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Abstract

Epigenetics regulates gene activity without altering the underlying DNA sequences.
Numerous studies have highlighted the importance of epigenetics in diverse physiological
processes, including cell growth, differentiation, and tissue development. Increasingly,
epigenetic modifications are recognized for their involvement in various diseases, notably
corneal disorders. Corneal fibrosis, a common consequence of ocular injury or infection,
significantly contributes to visual impairment and blindness worldwide. Recent evidence
indicates that epigenetic changes regulate key processes in corneal pathogenesis, such
as inflammation, wound healing, extracellular matrix remodeling, fibrosis, and neovas-
cularization. These findings underscore the potential of developing novel therapeutic
strategies that specifically target epigenetic mechanisms to treat or mitigate corneal pathol-
ogy. Nevertheless, bringing epigenetic therapies into clinical practice remains challenging
given the complexity of epigenetic regulation. Future research leveraging multi-omics
technologies and specific gene manipulation will be essential to elucidate the mechanisms
underlying epigenetic regulation in corneal diseases and to identify specific therapeutic
targets. Such advancements will drive the development of effective, clinically relevant
treatments for corneal fibrosis and related disorders.

Keywords: epigenetics; corneal fibrosis; DNA methylation; histone modification;
non-coding RNAs; biomarkers; treatment

1. Introduction
A clear cornea is essential for normal vision, as it transmits light without interference.

The cornea provides about two-thirds of the eye’s refractive power, focusing light onto the
retina, and acts as a robust barrier protecting internal ocular tissues. The central corneal
region is avascular and consists of three cellular layers: the outermost corneal epithelium
(CEpi), middle corneal stroma (CSt), and innermost corneal endothelium (CEndo). These
layers are arranged in a lamellar structure, separated by two acellular interfaces: Bowman’s
membrane between the superficial CEpi and anterior CSt, and Descemet’s membrane (DM)
between the posterior CSt and CEndo [1].

The stratified squamous CEpi serves as a barrier against microbes, toxins, and fluid
penetration, playing a crucial role in protecting the eye from infection while maintaining
corneal transparency. The epithelium is continuously regenerated by limbal epithelial stem
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cells, supporting both normal renewal and rapid injury repair [2,3]. The CSt constitutes
approximately 90% of the overall cornea’s volume and is primarily responsible for me-
chanical strength and optical clarity. It consists of parallel, regularly arranged lamellae
rich in collagen fibrils and proteoglycans organized in an orthogonal pattern. This stromal
organization enables efficient light transmission with minimal scattering. Resident stromal
keratocytes are typically quiescent and function to synthesize collagens and proteoglycans
to maintain the stromal extracellular matrix (ECM) [4]. The CEndo, lining the posterior
corneal surface, is vital for maintaining corneal transparency by regulating stromal hydra-
tion. It achieves this through a balance of passive leakage and active ion-pumping, which
control water and solute movement between the CSt and aqueous humor. Dysfunction or
loss of corneal endothelial cells disrupts this balance, resulting in stromal edema, collagen
fibril irregularity, and ultimately, loss of corneal clarity.

Corneal fibrosis, clinically referred to as corneal scarring, results from dysregulated
wound healing that disrupts corneal tissue homeostasis and results in abnormal ECM
organization inside the CSt [5]. Corneal opacification or scarring is the fourth leading
cause of blindness worldwide, impacting over 12 million individuals (Eye Bank Associa-
tion of America; https://restoresight.org/cornea-donation/; accessed on 30 March 2026),
and representing approximately 3.2% of global blindness cases [6]. Each year, an esti-
mated two million new cases occur [7]. Corneal fibrosis arises from diverse etiologies,
including infections (bacterial, viral, and fungal), trauma (mechanical, chemical, ther-
mal), autoimmune disorders (e.g., Sjogren’s syndrome and Stevens–Johnson syndrome),
corneal dystrophies (e.g., keratoconus, ectasia, and Fuchs’ endothelial dystrophy), and
post-surgical complications (e.g., phototherapeutic keratectomy, keratoplasty, and laser
sub-epithelial keratomileusis) [8].

Following corneal stromal injury, damaged keratocytes undergo apoptosis, while
surviving keratocytes become activated and transit to proliferating and migratory stromal
fibroblasts, which subsequently transform into contractile, α-smooth muscle actin (αSMA)
positive myofibroblasts (myoFs). This process is driven by pro-fibrotic signaling involv-
ing transforming growth factor-β (TGFβ), platelet-derived growth factor (PDGF), basic
fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF), as well as
inflammatory cytokines including interleukins, interferon-γ (IFNγ), and tumor necrosis
factor-α (TNFα) [9,10]. These mediators activate both Smad-dependent and non-Smad
pathways, including c-Jun N-terminal kinase (JNK), Janus kinase/signal transducer and
activator of transcription (JAK-STAT), and p38 mitogen-activated protein kinase (MAPK).
Ultimately, these signaling cascades promote myoF differentiation and persistence, leading
to excessive production of disorganized ECM components such as collagen and fibronectin.
The resulting disruption of stromal architecture increases light scattering, thereby decreas-
ing corneal transparency and causing visual impairment [11].

Traditional treatment of corneal fibrosis relies primarily on corticosteroids or mit-
omycin C, which are generally effective for mild to moderate opacities [12]. However,
these treatments have side effects and are less effective once the CEpi has healed and
stromal opacity has formed, limiting their use largely to prophylactic applications [13,14].
As a result, established corneal scarring often remains refractory to medical management.
For conditions of severe fibrosis and opacification, corneal transplantation is the standard
treatment. However, this procedure has various restrictions and risks, including infection,
wound leakage, graft rejection, infiltrate formation, epithelial ingrowth, postoperative
astigmatism, and disease recurrence [15]. Besides the invasive nature and prolonged recov-
ery, corneal transplantation offers modest long-term success, with graft survival rates of
approximately 50% at 15 years [16].
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In recent years, emerging strategies have been explored for the management of
corneal fibrosis. Losartan, an angiotensin II receptor blocker commonly used for systemic
hypertension, has shown promise as an off-label topical treatment for corneal fibrosis
due to its ability to inhibit TGFβ signaling and suppress myoF formation [17,18]. Unlike
standard therapies, losartan penetrates CEpi and the basement membrane, enabling
it to reduce fibrosis across various etiologies. However, further studies are needed to
define the optimal dosing and assess the long-term efficacy. In addition to pharmacolog-
ical approaches, stem cell–based treatments have gained increasing interest because of
their regenerative potential. Corneal stromal stem cells (CSSCs), for example, modulate
corneal inflammation and fibrosis. Preclinical research has shown that topical applica-
tion of human CSSCs to wound sites suppresses inflammation and fibrosis in animal
models of corneal injury, including mechanical, chemical, cryo-injury, and laser-induced
damage [19–25]. The anti-scarring and stromal regenerative effects are largely medi-
ated by extracellular vesicles and exosomes, which deliver anti-fibrotic cytokines and
microRNAs [26–28]. In addition, non-corneal stem cells and novel technologies such as
3D-printed biomaterials are being investigated to further enhance corneal regeneration
and anti-fibrotic outcomes [29–31].

Multiple studies have demonstrated that epigenetic mechanisms are involved in the
initiation and development of fibrosis. Modulating epigenetic regulation has emerged
as a potential strategy for managing fibrosis, such as in cancers, neurological diseases,
and autoimmune conditions [32–35]. Epigenetics refers to heritable or reversible changes
in gene expression that occur without altering the underlying DNA sequence. These
mechanisms aid in understanding how environmental cues and cellular changes influence
gene expression, which controls and regulates phenotypes.

Gene expression is a complex multi-step process involving DNA unwinding, tran-
scription, RNA processing and splicing, translation, and post-translational modifications.
Each stage can be tightly regulated through epigenetic mechanisms (Figure 1). Chromatin
remodeling dynamically modifies chromatin architecture via ATP-dependent complexes,
e.g., SWI/SNF, that switch between transcriptionally inactive “closed” heterochromatin
and transcriptionally active “open” euchromatin states, hence controlling the accessibil-
ity of gene structure to transcriptional machinery [36]. Histone modifications, such as
acetylation and methylation, alter DNA-histone interactions and influence chromatin
compaction. DNA methylation, typically at the 5th carbon position of cytosine residues
within CpG dinucleotides, can obstruct transcription factor access to the DNA major
groove [37]. Overall, these mechanisms regulate the accessibility of DNA to transcrip-
tional factors and RNA polymerases, thereby modulating gene transcription. In addition,
non-coding RNAs, including microRNAs (miRNAs), circular RNAs (circRNAs), and long
non-coding RNAs (lncRNAs), are important regulators of gene expression by interacting
with transcription factors and epigenetic modifiers to adjust transcriptional and post-
transcriptional processes [38]. Through the coordinated activity of these mechanisms,
epigenetic regulation influences each stage of gene expression, resulting in changes to
protein expression, function, and overall phenotypes.

In this review, we present an overview of epigenetics, describe its involvement in
corneal wound healing and fibrosis, and discuss potential epigenetic targets and modifiers
for developing treatments for corneal fibrosis and scarring.
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Figure 1. A schematic diagram illustrating the key epigenetic regulatory pathways—chromatin
remodeling, histone modification, DNA methylation, and noncoding RNAs—in corneal stromal
fibrosis that involves the activation of stromal keratocytes to fibroblasts and myofibroblasts, resulting
in aberrant extracellular matrix (ECM) production and ultimately causing corneal opacity and
scarring. The figure was created in Biorender.com. Yam G. (2026). https://BioRender.com/gejn3n7
(accessed on 30 April 2026).

2. DNA Methylation in Corneal Fibrosis
DNA methylation is a key epigenetic modification that plays crucial roles in gene ex-

pression, cellular differentiation, and organ development. It operates through mechanisms
such as transcriptional silencing, X-chromosome inactivation, and genomic imprinting.
The methylation pattern reflects a dynamic balance between methylation and demethy-
lation [39], regulated by three classes of enzymes: “writers” or methyltransferases that
catalyze DNA methylation; “erasers” or demethylases that remove methylation, and “read-
ers” (methylation-dependent binding proteins) that recognize epigenetic marks [40].

DNA methylation involves the transfer of a methyl group from reactive compounds,
e.g., S-adenosylmethionine (SAM), to the 5th carbon position of cytosine residues within
CpG (cytosine-guanine) dinucleotides [41]. This event chemically modifies methyl groups
with covalent bonding to cytosine residues, forming 5-methylcytosine (5mC) [42]. In re-
sponse to various factors such as heat stress, nutrition, or infection, 5mC can be oxidized
by 5mC oxidase (the ten-eleven translocation TET protein) to 5-hydroxymethylcytosine
(5hmC). Since DNA methyltransferases poorly recognize 5hmC, methylation can be lost at
5hmC sites during DNA replication [43]. Many CpG sites are located within gene promoter
regions, where they cluster to form CpG islands (CGIs). Methylation of these promoter
regions generally leads to transcriptional repression. When a gene is actively expressed,
CpG sites within promoter CGIs are usually demethylated, allowing transcription factors
to bind and initiate transcription. In contrast, methylated cytosines alter DNA configu-
ration and impede transcription factor binding, thereby reducing transcriptional activity.
Additionally, RNA methylation regulates transcriptional expression [44]. Among different
forms, m6A with methylation of the nitrogen (N) atom at position 6 of adenine is the most
abundant RNA modification in mammals [45]. A study by Hu et al. (2020) identified m6A
modifications in 1137 mRNA species (780 hypermethylated and 357 hypomethylated) in
mouse corneas following Fusarium infection [46].
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DNA methylation is mediated by a family of DNA methyltransferases (DNMTs), in-
cluding DNMT1, DNMT3a, DNMT3b, and DNMT3L [47]. DNMT1 maintains CpG methy-
lation during DNA replication by transferring existing methylation patterns onto newly
synthesized DNA strands. DNMT3a and 3b function as de novo methyltransferases that
establish new methylation marks on unmethylated DNA, particularly in CGIs. Although
DNMT3L lacks catalytic activity, it interacts with DNMT3a and 3b to form complexes that
regulate the catalytic activity and enhance overall methylation efficiency.

In corneal fibrosis, aberrant DNA methylation is associated with persistent activation
of fibroblasts and myoFs, which are the primary effector cells for excessive ECM production.
MyoFs express contractile proteins such as αSMA and produce excessive amounts of
collagen and ECM proteins. Epigenetic silencing of anti-fibrotic genes through promoter
hypermethylation has been reported in various fibrotic diseases. For example, the anti-
fibrotic gene RASAL1 is hypermethylated in renal fibroblasts, leading to sustained fibroblast
activation and progression of kidney fibrosis [48]. These findings demonstrate how stable
epigenetic changes can drive chronic fibrotic responses.

DNA methylation plays an important regulatory role in pro-fibrotic signaling. Among
the key pathways, TGFβ is recognized as a central regulator of fibrogenesis, controlling
fibroblast activation, myoF differentiation, and ECM production. Epigenetic modifications
can modulate the expression of components within the TGFβ pathway and its downstream
target genes [49]. Abnormal methylation patterns affecting TGFβ signaling may enhance
pathway activation, leading to increased fibrotic gene expression. Additionally, DNA
methylation-mediated repression of anti-fibrotic regulators can amplify TGFβ-driven fi-
brotic responses. Conversely, DNA demethylation, regulated by demethylases like the
TET enzyme, counterbalances these effects. For example, in a mouse corneal injury model
caused by alkali burn, rapamycin treatment reduced mTOR gene promoter methylation,
facilitating transcriptional factor binding and upregulating PI3K/AKT/mTOR signaling
pathway involved in corneal angiogenesis [50].

Beyond fibroblast and myoF, DNA methylation also influences the behavior of
other cell types involved in fibrosis, including epithelial, endothelial, and immune cells.
Epigenetic changes in macrophages and inflammatory cells can alter cytokine produc-
tion and inflammatory responses, thereby modulating the fibrotic environment [51].
DNA methylation is further involved in epithelial-to-mesenchymal transition (EpiMT), a
process leading to the expansion of fibrogenic cell populations [52]. In the corneal endothe-
lium, Fuchs’ Endothelial Corneal Dystrophy (FECD) is characterized by progressive CEndo
cell apoptosis and degeneration, abnormal ECM deposition on DM (“guttae” formation),
and RNA toxicity from TCF4 gene mutations [53]. These changes disrupt barrier and pump
function, resulting in corneal edema, stromal keratocyte death, and fibrosis. DNA methy-
lation array has identified over 10,000 differentially methylated sites in FECD samples
compared to controls, with 59% hypermethylated and 41% hypomethylated. These changes
dysregulate genes involved in ion transport/pump activity, metabolic processes, and cy-
toskeletal organization [54]. Additionally, Pan et al. reported aberrant DNA methylation in
microRNA gene promoters in FECD patients. Specifically, miR-199b is extensively hyper-
methylated in FECD, leading to complete silencing of miR-199-5p and loss of its inhibition
of the transcription factors Snai1 and ZEB1, which promotes ECM gene expression [55].

In summary, DNA methylation is an important regulator of gene expression programs
underlying fibrosis. It influences fibroblast activation, modulates signaling pathways like
TGFβ, and interacts with other epigenetic regulators. Continued research into epigenetic
mechanisms will deepen our understanding of fibrosis progression and may offer new
avenues for therapeutic intervention.
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Pharmacological Regulation of DNA Methylation as a Potential Therapeutic Strategy
for Corneal Fibrosis

Unlike genetic mutations, epigenetic modifications are potentially reversible, mak-
ing them attractive targets for therapeutic intervention. Altered DNA methylation has
been reported across multiple fibrotic diseases [56,57]. Silencing of anti-fibrotic genes
and activation of pro-fibrotic pathways promote myoF activity and resistance to apopto-
sis [58]. Notably, DNMT inhibitors such as 5-aza-2′-deoxycytidine (5-Aza-dC) or decitabine
have been shown to reverse aberrant methylation and reduce fibrotic gene expression
in experimental models of cancers and fibrosis, including breast and colorectal cancer,
lymphoma, and liver and endometrial fibrosis [59–62]. In ocular fibrosis, pretreatment
of human conjunctival fibroblasts with 5-Aza-dC before TGFβ2 treatment substantially
reduced αSMA and type I collagen expression [63]. Although the mechanisms underlying
ECM gene downregulation after 5-Aza-dC treatment remain not fully defined and may
differ by cell type and experimental conditions [61], the effect of demethylation can lead
to hypomethylation of anti-fibrotic genes such as RASAL1 and PTEN, as reported in liver
cirrhosis models [64].

As 5-Aza-dC is approved by the U.S. Food and Drug Administration (FDA) for the
treatment of myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) [65],
its established clinical safety and tolerance suggest it could be a good candidate for fibrosis
therapies in ocular tissues, including the cornea.

3. Post-Translational Histone Modifications
In eukaryotic cells, DNA is packaged into chromatin, with nucleosomes serving as

the basic structural units. Each nucleosome comprises approximately 146 to 147 base
pairs of DNA wrapped around a histone octamer, which includes two H2A–H2B dimers
and one H3–H4 tetramer [66]. The N- and C-terminal tails of histone proteins undergo
diverse post-translational modifications, such as acetylation, phosphorylation, methy-
lation, SUMOylation, deamination, ADP-ribosylation, and ubiquitination, dynamically
regulated by specific enzymes [67]. Histone acetyltransferases (HATs) catalyze the addition
of acetyl groups, causing chromatin relaxation and transcriptional activation. Conversely,
histone deacetylases (HDACs) remove acetyl groups, generally repressing gene expression.
Histone methyltransferases (HMTs) transfer methyl groups from SAM to lysine or arginine
residues on histones H3 and H4, while histone demethylases (HDMs) remove these methyl
groups [68,69]. In addition, histone ubiquitination, catalyzed by ubiquitin ligases, modu-
lates chromatin architecture. Acetylation and deacetylation alter the electrostatic charge of
histones, affecting their binding affinity for DNA and hence influencing chromatin compact-
ness and organization. Overall, histone acetylation promotes open chromatin and active
transcription, whereas deacetylation leads to chromatin condensation and gene repression.

In humans, eighteen HDACs have been identified and are classified into four classes
(Table 1) [70]. Several of these HDACs are implicated in organ fibrosis: HDAC2 contributes
to liver fibrosis through hepatic stellate cell activation; HDAC3, 8, and 9 are involved in
pulmonary fibrosis by promoting fibroblast activation and myoF contraction; and HDAC3
and 6 participate in cardiac fibrosis via TGFβ-Smad2/3 signaling [71–73].

Histone modifications are involved in several ophthalmic diseases, including cataracts,
posterior capsule opacification, granular corneal dystrophy, and aberrant corneal wound
healing [74–76]. After corneal injury or surgery, altered histone modification patterns can
dysregulate key fibrotic signaling pathways, such as TGFβ, leading to keratocyte activa-
tion and differentiation into myoFs, excessive ECM deposition, and ultimately corneal
fibrosis. TGFβ signaling regulates histone modifications, such as methylation, acetylation,
and phosphorylation, to control the expression of fibrosis-related genes [77]. For instance,
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TGFβ promotes the recruitment of histone-modifying enzymes like HDACs and HMTs,
which regulate genes including COL1A1 and αSMA [78]. These epigenetic changes create
a chromatin environment that favors pro-fibrotic expression and suppresses anti-fibrotic
pathways. Granular corneal dystrophy type 2 (GCD2, Avellino corneal dystrophy) is im-
pacted by mutations in the TGFβ-induced (TGFBI) gene that encodes the ECM protein
TGFBIp. Corneal fibroblasts treated with TGFβ1 showed upregulated expression of TGFBIp
and ECM-associated genes such as connective tissue growth factor, collagen-α2[I], and
plasminogen activator inhibitor-1. These changes were associated with increased activating
histone marks (H3K4me1/3) and reduced repressive marks (H3K27me3), thereby facilitat-
ing transcription factor binding and gene activation. Notably, these effects are attenuated in
GCD2-derived corneal fibroblasts [75]. Collectively, these findings elucidate the interplay
between TGFβ signaling and histone modifications, which have the potential to uncover
novel therapeutic strategies to mitigate fibrosis and confer protective effects in disorders
such as corneal fibrosis and GCD2.

Table 1. Classes and members of HDACs.

Class Members Catalytic Dependence Primary Localization

I HDAC1, 2, 3, 8 Zinc-dependent Nucleus

II
Subclass IIa—HDAC4, 5, 7, 9 Zinc-dependent Nucleus & cytoplasm

Subclass IIb—HDAC6, 10 Zinc-dependent Cytoplasm
III (Sirtuins) SIRT1, 2, 3, 4, 5, 6, 7 NAD-dependent Nucleus & cytoplasm, mitochondria

IV HDAC11 Zinc-dependent Cytoplasm
NAD—nicotinamide adenine dinucleotide.

Pharmacological Regulation of Histone Modification as a Therapeutic Strategy for Corneal Fibrosis

HDAC inhibitors (HDACis) are small molecules that inhibit zinc-dependent HDAC
activity. Several HDACis, including Vorinostat, Givinostat, Abexinostat, Belinostat, Panobi-
nostat, and Trichostatin A, are under investigation in both pre-clinical and clinical set-
tings [79,80].

Trichostatin A (TSA) is a reversible inhibitor of class I and II HDACs that suppresses
TGFβ1-induced collagen synthesis, αSMA expression, and myoF differentiation through
hyperacetylation of H3 and H4 histones [81,82]. In corneal fibroblasts, TSA downregulates
TGFβ1-induced αSMA and fibronectin RNA levels by 60–75%, with a 1.5 to 3-fold decrease
in protein expression. Topical application of TSA suppresses corneal haze development
in a rabbit model following photorefractive keratectomy [83]. Despite these beneficial
effects, the clinical utility of TSA is restricted by its cytotoxicity, including the induction of
cell cycle arrest and apoptosis. Suberoylanilide Hydroxamic Acid (SAHA; Vorinostat), a
pan-HDAC inhibitor targeting class I, II, and IV HDACs, is FDA-approved for the treatment
of cutaneous T-cell lymphoma [84]. In canine corneal fibroblasts, SAHA attenuates TGFβ1-
induced Smad2/3 phosphorylation and downstream expression of fibrosis-associated
genes [85]. In diabetic mouse models, SAHA enhances corneal epithelial wound healing
by upregulating aquaporin-3 (AQP3), which regulates cell hydration, proliferation, and
immune responses, and reduces pro-inflammatory cytokines such as IL-1β and TNFα [86].

ITF2357 (Givinostat) exhibits anti-fibrotic effects in both human corneal fibroblasts
and rabbit corneal injury models [87]. It inhibits TGFβ signaling by reducing Smad2
phosphorylation and preventing Smad4 association with TGFβ receptor type I kinase, while
upregulating bone morphogenic protein 7 (BMP7), a known antagonist of TGFβ signaling.
Moreover, sodium butyrate (NaB), a short-chain fatty acid HDAC inhibitor, promotes
dedifferentiation of corneal myoFs into fibroblasts and decreases the expression of αSMA,
fibronectin, and collagen III [88]. Functionally, NaB reduces collagen gel contractility
in vitro and diminishes corneal opacity in vivo after alkali injury.

https://doi.org/10.3390/epigenomes10020040
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4. Chromatin Remodeling
Chromatin structure undergoes dynamic changes that regulate DNA accessibility

and gene expression. Chromatin remodeling is mediated by ATP-dependent chromatin
remodeling complexes, such as SWI/SNF, and covalent histone modifications including
acetylation, methylation, phosphorylation, and ubiquitination. These processes modulate
chromatin compaction, facilitating transitions between transcriptionally active euchromatin
and repressive heterochromatin states, thereby controlling gene activity [89]. The major
families of chromatin remodelers include SWI/SNF (switch/sucrose-non-fermenting),
ISWI (imitation switch), INO80 (inositol requiring 80), and CHD (chromodomain-helicase-
DNA binding) [90]. These remodeling complexes have been implicated in various ocular
features and pathologies, including wound healing responses, cataract formation, iris
pigmentation, and albinism. For instance, mice lacking Brahma (BRM), an ATPase subunit
of the SWI/SNF complex, develop corneal epithelial hyperplasia and deregulated stromal
cell growth following ultraviolet radiation-induced damage [91]. Additionally, mutations
in ATPase subunits of ISWI and SWI/SNF complexes disrupt lens development and are
associated with cataract formation [92,93]. The helicase-like transcription factor (HLTF), a
member of the SWI/SNF family, also regulates iris pigmentation by targeting the OCA2
gene and modulating melanin production in melanocytes [94].

In the context of fibrosis, chromatin remodeling alters gene accessibility, promoting
myoF activation. Altered expression of BRG1, a core ATPase subunit of the SWI/SNF
complex, has been detected in human cirrhotic liver biopsies, and targeted deletion of BRG1
in myoFs reduces liver fibrosis in vivo [95]. Under stress conditions, chromatin remodeling
modulates immune cell-fibroblast crosstalk, influencing fibroblast activation and fibrotic
progression, as shown in heart failure models. Recent epigenomic studies further reveal the
role of chromatin accessibility dynamics in corneal fibrosis. ATAC-seq-based analyses have
identified extensive chromatin remodeling in fibrotic corneas following alkali injury in rab-
bits, characterized by increased chromatin condensation, spatial domain segregation, and a
shift in regulatory architecture from promoter-proximal to distal regions [96]. For instance,
naïve corneas show higher promoter-transcription start site accessibility (~15%), whereas
alkali-injured fibrotic corneas exhibit a marked reduction to less than 5%, indicating a loss
of promoter-enriched accessibility and redistribution of regulatory elements. These findings
demonstrate chromatin-level alterations in gene regulation that control fibrosis develop-
ment and stromal tissue responses. Despite these advances, evidence in corneal fibrosis
remains limited, with substantial knowledge gaps in understanding the mechanistic links
between chromatin remodeling and fibrotic gene regulation. This situation underscores the
need for further research, as systematic identification and characterization of chromatin
accessibility patterns and epigenetic signatures may uncover novel therapeutic targets for
the treatment of corneal fibrosis.

5. Non-Coding RNAs
Non-coding RNAs (ncRNAs) represent a diverse group of RNA molecules that do not

encode proteins but play essential roles in regulating gene expression at transcriptional,
post-transcriptional, and epigenetic levels [97]. The major subclasses include microRNAs
(miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs). In fibrotic
disorders, ncRNAs have emerged as important regulators of fibroblast activation, ECM
remodeling, inflammatory signaling, and wound healing outcomes. Through the regulation
of signaling pathways such as TGFβ, chromatin-associated events, and RNA regulation,
ncRNAs contribute to maintaining the balance between regenerative repair and pathologic
scar formation.

https://doi.org/10.3390/epigenomes10020040
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5.1. MicroRNAs (miRNAs)

MicroRNAs are short, single-stranded RNAs of ~20–25 nucleotides generated from
hairpin precursors. They repress gene expression by guiding the RNA-induced silencing
complex (RISC) to target specific mRNAs, resulting in translational inhibition or mRNA
degradation [98]. Ocular tissues exhibit distinctive miRNA expression patterns; for instance,
miR-184 and 205 are highly enriched in cornea and lens, miR-204 in lens epithelial cells,
and miR204/211 in retinal pigment epithelium. Dysregulated expression of miRNAs has
been linked to different ocular pathologies, including retinal degeneration, angiogenesis, and
uveitis, indicating their regulatory roles in eye homeostasis and disease pathogenesis [99–102].

In corneal fibrosis, miR-21 is consistently upregulated, promoting fibroblast activation
and ECM production partly through enhanced TGFβ signaling, while the miR-29 fam-
ily acts as an anti-fibrotic regulator by directly targeting collagen and ECM-associated
genes [27,103]. A similar observation was made in FECD that miRNA profiling identified
87 miRNAs downregulated in FECD samples compared to normal CEndo cells, includ-
ing miR-29 family members and DICER1, which is involved in miRNA biogenesis [104].
The miR-29 family is regarded as a master fibro-regulator influencing ECM homeostasis.
Studies have shown that miR-29b suppresses collagen expression in human tenon fibrob-
lasts while the miR-29 family inhibits fibrotic ECM proteins, such as SPARC, collagen I, and
IV [105]. More examples of miRNAs in association with ocular fibrosis are listed in Table 2.
In addition to their roles in tissue biology, miRNAs are being explored as biomarkers in
ocular surface disease. Tear miRNA profiling has identified distinct expression signatures in
vernal keratoconjunctivitis, while altered profiles in neurotrophic keratitis have implicated
miR-146a and miR-424 in delayed wound healing [106,107].

Notably, miRNAs appear to mediate part of the therapeutic effect of extracellular
vesicles (EVs). EVs derived from human corneal stromal stem cells (hCSSCs) reduce
corneal fibrosis and scarring in murine injury models, and depletion of EV-associated
miRNAs diminishes this anti-scarring effect, supporting a functional potential of miRNA
cargo in tissue repair [26]. Elevated miR-29a expression in hCSSC-derived EVs further
supports the concept in delivering anti-inflammatory and anti-fibrotic effects through
miRNA-mediated paracrine signaling [27,108]. Since EV-associated miRNAs are relatively
stable and selectively packaged, they hold promise as minimally invasive tear-based
biomarkers for monitoring corneal injury and fibrosis.

Table 2. Examples of miRNAs in association with tissue fibrosis.

miRNA Potential Targets Reported Functions Literatures

miR-26a PTEN-PI3K/AKT signaling, Smad4,
connective tissue growth factor CTGF, EZH2

Acts as epithelial–mesenchymal transition
(EpiMT) suppressors in fibrotic and

inflammatory reactions
[109–115]

miR-26b PDGFRβ, HMGA2, CTGF, Smad4, COX2

miR-145 KLF4, FGF10
ZEB2, SOX9

Promotes fibroblast-to-myofibroblast
differentiation

Prevents fibrosis via targeting NFκB,
AKT/GSK-3β/β-catenin signaling

[116–118]

miR-29
family

Collagens, ECM genes, DNMTs, multiple
targets

Attenuates fibrosis via MCJ inhibition and
Hippo signaling [27,119,120]

miR-381 KLF6, ANO1 Liver fibrosis [121,122]

miR-143 Sprouty3, TAK1, CCL20 Cardiac, renal, and liver fibrosis [123–125]

miR-215 Mcm10, Cdc25A, BMPR2 Inhibits fibroblast cell cycling and proliferation [126,127]

miR-361 NFκB p65 Hepatic stellate cell fibrogenesis; corneal fibrosis [128,129]
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5.2. Long Non-Coding RNAs (lncRNAs)

LncRNAs are generally defined as non-coding transcripts longer than 200 nucleotides.
They exert diverse molecular functions based on their localization and interacting partners.
Within the nucleus, lncRNAs recruit chromatin modifiers and transcriptional regulators to
target gene loci, while in the cytoplasm, they act as molecular decoys, scaffolds, competing
endogenous RNAs, or modulators of mRNA stability and translation [130]. LncRNAs are
classified by their genomic positions relative to neighboring protein-coding genes, and they
may be antisense, intronic, divergent, intergenic, promoter-associated, or transcription start
site-associated.

More than 100,000 lncRNAs have been annotated in human tissues, and a growing
number are implicated in fibrotic diseases. These lncRNAs act as molecular switches
controlling fibroblast proliferation, differentiation into myoFs, and ECM deposition [131].
For instance, H19, MEG3, GAS5, NEAT1, and lnc-LFAR1 regulate hepatic stellate cell
proliferation and apoptosis in liver fibrosis [132]. Wisper, MHRT, and CHAST are fibroblast-
enriched lncRNAs that control cardiac remodeling [133], while PFAR functions as a sponge
for miR-138 to promote lung fibroblast activation [134]. In the cornea, lncRNAs participate
in both fibrotic and inflammatory responses. LINC00963 interacts with miR-143-3p and
modulates TGFβ1-induced αSMA expression in corneal fibroblasts, implicating its role in
stromal cell transdifferentiation and myoF formation [135]. In addition, NEAT1 (nuclear
enriched abundant transcript 1) is upregulated in lipopolysaccharide-stimulated human
corneal fibroblasts and may contribute to corneal inflammation and neovascularization via
its interaction with miR-1246 [136]. While the role of lncRNAs in corneal fibrosis remains
less well-defined, evidence from other fibrotic systems supports their potential involvement
in regulating inflammatory signaling and fibrotic remodeling.

5.3. Circular RNAs (circRNAs)

CircRNAs are endogenous, covalently closed RNA molecules generated through back-
splicing, which confers high resistance to exonuclease degradation and remarkable stability.
Despite being generally expressed at low abundance, circRNAs regulate gene expression
through several mechanisms, most notably by acting as miRNA sequestration (“sponge”).
Through these interactions, circRNAs influence cell proliferation, migration, apoptosis,
angiogenesis, and processes associated with tissue remodeling and fibrosis across multiple
organ systems [137]. CircRNAs are broadly classified into exonic circRNAs, exon-intron
circRNAs, and circular intronic RNAs [138].

In the cornea, most evidence for circRNA function comes from studies focused on corneal
neovascularization (CNV). RNA profiling has revealed numerous dysregulated circRNAs
in CNV models. For instance, in an alkali burn-induced mouse CNV model, over 200
circRNAs were differentially expressed between normal and vascularized corneas. Among
them, circKIFAP3 suppressed endothelial cell proliferation, migration, and tube formation,
suggesting a protective role against pathological NV [139]. In addition, circZNF609 acts as
a sponge for miR-184, modulating corneal epithelial cell proliferation, migration, and NV,
potentially via the AKT/β-catenin/VEGF signaling axis [140]. Given that corneal fibrosis
and NV often co-occur after severe injuries such as chemical burns, infection, or trauma,
it is plausible that circRNA-mediated regulation affects both processes. However, direct
evidence linking circRNAs to corneal fibrosis remains limited, with much of the mechanistic
characterization inferred from other fibrotic tissues. This gap underscores the need for further
research to clarify cornea-specific circRNA functions, elucidate underlying mechanisms, and
determine whether circRNA-targeted strategies may benefit corneal fibrosis.
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Overall, ncRNAs are important molecules regulating corneal fibrosis, with miRNAs,
lncRNAs, and circRNAs influencing fibroblast activity, inflammatory responses, ECM
deposition, and angiogenic remodeling.

5.4. ncRNA-Based Therapeutic Strategy for Corneal Fibrosis

miRNA-based therapeutics hold potential in mitigating corneal fibrosis by modulating
key molecular pathways involved in myoF differentiation and inflammation. The fibrotic
pathway is primarily driven by TGFβ signaling, which promotes keratocyte-to-myoF transi-
tion and excessive collagen synthesis. miRNAs regulate this process post-transcriptionally
by targeting multiple components of the fibrotic cascades. Among these, miR-29 family
members are particularly characterized by their ability to suppress collagen and various
ECM genes. Delivery of miR-29 via EVs has been shown to reduce stromal scarring and
inflammation in a mouse corneal injury model [27]. In contrast, profibrotic miRNAs such as
miR-21 and miR-145 are upregulated following injury and enhance fibrosis by promoting
TGFβ/Smad signaling and αSMA expression. miR-21 amplifies fibrotic signaling through
the suppression of SMAD7, while miR-145 regulates myoF differentiation via inhibition of
KLF4 [141–143]. Inhibition of these miRNAs using antagomirs has been shown to reduce
myoF formation, ECM deposition, and corneal opacity in experimental models [106,144].
Furthermore, in a rabbit model of anterior stromal ablation by keratectomy, treatment with
lipid nanoparticle (LNP)-encapsulated miRNA-29b significantly reduced fibrosis develop-
ment, downregulated fibrotic gene expression, such as COL1A2, COL3A1, Fn, and αSMA,
to levels similar as naïve corneas, and promoted epithelial healing, stromal structural recov-
ery, and corneal transparency, offering a promising strategy to reduce corneal scarring [145].
Alternatively, treatment with docosahexaenoic acid (DHA) and ε-polylysine (ε-PL) self-
assembled miR-361–3p complexes exhibits potent bacteriostatic effects and inhibits corneal
fibrosis by disrupting crosstalk between corneal stromal cells and myoF in a bacterial
keratitis mouse model [129]. On the other hand, the protective lncRNA LINC00963 inhibits
miR-143-3p expression, which is known to increase myoF activity. Thus, blocking this
miRNA could suppress the progression of corneal fibrosis [135].

Therapeutically, miRNAs can be delivered as synthetic mimics or inhibitors, or through
EV-based systems that provide enhanced stability, biocompatibility, and efficient cellular
uptake. Mechanistically, miRNA-based therapies converge on key fibrotic pathways,
including the suppression of Smad2/3 activation, the reduction of ECM gene expression,
and the modulation of inflammatory cell infiltration. Although challenges remain in
optimizing delivery efficiency, minimizing off-target effects, and translating preclinical
findings into clinical practice, miRNA therapeutics represent a powerful multi-target
approach to promote scarless corneal healing and improve visual outcomes.

6. Epigenetic Crosstalk
Epigenetic crosstalk describes the dynamic interplay among histone modifications,

DNA methylation, chromatin remodeling, and ncRNAs. These mechanisms do not act inde-
pendently; instead, they form an integrated network in which individual epigenetic marks
can recruit, reinforce, or antagonize one another to establish specific chromatin states [146].
For instance, post-translational modification of histones, such as H3K9me, recruits DNMTs,
which promote DNA methylation and induce transcriptional repression [147]. Conversely,
active histone marks, such as histone acetylation, are often associated with reduced DNA
methylation and increased chromatin accessibility. Hence, epigenetic crosstalk could in-
fluence whether chromatin adopts an open (euchromatic) configuration and is permissive
to transcription or a condensed (heterochromatic) state and repressive. Dysregulation of
these interactions affecting gene regulation has been implicated in a wide range of patho-
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logical conditions, including cancer, fibrosis, and degenerative diseases. Importantly, the
epigenome’s high plasticity makes epigenetic regulators attractive therapeutic targets for
reversing aberrant gene expression programs.

In fibrosis, epigenetic crosstalk can function as a regulatory network that advocates
transcriptional programs driving myoF differentiation and abnormal ECM production.
Repressive histone marks, such as H3K9me3 and H3K27me3, recruit DNMTs to silence
anti-fibrotic genes. In contrast, histone acetylation mediated by HATs promotes chro-
matin accessibility and facilitates the activation of profibrotic pathways, including TGFβ
signaling [146,148]. Chromatin-modifying agents can also influence DNA methylation
indirectly. For instance, Sanders et al. found that treating rat lung fibroblasts with HDAC
inhibitor TSA demethylated previously hypermethylated sites in the Thy-1 promoter re-
gion [149]. TSA also altered DNMT1 activity in reducing global DNA methylation in cancer
cell lines [150]. These findings suggest that HDAC inhibition promotes histone acetylation
and chromatin relaxation, indirectly affecting DNA methylation by altering DNMT recruit-
ment or activity and associated chromatin-modifying complexes. This effect establishes an
indirect mechanism of epigenetic crosstalk. Concurrently, ncRNAs interact with chromatin-
modifying enzymes to modulate epigenetic states, either by recruiting histone modifiers to
specific genomic regions or regulating DNMT and HDAC expression [151,152].

A recent study by Zhang et al. identified a potential link of ALYREF/UHRF1/RHOB
axis linking DNA methylation and RNA modification in the regulation of corneal epithelial
wound healing [153]. UHRF1 (Ubiquitin-like with PHD and Ring Finger Domains 1)
functions as a central epigenetic integrator, coordinating DNA methylation and histone
modification by recruiting DNMT1 to replication forks [154] and binding to repressive
histone marks such as H3K9me3 to maintain heterochromatin [155]. Its expression is post-
transcriptionally regulated by the binding of ALYREF (Aly/REF export factor) to m5C sites
on UHRF1 mRNA, which enhances its stability and translation. Elevated UHFR1 expression
subsequently enhances RHOB (Ras homolog family member B) promoter DNA methylation,
leading to its suppression and facilitating corneal epithelial wound healing [153]. This study
demonstrates that UHRF1 expression is regulated by RNA m5C modification, and UHRF1
in turn mediates RHOB promoter DNA methylation.

Evidence of epigenetic crosstalk within the cornea is currently restricted to epithelial
wound healing, and direct links to corneal stromal fibrosis remain limited. Analogous
epigenetic interactions have been implicated in fibroblast activation and fibrotic remodeling
in other organ systems, suggesting that similar regulatory pathways may operate in corneal
fibrosis, though this has yet to be established. Collectively, the dynamic interactions among
epigenetic mechanisms could direct cells to adopt a regenerative or fibrotic phenotype.
The plasticity of the epigenome presents a therapeutic opportunity, as targeting key nodes
of epigenetic crosstalk, such as DNMTs, HDACs, and ncRNA pathways, may reverse
established fibrosis and restore tissue function [156].

7. Perspective of Epigenetics in Managing Corneal Fibrosis
Exploring the mechanisms of epigenetic regulation can offer a better understanding of

gene control and the complexities of disease pathologies, like corneal fibrosis, which in-
volves activation of keratocytes, their transit into fibroblasts, and myoF, a process primarily
driven by TGFβ signaling and sustained by biomechanical cues within the ECM. At the
molecular level, fibrosis progression is accompanied by coordinated modulation of pro-
and anti-fibrotic genes, as well as dysregulated expression of matrix metalloproteinases
and their inhibitors. These transcriptional programs are tightly controlled by epigenetic
mechanisms that modulate chromatin accessibility and gene expression. Hence, these areas
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offer important potential to develop appropriate diagnostic, therapeutic, and preventive
tools for managing corneal fibrosis and scarring.

7.1. Developing Epigenetics as Biomarkers

In fibrotic corneas, aberrant DNA methylation and histone modification patterns un-
derpin the sustained activation of profibrotic programs. For instance, hypermethylation of
anti-fibrotic gene promoters and enrichment of repressive histone marks, such as H3K9me3,
support a stable fibrotic phenotype, while increased histone acetylation at profibrotic loci
facilitates gene activation. In addition, dysregulated microRNAs, including miR-29 and
miR-145, orchestrate ECM remodeling and fibroblast activation, thereby driving fibrosis devel-
opment [142,145]. Collectively, these findings support the concept that epigenetic alterations
represent robust and functionally relevant biomarkers for diagnosing corneal fibrosis.

Importantly, these epigenetic signatures are detectable not only in tissue but also
in tear fluid and circulating EVs and exosomes, enabling minimally invasive biomarker
assessments for clinical applications [27,157]. Their sensitivity to disease staging and
responsiveness to therapeutic intervention further support their value for longitudinal
monitoring of disease progression and therapeutic efficacy. Moreover, the reversible nature
of epigenetic modifications makes these biomarkers attractive targets for therapeutic inter-
vention. Hence, integrating epigenetic profiling into diagnostic and clinical platforms offers
an exciting strategy to advance early detection, patient stratification, and personalized
medicine in the management of corneal fibrosis.

Technical advances in epigenetic profiling have revolutionized our understanding of
fibrosis. DNA methylation microarrays (methylation chips) enable high-throughput analy-
sis of CpG methylation across the genome [158]. In fibrosis research, these technologies
have revealed aberrant methylation patterns associated with myoF differentiation, ECM
remodeling, inflammatory signaling, and impaired healing processes [149,159]. For exam-
ple, Pan et al. identified extensive hypermethylation of the miR-199b promoter in FECD
patients, leading to silencing of miR-199-5p and subsequent de-repression of Snai1 and
ZEB1, which in turn activate ECM genes [55].

Rapid advances in single-cell and spatial epigenomics are transforming fibrosis re-
search by overcoming the limitations of bulk assays, which obstruct the diversity of epithe-
lial, stromal, endothelial, and immune cell populations. These technologies enable analysis
of chromatin accessibility, DNA methylation, and histone modifications at single-cell reso-
lution, linking regulatory dynamics to cell-state transitions and microenvironmental cues.
For instance, single-cell RNA sequencing of naïve and alkali-injured rabbit corneas has
identified 14 transcriptionally distinct cell clusters, revealing a bifurcating stromal trajectory
from quiescent keratocytes to activated fibroblasts and myoFs. This finding highlights the
dynamic ECM remodeling and intercellular communication underlying in vivo fibrosis [12].
Complementary ATAC-seq analysis of alkali-injured corneas reveals widespread epige-
nomic remodeling, including loss of promoter accessibility and enrichment of KLF17, NRF2,
and ETV6 motifs, suggesting activation of fibrosis-associated regulatory networks [96].
In the epithelial compartment, single-cell multiome profiling after injury shows rapid
convergence of distinct epithelial layers on a shared stress and wound-response program,
characterized by reduced differentiation markers, increased migratory features, chromatin
remodelling, and enrichment of Fosl1/AP-1 motifs [160]. Notably, only a small subset of
injury-induced genes show strong coupling between local chromatin accessibility and gene
expression, underscoring the complexity of early repair-associated epigenetic regulation.

Spatially resolved epigenomic approach further preserves tissue architecture while
mapping regulatory states across regions [161]. This is particularly relevant for fibrosis
arising from different aetiologies that involve wound edges, stromal depths, and matrix
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niches. These platforms can elucidate how gradients of cytokines, hypoxia, inflammatory
signals, and matrix stiffness shape local chromatin landscapes during fibrosis development.
In parallel, emerging single-cell DNA methylome technologies are valuable for rare clini-
cal specimens, where locus-specific methylation heterogeneity can influence cell lineage
plasticity and tissue repair [162,163].

Collectively, methylation arrays, single-cell, and spatial epigenomic approaches offer
the potential to identify rare pathogenic fibroblast or epithelial subsets, construct epigenetic
trajectories from homeostasis to fibrosis, and reveal cell-type- and locus-specific regulatory
targets for epigenetic intervention in fibrotic disorders.

7.2. Epigenetic–Metabolic Coupling in Corneal Fibrosis

Recent studies of fibrotic disorders in the liver, lung, and kidney have identified
conserved epigenetic–metabolic pathways, which may also be relevant to corneal fibrotic
pathology. In these tissues, fibrotic activation is increasingly attributed to metabolic repro-
gramming, particularly shifts toward glycolysis and mitochondrial dysfunction, which
is closely linked to epigenetic remodeling [164–166]. Changes in chromatin structure,
histone modifications, and ncRNAs regulate epithelial–mesenchymal plasticity and fibrosis-
associated cell state transition, underscoring the presence of shared epigenetic–metabolic
circuits [167]. The interplay between metabolism and epigenetic regulation helps stabilize
fibrotic cell states, and this offers potential therapeutic entry points. Notably, DNA methyla-
tion, histone marks such as H3K27me3, H3K27ac, and H3K4me3, and ncRNA-mediated reg-
ulation have been implicated in sustaining profibrotic gene expression in stellate cells and
fibroblasts during fibrotic reprogramming [168,169]. In the liver, lncRNA H19–EZH2 com-
plexes promote Wnt/β-catenin-driven stellate cell activation and epithelial–mesenchymal
transition through remodeling H3K27me3 landscapes [170]. Meanwhile, hepatocyte lipid-
associated profibrotic pathways linked to PPARα interact with epigenetic regulation
through chromatin readers and remodelers such as BAZ2B [171]. In the kidney, lacty-
lation, nuclear translocation of PKM2, and DNA/histone modifications promote glycolytic
and mitochondrial reprogramming in tubular cells and fibroblasts, establishing feedback
loops that sustain fibrosis [172].

Given these conserved fibrotic pathways, it is plausible that a similar epigenetic–
metabolic coupling contributes to corneal fibrosis, in which the states of stromal and
epithelial cells are tightly regulated by metabolic activity and chromatin dynamics. Recent
studies by Jeon et al. showed that inhibiting the mitochondrial pyruvate carrier alters
Krebs cycle flux, increases intracellular acetyl-CoA levels, and enhances histone H3 acetyla-
tion. This metabolic remodeling suppresses myoF phenotype and reduces corneal fibrosis
in vivo [173,174]. Also, in a mouse model of alkali burn, corneal fibrosis was associated with
increased m6A RNA methylation and upregulation of methyltransferase-like 3 (METTL3);
whereas siRNA-mediated silencing of METTL3 increased heat-shock protein 70 expression
and reduced fibrosis [175]. Collectively, these preliminary findings support the concept that
metabolic reprogramming and epigenetic remodeling interact in corneal fibrosis. Further
studies are required to elucidate the underlying mechanisms and determine whether
novel molecules or pathways arising from epigenetic–metabolic interaction could offer
therapeutic potential for corneal fibrosis.

7.3. Developing Epigenetics as a Therapeutic Tool

Epigenetic therapeutics uniquely modulate gene expression without altering the under-
lying DNA sequence, offering advantages over permanent gene-editing approaches. By pre-
cisely targeting epigenetic mechanisms, these treatments can selectively “turn on” or “turn off”
genes involved in disease while preserving genomic integrity [176]. Examples of clinical trials
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on epigenetic therapies involving inhibitors of DNA demethylation and histone deacetylation,
as summarized in Table 3, demonstrate proof-of-concept safety and tolerability for various
epigenetic drugs, even though most do not directly target fibrotic disorders or ocular diseases.
For instance, the DNMT inhibitor 5-Aza-dC/decitabine is approved for treating hematologic
malignancies such as AML and MDS by reactivating silenced tumor suppressor genes [177].
Another notable example is Vorinostat (suberoylanilide hydroxamic acid, SAHA), an HDAC
inhibitor approved for cutaneous T-cell lymphoma [84], which reactivates tumor suppressor
genes and induces cancer cell cycle arrest or apoptosis [178]. More recently, Sood et al. re-
ported that sodium butyrate (NaB), an HDAC inhibitor, serves as an epigenetic treatment
for corneal fibrosis. This agent enhances histone acetylation and suppresses profibrotic gene
expression in corneal stromal cells [88]. By modulating chromatin structure, NaB reduces
myoF differentiation and aberrant ECM deposition.

Table 3. Examples of clinical trials of epigenetic therapy at ClinicalTrials.gov.

Target Drug Indications Trial Study Phase Centre Year

HDAC inhibitor

Depsipeptide
Cutaneous and peripheral T cell lymphoma

OM—No. of patients with response;
duration of response; adverse events.

NCT00007345 II Multi 2001–2015

Belinostat (PXD101)

Recurrent or refractory cutaneous and
peripheral T cell lymphomas

OM—response rate; time to progression;
duration of response.

NCT00274651
(PXD101-CLN-6) II Multi 2006–2009

Belinostat (PXD101) Acute myeloid leukemia
OM—response rate, overall survival; toxicity. NCT00357032 II Single 2006–2010

Belinostat (PXD101)
Ovarian, peritoneal cancer

OM—response rate, time to progression;
progression-free survival.

NCT00301756 II Multi 2006–2012

Panobinostat (LBH589)
Refractory cutaneous T-cell lymphoma
OM—response rate, time to response;
duration; progression-free survival.

NCT00425555 II Multi 2007–2013

Panobinostat (LBH589)
Relapsed multiple myeloma

OM—overall and progression-free survival;
response rate.

NCT01023308
(PANORAMA-1) III Multi 2009–2015

Entinostat (SNDX-275)
Relapsed or refractory Hodgkin’s lymphoma

OM—response rate; duration of response;
adverse events.

NCT00866333
(ENGAGE-501) II Multi 2009–2013

Entinostat (SNDX-275)
Metastatic renal cell cancer

OM—response rate; dose-limiting toxicity;
progression-free survival.

NCT01038778 I/II Multi 2009–2027

Panobinostat (LBH589) Hodgkin’s lymphoma
OM—adverse events. NCT01034163 III Multi 2010–2012

Pracinostat (SB939)
Translocation-associated

recurrent/metastatic sarcomas
OM—response rate.

NCT01112384
(INC200) II Multi 2010–2014

Belinostat (PXD101)
Stage IV non-small-cell lung cancer

OM—maximum tolerated dose; safety;
progression-free survival.

NCT01310244 I/II Multi 2010–2015

Givinostat
Chronic myeloproliferative neoplasms

OM—long-term safety and efficacy;
progression-free survival.

NCT01761968 II Multi 2013–2026

Exemestane +/−
Entinostat

Recurrent hormone receptor-positive
breast cancer

OM—overall survival; objective response
rate; progression-free survival;
patient-reported quality of life.

NCT02115282 III Multi 2014–2026

DNMT inhibitor

Azacitidine
High-risk myelodysplastic syndromes

OM—time to death; time to transformation
to acute myeloid leukemia.

NCT00071799 III Multi 2003–2007

Decitabine
Ovarian cancer

OM—maximum tolerated dose; objective
response; progression-free survival.

NCT00477386 I/II Single 2007–2013
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Table 3. Cont.

Target Drug Indications Trial Study Phase Centre Year

HDAC inhibitor
and

DNMT inhibitor

Pracinostat (SB939)
Azacitidine

Myelodysplastic syndrome
OM—response rate; progression-free

survival; rate of leukemia transformation;
adverse event profile.

NCT01873703 II Multi 2013–2016

Entinostat
Azacitidine

Advanced non-small-cell lung cancer
OM—maximum tolerated dose; minimum

effective dose; pharmacokinetics; antitumor
activity; methylation status.

NCT00387465 I/II Multi 2006–2014

Vorinostat
Decitabine

Advanced solid tumors or relapsed or
refractory non-Hodgkin’s lymphoma

OM—maximum tolerated dosage; objective
response rate; overall survival.

NCT00275080 I Multi 2006–2014

Entinostat
Azacitidine

Metastatic colorectal cancer
OM—tumor response; time to progression;

adverse events.
NCT01105377 II Multi 2010–2014

Entinostat (SNDX-275)
Azacitidine

Advanced breast cancer
OM—response rate; clinical benefit rate;

patient survival.
NCT01349959 II Multi 2011–2023

Pracinostat (SB939)
Azacitidine

Acute myeloid leukemia
OM—response rate; cytogenetic response;

duration of response; patient survival.
NCT01912274 II Multi 2013–2016

Note: DNMT—DNA methyltransferase; HDAC—histone deacetylase; OM—outcome measures.

A major benefit of epigenetic therapies is their reversibility and the avoidance of
permanent changes in DNA sequence. Because epigenetic marks are dynamic, treatment
effects can often be modulated or reversed, allowing for more controlled interventions
than irreversible gene edits [176]. However, this flexibility also introduces risks, such
as off-target effects and unintended global changes in gene expression that may disrupt
normal cellular function.

DNA methylation and histone acetylation are fundamental regulatory mechanisms
that maintain normal corneal cell physiology, supporting epithelial renewal, keratocyte
quiescence, endothelial integrity, and immune homeostasis. Broad inhibition of DNMTs
or HDACs can unintentionally disrupt gene expression in healthy cells. For example,
5-Aza-dC irreversibly incorporates into replicating DNA and traps DNMT enzymes, poten-
tially inducing DNA damage responses and widespread transcriptional dysregulation in
proliferating epithelial or limbal stem cell populations. This may result in unintended cell
cycle arrest or senescence in corneal epithelial progenitors and stromal cells, compromising
corneal homeostasis and tissue repair. Likewise, TSA and other HDAC inhibitors affect
multiple signaling pathways beyond those related to fibrosis, possibly causing cytotoxicity,
impaired epithelial wound closure, mitochondrial stress, or altered immune responses.
These nonspecific effects are especially concerning in the cornea, where transparency de-
pends on tightly regulated cellular organization and minimal inflammation. Hence, the
therapeutic window between beneficial anti-fibrotic modulation and detrimental suppres-
sion of physiological wound healing must be carefully defined.

Although 5-Aza-dC/decitabine and TSA have shown promising anti-fibrotic effects in
experimental models, their clinical translation for corneal fibrosis faces several pharmacoki-
netic and safety challenges. The ocular surface possesses highly efficient protective barriers,
including the tear film, densely packed CEpi, tight junctions, and rapid tear turnover,
that markedly reduce stromal retention of drugs after topical administration. Hydrophilic
compounds like 5-Aza-dC have poor epithelial permeability and are prone to rapid degra-
dation in the tear environment, making it difficult to achieve sustained therapeutic effects
in the stroma. Furthermore, frequent blinking and nasolacrimal drainage remove most
topically applied drugs within minutes, necessitating frequent dosing or the development
of specialized delivery systems such as nanoparticles, hydrogels, liposomes, microneedles,
or collagen-based carriers to enhance corneal retention and penetration. Targeted inhibitors
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that focus on fibrosis-associated epigenetic regulators, rather than globally suppressing
DNMTs or HDACs, may reduce toxicity to healthy corneal cells and better preserve normal
wound healing.

In summary, while epigenetic therapeutics are promising, several limitations sug-
gest that successful clinical translation for corneal fibrosis will require targeted, tempo-
rally controlled delivery strategies rather than nonspecific, prolonged topical exposure.
Comprehensive investigations into precise targeting and long-term safety will be essential
to advance clinical development.

8. Conclusions and Future Directions
Epigenetics has emerged as a crucial regulator of cellular and tissue development, as

well as the progression of diverse diseases, including cancers and fibrotic disorders. Recent
research reveals the complexity of epigenetic modifications, including DNA methylation,
histone modifications, and ncRNAs, in modulating gene expression and driving pathologi-
cal changes. Despite significant progress, a comprehensive understanding of the epigenetic
mechanisms underlying disease progression remains elusive. Critical knowledge gaps
exist, particularly regarding the dynamic interaction and crosstalk between genetic and
epigenetic factors. Future research should focus on elucidating and mapping the precise
epigenetic regulatory networks involved in disease onset and development, leveraging
high-resolution epigenomic profiling and functional studies. Rapid advancements in single-
cell and spatial epigenomics enable simultaneous measurement of transcripts, chromatin
accessibility, DNA methylation, and histone modifications within individual cells, pro-
viding unprecedented capacity to connect regulatory element dynamics to fibrotic state
transitions and environmental cues [179,180].

In the field of corneal fibrosis and related disorders, high-resolution cell type-specific anal-
yses of epigenetic regulation across various cellular compartments are essential for advancing
our understanding of the networks and mechanisms governing homeostasis and disease
progression. Developing cell-type-resolved epigenomic atlases that integrate single-cell or
spatial multi-omics approaches, such as mapping DNA methylation, histone modification
landscapes, chromatin accessibility, and ncRNA profiles during fibrotic progression and res-
olution, will help identify cell-state-specific regulatory networks and elucidate cell lineage
transitions involved in myoF formation, persistence, reversal, or apoptosis.

In parallel, exosome or extracellular vesicle (EV)-mediated epigenetic signaling is
emerging as a translationally significant area in fibrosis research. Building on the established
anti-fibrotic effects of CSSC-derived exosomes and their miRNA-containing cargo, future
research should systemically characterize the epigenetic contents, such as ncRNAs and
RNA modifiers, and identify factors that reprogram recipient cells to suppress fibrosis and
promote stromal regeneration. In addition, engineering EVs with validated epigenetic
cargo could facilitate targeted, cell-free therapeutic strategies.

Another direction involves developing cornea-specific epigenetic biomarkers for clini-
cal applications. Profiling epigenetic signatures in tear samples or circulating EVs could
enable non-invasive staging of fibrosis progression and severity, as well as prediction of
treatment responses.

Finally, in-depth mechanistic studies are crucial for functionally validating epigenetic
regulators, employing targeted overexpression and knockdown strategies in clinically
relevant injury models of both acute and chronic scarring. By deepening our understanding
of the epigenetic landscape and its role in disease pathophysiology, these efforts could pave
the way for personalized interventions that improve patient outcomes, prevent disease
progression, and enhance quality of life.
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BMP7 Bone morphogenic protein 7
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CEpi Corneal epithelium
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CGI CpG island
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MAPK Mitogen-activated protein kinase
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PDGF Platelet-derived growth factor
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αSMA α-Smooth muscle actin
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TGFβ Transforming growth factor-β
TSA Trichostatin A
TNFα Tumor necrosis factor-α
VEGF Vascular endothelial growth factor
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