-
. Normal and SSc human __. . ) ressed collagen gene expression; selective silencin
S5¢ In vitro dermal fibroblasts Histone modifications  HDACs ! T5A; siRNA IDof HDAC? bgy siI%NA off)ers a more targeted antiﬁ-g [137]
brotic strategy.
Human dermal fibro-
In vitro: blasts and endothelial Decreased profibrotic transcripts and cellular migra-
SSc . cells; Histone modifications ~EZH2 ! DZNep tion; restored normal angiogenic responses; attenu- [138]
in vivo . s .
bleomycin-induced ated skin thickening.
C57BL/6 mice
In vitro; Control-patient dermal Suppressed TGFB2 expression; reversed profibrotic
SSc . fibroblasts and skin ex- Histone modifications  BRDs l JQ1 ) § [139]
ex vivo gene expression programs.

plants

5-aza-dC: 5-aza-2’-deoxycytidine, AD: Atopic dermatitis, BRDs: Bromodomains, DNCB: 2,4- dinitrochlorobenzene, DNFB: 2,4-dinitrofluorobenzene, DNMTs:
DNA methyltransferases, DZNep: 3-deazaneplanocin, EZH2: Enhancer of zeste homolog 2, FNA: Functional nucleic acid, HaCaT: Human immortalized keratino-
cytes, HDACs: Histone deacetylases, iNOS: Inducible nitric oxide synthase, IL: Interleukin, IMQ: Imiquimod, miRNAs: MicroRNAs, NHEK: Normal human
epidermal keratinocytes, NRF2: Nuclear factor erythroid 2-related factor 2, HO-1: Heme oxygenase 1, PASI: Psoriasis area and severity index, RORC: RAR-related
orphan receptor C, SSc: Systemic sclerosis, siRNA: Small interfering RNA, TGFB2: Transforming growth factor beta 2, TSA: Trichostatin A, TubA: Tubastatin A.

The downward arrow (|) indicates downregulation of the corresponding activity, while the upward arrow (1) indicates upregulation of the corresponding activity.
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4. Knowledge Gaps and Future Directions: Toward Precision
Epigenetic Therapies

Chronic inflammatory skin disorders, including psoriasis, AD, vitiligo, LE, SSc, and
LP, arise from immune dysregulation and sustained inflammation [136,148,153,154]. Alt-
hough mapping epigenetic alterations across these diseases has advanced, several critical
knowledge gaps persist in translating these findings into therapeutic epigenetic strategies.
Psoriasis and AD have been the primary focus of therapeutic epigenetic research, followed
by vitiligo, whereas such treatment options for the cutaneous manifestations of other dis-
orders are still at a very early stage of investigation.

Across existing studies, interventions targeting DNA methylation have been ex-
plored predominantly in psoriasis and vitiligo, mainly through the use of DNMT inhibi-
tors such as 5-aza-dC derivatives, whereas their potential in other conditions remains
poorly explored. Among histone-directed approaches, acetylation-based interventions
have received comparatively greater attention. Selective inhibition of HDAC3 and
HDACS6 has been investigated in AD, while several HDAC inhibitors, including vori-
nostat, entinostat, and remetinostat, have been studied in psoriasis. In SSc, therapeutic
efforts have focused on selectively inhibiting HDAC?. In parallel, histone methylation-
based therapies have been evaluated almost exclusively for the latter disease, primarily
via inhibition of the methyltransferase EZH2, with GSK126 as an illustrative example. Alt-
hough histone modification-based treatments have been described in lupus erythemato-
sus, the available evidence largely pertains to systemic manifestations, with cutaneous
involvement remaining insufficiently examined. In contrast, comparable approaches have
not yet been explored in vitiligo or LP. BET protein inhibition has been assessed in only a
limited number of conditions. Precisely, BET inhibitors have been studied in psoriasis,
most notably JQ1, and in scleroderma, where research has focused particularly on BRD4,
whereas such approaches remain unexplored in other diseases. Finally, therapeutic strat-
egies targeting ncRNAs are scarce. MiRNA-based therapies have been examined mainly
in psoriasis, with miR-125b as an illustrative example, while similar strategies are lacking
in other conditions. To date, there are no reports of therapeutic targeting of IncRNAs in
any of these skin diseases.

Viewed together, insights from individual disorders extend beyond their specific
contexts, highlighting shared features that transcend disease boundaries. In many condi-
tions, such as psoriasis, preclinical experimental models typically represent a single phe-
notype, leaving epigenetic interventions in other subtypes underexplored. Since many
studies, particularly in LE, SSc, and LP, employ systemic or non-cutaneous models, addi-
tional skin-specific research is required to further support clinical translation. Moreover,
bulk tissue analyses can obscure cell-specific epigenetic alterations, whereas single-cell
approaches provide higher-resolution mechanistic insights [155]. In this context, studies
should clarify the effects of epigenetic targeting on specific cell populations while mini-
mizing toxicity in non-target cells [156]. Key questions remain regarding the cross-talk
between epigenetic layers, their cell-type-specific functions, and their therapeutic poten-
tial [1]. Additionally, the potential impact of specific epigenetic interventions on skin ho-
meostasis, regeneration, and immunosurveillance remains understudied. Addressing
these gaps will require integrative approaches capable of capturing the multifactorial
complexity of the disease, such as large-scale, longitudinal, multi-omics cohort studies.
Building on these preclinical insights, it is essential to consider factors that may influence
the translation of epigenetic therapies to widespread clinical practice. It remains poorly
understood how factors such as age, prior inflammatory exposure, or long-term therapy
influence the skin’s epigenetic responsiveness to interventions. Similarly, whether epige-
netic therapies differ in efficacy between early and advanced disease stages also remains
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unclear, limiting optimization of treatment timing. Finally, whether patients” epigenetic
profiles can affect their response to currently available therapies warrants evaluation.

5. Conclusions

The present review delineates the current landscape of epigenetic therapeutic develop-
ment across inflammatory and immune-mediated skin diseases, revealing pronounced dif-
ferences in depth and translational maturity among conditions. Psoriasis has been studied
most extensively, with multiple preclinical efforts targeting DNA methylation, histone acet-
ylation, chromatin-associated regulatory proteins, and miRNA-based strategies. AD fol-
lows, with a growing body of work centered largely on histone deacetylase-directed inter-
ventions. By contrast, epigenetic therapeutic approaches in vitiligo remain largely indirect.
SSc represents a distinct paradigm in which epigenetic modulation has demonstrated anti-
fibrotic potential in preclinical models, although investigations focused specifically on cuta-
neous disease remain limited. Similarly, epigenetic interventions in LE and LP have been
examined predominantly in systemic or mucosal settings, with skin-directed evidence re-
maining sparse. Collectively, these findings position epigenetic modulation as a biologically
compelling and potentially versatile therapeutic avenue, while underscoring the need for
broader, skin-focused interventional studies to enable durable clinical translation.
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Abbreviations

The following abbreviations are used in this manuscript:

5-Aza-dC 5-aza-2"-deoxycytidine

5hmC 5-hydroxymethylcytosine

5mC 5-methylcytosine

AD Atopic dermatitis

APE1 Apurinic endonuclease 1

BET Bromodomain and extra- terminal
BRD Bromodomain

circRNA Circular RNA

CLP Cutaneous lichen planus
COL1A1 Collagen type I alpha 1 chain
CpG Cytosine-guanine

CXCL13 C-X-C motif chemokine ligand 13
DEHP Di-(2-ethylhexyl) phthalate

DLL4 Delta-like ligand 4

DNCB 2,4-dinitrochlorobenzene

DNFB 2,4-dinitrofluorobenzene

DNMT DNA methyltransferase

DZNep 3-deazaneplanocin

EZH2 Enhancer of zeste homolog 2
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FNA Functional nucleic acid

H3K27me3  H3K27 trimethylation

H3K9ac Histone H3 lysine-9 acetylation

HATs Histone acetyltransferases

HDAC Histone deacetylase

HO-1 Heme-oxygenase 1

IL Interleukin

IMQ Imiquimod

iNOS Inducible nitric oxide synthase

LE Lupus erythematosus

IncRNA Long non-coding RNA

LP Lichen planus

LPS Lipopolysaccharide

miRNA MicroRNA

ncRNA Non-coding RNA

NF-xB Nuclear factor kappa-light-chain enhancer of activated B cells
NK Natural killer

NRF2 Nuclear factor erythroid 2-related factor 2
OLP Oral lichen planus

PASI Psoriasis area and severity index

PBMCs Peripheral blood mononuclear cells

PRC Polycomb repressive complex

PRF1 Perforin 1

PTMs Post-translational modifications

RORC RAR-related orphan receptor C

siRNA Small interfering RNA

SIRT1 Sirtuin 1

SLE Systemic lupus erythematosus

SSc Systemic sclerosis

STAT3 Suppressing signal transducer and activator of transcription 3
TET Ten-eleven translocation

TGE-B Transforming growth factor beta

Th17 T helper 17 cells

TNF Tumor necrosis factor

TSA Trichostatin A

TubA Tubastatin A

UTRs Untranslated regions

VDR Vitamin D receptor

XRCC1 X-ray repair cross-complementing protein 1
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