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Abstract

Stringent spatiotemporal regulation of the wound healing process involving multiple cell types is
associated with epigenetic mechanisms of gene regulation, such as DNA methylation, histone
modification and chromatin remodeling, as well as non-coding RNAs. Here we discuss the
epigenetic changes that occur during wound healing and the rapidly expanding understanding of
how these mechanisms affect healing resolution in both acute and chronic wound milieu. We
provide a focused overview of current research into epigenetic regulators that contribute to wound
healing by specific cell type. We highlight the role of epigenetic regulators in the molecular
pathophysiology of chronic wound conditions. The understanding of how epigenetic regulators
can affect cellular functions during normal and impaired wound healing could lead to novel
therapeutic approaches, and we outline questions that can provide guidance for future research on
epigenetic-based interventions to promote healing. Dissecting the dynamic interplay between
cellular subtypes involved in wound healing and epigenetic parameters during barrier repair will
deepen our understanding of how to improve healing outcomes in patients affected by chronic
non-healing wounds.
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Introduction

Cutaneous wound healing is a complex process involving numerous cell types to accomplish
sequential, yet overlapping phases of inflammation, proliferation and tissue remodeling?:2.
Immediately after injury, blood components are released into the wound, forming a clot
which provides a matrix for the influx of inflammatory cells. The inflammatory phase is
characterized by leukocyte migration to the wound. Neutrophils primarily remove bacteria,
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followed by monocytes which further differentiate into macrophages that exert early pro-
inflammatory and late anti-inflammatory functions during the healing process. Deposition of
the newly synthesized fibrin matrix and granulation tissue formation follow; these are
subsequently replaced by collagen and scar tissue during the final stages of wound healing.
The proliferative phase of wound healing is characterized by re-epithelialization,
neovascularization, and extracellular matrix deposition:3,

Historically, exploration of the molecular basis of wound healing has included a primary
focus on its spatiotemporal regulation. Given the complexity of the wound healing process
and its requirement for stringent regulation, epigenetic regulation including histone
modifications and DNA methylation is highly likely to play a role*®. Indeed, recent
discoveries in the field of non-coding RNAs have identified roles for microRNAs (miRs),
circular RNAs (circRNA) and long non-coding RNAs (INcRNA) as global gene expression
regulators involved in an array of processes important for successful wound healing®-2.
While the primary focus of previous reviews has been on the role of epigenetic
modifications in acute wound healing®-8, herein we highlight the importance of epigenetic
modifiers in the pathophysiology of chronic wound healing disorders, with an emphasis on
diabetic foot ulcers (DFU) and venous leg ulcers (VLU). Additionally, the roles of non-
coding RNAs, histone madifications and DNA methylation in animal models of delayed
healing are reviewed. Future perspectives regarding utilization of epigenetic modifiers as
diagnostic and prognostic biomarkers as well as therapeutic targets are also discussed.

1. Therole of non-coding RNAs in wound healing pathology

1.1 Long noncoding RNAs in wound healing

While a small portion of the mammalian genome is transcribed into protein coding mRNAs,
a majority of the genome is transcribed into IncRNAs1911 which are classified as RNAs
longer than 200 nucleotides not translated into proteins!2.13, The human genome contains
more than 90,000 InNcRNAs!4, but only a small subset have a known function. Biogenesis of
IncRNAs is similar to that of protein-coding genes, with similar histone modification
profiles, splicing signals, and exon/intron lengths1®. However, INcRNAs are less abundant
and less evolutionarily conserved than mRNAs, are predominantly localized in the
chromatin and nucleus, and show cell type-specific expression patternsl915.16 A growing
body of evidence indicates that INCRNAS are regulators of most global cellular processes,
including nuclear chromatin organization, mRNA stability, transcription, translation, and
cytoplasmic post-translational modifications!:17. As such, InNcRNAs have demonstrated
roles in human physiology as well as in the pathology of many diseases, including cancer,
cutaneous disorders, and diabetes mellitus (DM)12:18-23,

Studies focused on the role of IncRNAs in chronic cutaneous wound healing are still in their
early stages. Our group demonstrated that INcCRNA GAS5 promoted wound healing by
inhibiting c-myc, a biomarker of a hyperproliferative, non-migratory epidermis in chronic
wounds?4. Ectopic over-expression of INcRNA GAS5 suppressed c-myc even in the presence
of dexamethasone, an inducer of c-myc expression, in human keratinocytes. Moreover,
topical mevastatin treatment promoted wound healing due to induction of IncRNA GAS5
and the downstream suppression of c-myc?4. The evaluation of GAS5 in a diabetic murine
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wound model revealed a correlation with a proinflammatory M1 macrophage phenotype,
indicating distinct roles of this INcRNA in the inflammatory phase of wound healing?®.
Additionally, IncRNA Lethe deregulation was found involved in the modulation of
macrophages under hyperglycemic conditions, resulting in increased reactive oxygen species
production via NF-xB signaling2%. As such, IncRNAs show cell type-specific functions
during wound healing.

LncRNA WAKMAR1 (wound and keratinocyte migration-associated IncRNA 1) was found
up-regulated during acute wound healing by TGF-B, while suppressed in DFUs and VLUs?’.
Knockdown of IncRNA WAKMAR1 decreased cell migration and suppressed re-
epithelialization in a human ex vivo skin wound model. LncRNA WAKMAR1 interacted
with DNA methyltransferases, resulting in reduced methylation of E2F1 (E2F Transcription
Factor 1) promoter and induced expression of the downstream gene network involved in cell
migration2’. It was also found downregulated in wound edge keratinocytes of VLUs and
DFUs when compared to acute wounds?8. Silencing of I\cRNA WAKMAR2 suppressed the
production of inflammatory cytokines, decreased cell migration, and impaired re-
epithelialization in human wounds ex vivo?S,

LncRNA MALAT1 (Metastasis-associated lung adenocarcinoma transcript 1) was
suppressed specifically in infected DFUs, and not regulated in uninfected ulcers?®. The
expression of INCRNA MALAT1 correlated with downregulation of NRF2 (Nuclear Factor
Erythroid 2 Like 2), HIF1 (Hypoxia Inducible Factor 1), and VEGF (Vascular Endothelial
Growth Factor) in infected DFUs. Knockdown of InNcRNA MALAT1 in endothelial cells
reduced expression of pro-angiogenic factors HIF1 and VEGF and pro-inflammatory TNF-a
and 1L-6, while inducing expression of anti-inflammatory 1L-102°, suggesting the potential
of IncRNAs for therapeutic intervention in infected ulcers.

Fibroblasts isolated from DFUs expressed low levels of INcRNA H1939, When IncRNA H19
was delivered by exosomes derived from mesenchymal stem cells (MSC), it promoted
fibroblasts proliferation and migration, while suppressing apoptosis and inflammation.
Mechanistically, IncRNA H19 binds to and suppresses miR-152-3p, which is up-regulated in
DFU fibroblasts. This led to an increased level of miR-152-3p target PTEN (Phosphatase
and Tensin Homolog), and downstream activation of PI3K/AKT1 signaling. Moreover,
ectopic over-expression of INcRNA H19 in DFU fibroblasts reduced miR-29b level, resulting
in up-regulation of FBN1 (Fibrillin 1)3L. This data supports therapeutic application of MSC-
derived exosomes carrying INcRNA H19 for improved diabetic fibroblast function3C,

A study by Hu er a/32 showed that IncRNA URIDS (Up-Regulated in Diabetic Skin) is
highly expressed in diabetic skin and upregulated in dermal fibroblasts treated with
advanced glycation end products (AGE). Silencing of IncRNA URIDS promoted migration
of diabetic fibroblasts despite AGE treatment and accelerated wound closure /n vivo. The
IncRNA URIDS regulates wound healing through interaction with PLOD1 (Procollagen-
lysine, 2-oxoglutarate 5-dioxygenase 1), which results in decreased PLOD1 protein stability
and deregulation of collagen production and ultimately delayed healing32. Another INcRNA
TETILA (TET2-interacting long noncoding RNA) was found up-regulated in human
diabetic skin33, where it activates transcription of MMP-9 (Matrix Metalloprotease 9), an
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indicator of poor wound healing in DFUs34:3%, Silencing of TETILA increased migration of
diabetic keratinocytes even in the presence of AGE. In diabetic skin, IncRNA TETILA
recruits TET2 (Ten-eleven translocation 2) and thymine-DNA glycosylase to form a
demethylation complex at the MMP-9 promoter, leading to MMP-9 up-regulation and
impaired healing33. As DNA demethylation occurs frequently in diabetic tissues and
cells36-38 TET2-mediated DNA demethylation may be relevant to global epigenetic
changes during diabetic wound healing and will be further discussed in this review.

1.2 The role of microRNAs in wound healing

MicroRNAs (miRs) are short, highly conserved non-coding RNA molecules (~22 bp) that
regulate gene expression at a post-transcriptional level3?40, The human genome contains
more than 2,000 mature miRs*! which are predicted to target more than 60% of human
protein-coding genes#2. miRs are transcribed from DNA into primary miRs (pri-miRs) and
processed into precursor miRs (pre-miRs) and mature miRs3940:43 The target recognition
domain, named the seed domain, is located at the 5* end of each miR; miRs that share
identical seed sequences are classified into miR families*#4°. Most miRs bind to and
interact with the 3" UTR of target mMRNAs resulting in target gene silencing®345, though
miRs can stimulate gene expression under certain conditions*®. Interaction of miRs with 5
UTRs, coding sequence regions, and gene promoters is also recognized®®. miRs regulate a
variety of cellular process and are critical for development, cell differentiation and
homeostasis3®, while deregulation of miRs is associated with many diseases, including DM
and cutaneous disorders*’~0. miRs play key roles in all phases of the acute wound healing
process, as described in several comprehensive reviews8.7:51-54_ Thus, we focus here on the
roles of miRNAs in chronic non-healing wounds and animal models of delayed wound
healing (Table 1).

In early studies, we identified miR-16, -20a, -21, -106, -130a, -203 upregulation in the
epidermis of non-healing VLUs>®. Overexpression of miR-21 and miR-130a, the most
induced miRs, led to suppression of epithelialization in an acute human skin ex vivo wound
model. Induction of miR-21 inhibited granulation tissue formation, reduced epithelialization,
and prolonged inflammation in an /n vivo rat wound model. The mechanism of miR-21 and
miR-130 in healing inhibition was mediated by the inhibition of leptin receptor and early
growth response factor 3°°. Moreover, we found miR-21-5p upregulated in fibroblasts
isolated from DFUSs, contributing to reduced cell proliferation and migration, and induced
cell senescence in DFUs®8, On the other hand, another member of the miR-21 family,
miR-21-3p, promoted fibroblast proliferation and wound closure in a diabetic murine wound
model®’.

We also identified miR-34a-5p and miR-145-5p upregulation in fibroblasts isolated from
DFUs®8. Upregulation of miR-34a-5p and miR-145-5p together with suppression of its
targets contributes to impaired cell proliferation and migration, as well as induced
differentiation and cell senescence in DFU fibroblasts®®. In line with this, the miR-34 family
was found upregulated in VLUs where it enhanced inflammation and suppressed healing®.
The underlying mechanism of miR-34 activity is mediated through LGR4 (leucine rich
repeat containing G protein-coupled receptor 4) and silencing of NF-xBsignaling®®.
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A study by Li et a/>9 showed that the miR-17~92 cluster (miR-17, miR-18a, miR-19a,
miR-19b, and miR-20a) is upregulated during acute wound healing and downregulated in
VLUs, DFUs and pressure ulcers. Knockdown of the miR-17~92 cluster led to impaired
wound closure in the murine model under normal and diabetic conditions. Specifically,
suppression of miR-19a/b and miR-20a contributed to increased inflammation through toll
like receptor-3 (TLR3) mediated NF-xBsignaling®®. A member of the same miR-17~92
cluster, miR-92a, has been found to inhibit angiogenesisé%:61, A synthetic miR-92a inhibitor,
shown to promote angiogenesis in both diabetic and non-diabetic wound models, is currently
under clinical investigation as a novel wound healing therapeutic®2. miR-132 is found
suppressed in DFUs and a diabetic murine model®3. Overexpression of miR-132 accelerated
re-epithelialization of human ex vivo skin wounds, increased murine wound closure /in vivo,
and suppressed inflammation in part through inhibition of NF-xBsignaling®3.

We have shown that miR-15b-5p is upregulated in DFUs, where it suppresses DNA repair
and inflammatory response through downregulation of multiple target genes including
IKBKB, WEE1, FGF2, RAD50, MSH2, and KIT®. Moreover, infection of acute human
wounds with Staphylococcus aureus, a frequent colonizer of DFUSs, triggered miR-15b-5p
expression and consequently suppressed target genes involved in inflammation and DNA
repair, leading to the accumulation of double strand DNA breaks84. In addition, miR-15b
was found upregulated in diabetic murine wounds where it was associated with impaired
angiogenic response®®. A majority of chronic wounds are colonized with bacteria that form
biofilm86.67. Wound biofilm infection led to induction of miR-146a and -106, and
downregulation of their targets ZO-1 and ZO-2 (Zonula Occludens Protein-1 and -2)
resulting in failed cutaneous barrier repair and increased transepithelial water loss even upon
wound closure6.

In addition to tissue miRs, recent research focused on identifying circulating miRs as
potential diagnostic and therapeutic targets (Table 1). miR-15a-3p was found upregulated in
exosomes isolated from the blood of DFU patients (DFU-ex0)88. Treatment of murine
wounds with DFU-exo impaired wound closure, while co-treatment with antagomiR-15a-3p
accelerated wound closure. The mechanism of miR-15a-3p activity is through suppression of
NADPH oxidase 5and subsequent reduction of reactive oxygen species release8.

miR-24 was found downregulated in the peripheral plasma from patients with DFUs®. This
miR was significantly decreased in DFUs that developed osteomyelitis compared to DFUs
without osteomyelitis. Further, miR-24 was negatively correlated with amputation rate in
DFUs and positively correlated with healing rate, with low miR-24 expression levels serving
as an independent risk factor for DFUs®.

A study by Dangwal er a/."° identified miR-191 and miR-200b upregulation in plasma
samples from patients with DM and chronic wounds. Increased circulating levels of
miR-191 and miR-200b correlated with inflammatory markers and chronic wound size.
Overexpression of both miRNAs inhibited tube formation and migration of endothelial cells.
miR-191 secreted by vascular endothelial cells was either uptaken by dermal endothelial
cells or by dermal fibroblasts, leading to suppression of angiogenesis and fibroblast
migration, respectively’?. Moreover, miR-200b is upregulated in endothelial tissue elements
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of the DFU wound edge, whereas its promotor is hypomethylated’L. Treatment of diabetic
murine wounds with S-adenosyl-L-methionine (SAM) hypermethylated the miR-200b
promotor, down-regulated miR-200b expression, and consequently improved vascularization
and closure of murine wounds’?. A study by Wang et a/.34 identified miR-129 and miR-335
downregulation in both serum and tissue samples from patients with DFUs. A direct target
of both miRs is Specificity Protein-1 (SP1) gene which was found upregulated in DFUs. SP1
binds directly to the MMP-9 promoter and induces its expression. Ectopic overexpression of
miR-129 and miR-335 accelerated wound closure, and downregulated SP1 and MMP-9
expression in a diabetic rat model34.

miRs are not only important post-transcriptional epigenetic regulators of cellular response in
acute and chronic wounds, but their expression can also be regulated by epigenetic
modifications, including DNA methylation and histone modifications, and vice versa in
which miRs can regulate other epigenetic regulators’2:73,

1.3. Circular RNAs in wound healing

CircRNAs are a class of non-coding RNA molecules with a covalent closed continuous loop
lacking a poly-adenylated tail”*"°. Unlike mRNAs that are transcribed in a linear mode,
circRNAs are produced by a non-canonical splicing termed “backsplicing” where 3" and 5
ends of an RNA molecule are joined together’. Until recently, circular RNA isoforms were
thought to be non-functional consequences of rare mistakes in the splicing machinery?8.
However, circRNASs are present and conserved across most organisms, supporting an
evolutionary mechanism for generating circular transcripts’’—82,

CircRNAs show high stability and specificity’475. Their stability is attributed to the unique
closed loop structure; by evading RNA degradation machineries that recognize linear RNA
ends, circRNAs can accumulate inside and outside of the cell®0:83-86_The average half-life
of circRNAs in the cell is over 48 h, well above that of linear mMRNAs (~10 h)84. circRNAs
have tissue-specific and developmental stage-specific expression patterns®2:87-89, The best-
described role of circRNAs is their activity as sponges for miRNAs. By binding and
sequestering transcriptionally inhibitory miRs, they “block the blockers,” introducing a new
level of gene expression regulation’”83. In contrast to other miR sponges (e.g. competing
endogenous RNAs (ceRNASs); pseudogenes?®-92), circular RNAs are more abundant and
contain more miRNA binding sites, with increased potency. CircRNAs can also act as
protein sponges, enhance protein function, mediate protein scaffolding and recruitment, and
function as templates for translation’?.

circRNAs are involved in development and progression of several human diseases including
DM, cancers, neurological disorders, cardiovascular diseases, and chronic inflammatory
diseases8®93-9, A growing body of evidence implicates circRNA in the pathogenesis of
skin diseases?’~193  including impaired wound healing’3:97:104-106 Earlier studies modeled
circRNA roles in chronic wound healing by employing a bioinformatics-based approach to
highlight studies that confirmed the role and function of circRNA in chronic wounds /n vivo.

Work by Yang er a/."3 laid the groundwork for analysis of circRNAs in wound healing by
showing that circ-Amotl1 accelerates healing in a murine wound model. Additionally,
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overexpression of circ-Amotl1 increased proliferation and migration of murine fibroblasts’3.
The mechanism of circ-Amotl1 pro-healing activity is mediated by the STAT3-DNMT3-
miR-17-5p axis. Upregulation of circ-Amotl1 was accompanied by an increased level of
STAT3 (signal transducer and activator of transcription 3) and its nuclear translocation. Once
in the nucleus, STAT3 binds to the DNMT3 (DNA methyltransferase 3) promoter and
increases DNMT3 expression. DNMT3 methylated the promotor of miR-17-5p, leading to
suppression of miR-17-5p expression, subsequent up-regulation of its targets STAT3,
DNMT3, and fibronectin, and resulting in promation of cell proliferation, migration,
adhesion, survival and wound closure’3. This regulatory loop highlights the interaction of
non-coding RNAs and DNA methylation in regulation of the wound healing process.

Specific circRNA were also found elevated with keloid scars'97, namely hsa_circ_0057452,
hsa_circ_0007482, hsa_circ_0020792, hsa_circ_0057342, and hsa_circ_0043688. circRNA-
miRNA interaction networks show that hsa_circRNA 0057342 and hsa_circ_0020792 can
sponge miR-29a, -23a-5p and -1976. While it is known that miR-23a and -29a have
important functions in keloids, by sponging them, hsa_circ_0020792 and
hsa_circRNA_0057342 may participate in keloid development107,

A recent study by Wang er a/.104 associated induction of hsa_circ_0084443 with poor wound
healing in DFUs. Hsa_circ_0084443 was found downregulated during normal wound
healing, in contrast to DFUs. Overexpression of hsa_circ_0084443 increased proliferation
and suppressed migration of human keratinocytes, most likely through modulation of PI3K,
EFGR, and ERK signaling pathways. Moreover, hsa_circ_0084443 regulated expression of
HBEGF (heparin binding EGF like growth factor) and HIF-1a (hypoxia inducible factor 1
subunit alpha)104,

Given its abundance, evolutionary conservation, and miRNA regulatory function, further
characterization of circRNAs can expand our understanding of regulation of the wound
healing process, as well as the role of circRNA in pathogenesis of wound healing disorders.
Future research focusing on identification and functional characterization of circRNA holds
a potential for novel “sponge-based” treatments for various cutaneous diseases associated
with aberrant miRNA expression. Furthermore, due to their high stability both circRNA and
miRs have been considered as biomarkers for various disorders including non-healing
ulcers35:108,

2. Histone Modifications and Chromatin Remodeling in Wound Healing

Within the cell, DNA is packaged in a hierarchical structure with the base unit of a double-
stranded DNA helix. Approximately 146 base pairs of DNA are wrapped around a hetero-
octameric histone (H2A, H2B, H3 and H4) protein complex and together the DNA-histone
complexes are termed nucleosomes!%. Nucleosomes are interspersed along the DNA with
short sequences between them allowing for the interactions between separate nucleosomes
and subsequent chromatin fiber formation. Chromatin is differentially packed from compact
(heterochromatin) to loose (euchromatin) structures which serves as a form of gene
regulation, as loosely packaged DNA is more accessible for protein binding and
transcriptionl©®. To modify DNA packaging structure, cells utilize post-translational
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modification of specific histone sites, generally the N-terminal or C-terminal histone tail
regions, as well as large ATP-dependent protein complexes to modify nucleosome
positioning in order to activate or repress gene expression110:111,

A variety of histone modifiers have been identified, including acetylation, methylation,
phosphorylation, and ubiquitination19, Generally, histone methylation and ubiquitination
can be associated with gene activation and repression, while histone acetylation is typically
only associated with gene activation. In particular, modifications on Lysine (K) such as
H3K4me3, H3K36me3, H3K79me3, and H2BK120ub1 are found on activated genes!10,
while common repression-associated modifications include H3K9me3, H3K27me3, and
H2AK119ub1110, In addition, phosphorylation of serine, threonine and/or tyrosine histone
residues has important roles in DNA damage repair, mitosis, apoptosis, and transcriptional
activation12, Ubiquitylation of H2A and H2B are also associated with DNA damage
response and transcriptional repression!13. Additionally, distinct families of chromatin
remodelers have been identified including SWI/SNF, ISWI, CHD, and INO80, with all
families containing DNA-dependent ATPase domains1!. Though functional roles for
histone modifications have been demonstrated in many pathophysiologic contexts, few
studies have examined histone modifications and chromatin remodeling in the skin and their
consequences in wound healing®. Here we review current research as demonstrated in
different cell lineages within wounded skin, with a focus on immune cells, keratinocytes,
and fibroblasts, as well as outline the role of histone modification in angiogenesis (Table 2).

2.1 Histone modification in neutrophils

Neutrophils are recruited to the wound site during the early inflammatory phase and play an
important role in first-line defense of clearing foreign debris and bacteria. One mechanism
of extracellular bacterial killing is producing neutrophil extracellular traps (NETS), an
extracellular matrix involving decondensed chromatin lined with cytotoxic proteins14.
During NET formation and release, known as NETosis, activated neutrophils undergo
histone citrullination by peptidylarginine deiminase 4 (PAD4) to induce chromatin
decondensation114115, Therefore, commonly used markers for NETosis are citrullinated H3
and PADA4. NETSs, however, can damage the surrounding host tissue which may impair
wound healing and contribute to the progression of many inflammatory diseases!16. DM
primes neutrophils to undergo NETosis!14, with elevated PAD4 observed in neutrophils of
diabetic patients1* and NETs overproduction in human DFU15117 Interestingly, increased
level of NET components in the wound corresponds with infection and worsened state of the
DFUL5 while healing improved after inhibition of NETs in diabetic murine
models114.117.118 pAD4 deficiency also improved wound repair in normoglycemic micel14,
suggesting a role of NETosis in delaying both diabetic and normal wound healing processes
(Table 2).

Another form of histone modification in NETosis besides citrullination is acetylation,
notably of H4. Histone acetylation also facilitates chromatin decondensation, promoting
baseline NETosis in human neutrophils in addition to both NADPH oxidase (NOX)-
dependent and independent NETosis pathways1%. While low concentrations of histone
deacetylase (HDAC) inhibitors promote NETosis, interestingly higher concentrations
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promote neutrophil apoptosis'2%.121, Enriched regions of H4K16 acetylation are associated
with DNA damage during neutrophil apoptosis?2. The shifts between NETosis and
apoptosis suggest that H4 acetylation plays a role in regulating balance between the two
processes. Aside from NETosis, acetylation can also modulate other inflammatory functions
as HDAC11 represses expression of pro-inflammatory TNFa and IL-6123.

2.2 Histone modification in macrophages

Macrophages are essential to the initiation and resolution of inflammatory response during
wound healing®. The transition from inflammation to proliferation in normal acute wound
healing corresponds with a shift in macrophage polarization from the classically activated
M1 phenotype, characterized by pro-inflammatory cytokines and nitric oxide production, to
alternatively activated M2 phenotype, characterized by markers of inflammatory
resolution124-126 Deregulated activation and polarization of wound macrophages with
predominance of the M1 phenotype can result in persistent inflammation and impaired host
defense, observed in the type 2 DM patient population commonly affected with chronic
ulcers?4, Advances in epigenetics have revealed multiple chromatin remodeling
mechanisms involved in regulating transcription of inflammatory genes affecting
macrophage polarization and antimicrobial properties important for successful wound
healing (Table 2).

In general, histone acetyltransferase (HAT) and deacetylases (HDAC) promote pro-
inflammatory monocyte differentiation and macrophage phenotypes. During development of
myeloid progenitors, HDACs are required for differentiation into pro-inflammatory
monocytes characterized by high Ly6C markers. Upon differentiation, HDACSs further
promote the M1 phenotype, while class I-1la HDAC inhibitor trichostatin A promotes
elongated shape and potential to transition into a M2 phenotype through chromatin changes
specifically involving H4K16127:128 Trichostatin A topically added to murine wounds
mirrored the behavior observed /n vitro resulting in enhanced wound closurel28, Class |
HDACSs downregulate myeloid plasticity and favor differentiation into “pro-inflammatory”
M1 macrophages, while inhibition renews macrophage plasticity'28. But HDACs do not all
have the same function, even within the same class, as gene profiling of peripheral blood
monocytes (PBMCs) in patients with type 2 DM and DFUs demonstrated differential
regulation of HDACs in the context of increased pro-inflammatory mediators129.130, Among
DFU patients, significant upregulation of class | HDACs 1, 3 and downregulation of class |
HDACS 2 and 8 were observed!3? while genetic variations of HDAC3 were associated with
an increased prevalence of type 2 DM in certain populations3. Unlike other HDACs that
are localized in the nucleus, Class I1b HDACS acts on cytoplasmic proteins such as
microtubules to regulate cytoskeletal dynamics. HDACSG facilitates lipopolysaccharide
(LPS)-induced macrophage activation32, enhances monocyte/macrophage infiltration into
tissue, and promotes phagocytic capacity of peritoneal macrophages33. However, HDAC6
exhibited sustained overexpression in the wounds of diabetic micel34. Selective inhibition
reduced pro-inflammatory IL-1p and increased anti-inflammatory IL-10 expression in LPS
or high glucose stimulated macrophages and accelerated wound healing in diabetic micel34,
The histone acetyltransferase “Males absent on the first” (MOF) also targets H4K16 to
promote an inflammatory profile in wound macrophages35. TNFa-mediated MOF activity
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increases NF-xB—mediated transcription of inflammatory genes, peaking in the normal
wound healing process, and is comparatively elevated in wound macrophages of diet-
induced obese mice and db/db micel3>, TNF-a inhibition via etanercept (an FDA-approved
inhibitor) reduced MOF levels and improved outcomes of diabetic wound healing?3°. The
overlapping pro-inflammatory results between histone acetyltransferase and deacetylases
could be due to action on different genes promoters involved with the H4K16 site: HAT to
promote pro-inflammatory genes and HDAC to repress anti-inflammatory genes.

Histone methyltransferases also play an important role in regulating the transition of
macrophages from an inflammatory to an anti-inflammatory phenotype. Deletion of histone
methyltransferase Setdb2 impairs the transition of macrophages from an inflammatory M1
to anti-inflammatory M2 phenotype, leading to increased NF-xB-mediated transcription of
inflammatory cytokines I1L-1B, TNF-a, and antimicrobial nitric oxide synthase (NOS2)136,
Another histone methyltransferase, mixed-lineage leukemia-1 (MLL1), also promotes a pro-
inflammatory phenotypel37 and increases NF-xB-mediated transcription of inflammatory
cytokines via trimethylation of H3K4, correlating with impaired wound healing in micel38.
Peripheral blood monocytes of patients with type 2 DM had elevated levels of MLL-1
compared to control subjects, suggesting a predisposed hyperinflammatory systemic state
even before the occurrence of a wound38. MLL1 additionally decreases antimicrobial
activity of macrophages. MLL1-deficient macrophages /n vitro exhibit increased
phagocytosis and bacterial killing activity of Group A Streptococcus, and upregulation of
anti-viral related genes such as interferon-induced GTP-binding proteins!39. Alternatively,
Ashll histone methyltransferase activity on H3K4 at the TNF-a inducible protein 3
(Tnfaip3) promoter induces an anti-inflammatory phenotype by suppressing NF-xB-
mediated I1L-6 and TNF-a production in TLR-triggered macrophages'4%.141, Histone
demethylase Jmjd3 removes repressive methylation of H3K27, which promotes NF-xB -
mediated transcription of inflammatory genes IL-1p and 1L-12142.143_JMJD3 is also
important for activation of LPS-induced inflammatory genes, independent of H3K27me3, by
targeting H3K4me3 instead. However, JIMJD3 is also involved in IL-4 associated activation
of M2 polarization in bone marrow—derived macrophages'#4:145, suggesting the demethylase
may differentially regulate macrophage phenotype based on environmental context. Pre-
treatment of Jmjd3 specific inhibitor (GSKOJ4) reduced inflammatory cytokine expression
in circulating monocytes and wound macrophages and improved wound healing in diabetic
micel43,

The ATP-dependent chromatin remodeling SWI/SNF complex (also termed BAF) also
participates in macrophage development. SWI/SNF interacts with histone acetyltransferase
p300 to regulate H3K27ac and control genes important to cell development and
differentiation146. The complex uses two alternative ATP-dependent enzymes, brahma-
related gene 1 (BRG1) and brahma (BRM), that recognize and replace nucleosomes marked
by the coordinated activity between P300 and HDAC1147. Of the two enzymes, chromatin
remodeler Brgl has also been shown to promote arginase-1 gene (Argl) transcription in M2
polarized macrophages and improve wound healing during treatment with topical all-trans
retinoic acid and 1L-4148.149_|1n summary, chromatin dynamics governed by histone
modifying enzymes has been extensively studied in macrophages and regulate multiple
aspects of macrophage development and effector functions during wound healing.
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2.3 Histone modification in fibroblasts

During the remodeling phase of wound healing, granulation tissue with a high ratio of
collagen 111 is replaced by mature extracellular matrix (ECM) enriched with collagen 1150,
Other ECM components include fibronectin, elastin, laminins, proteoglycans, hyaluronic
acid, glycoproteins, and matricellular proteins. These ECM components are primarily
synthesized by fibroblasts, while epithelial, endothelial, and immune cells contribute as well.
As the tensile strength and diameter of collagen fibers increase, fibroblasts are induced to
form myofibroblasts!®1152, Alpha-smooth muscle actin (aSMA) is produced by
myofibroblasts, providing contractility that aids in wound healing153154. While stimulating
fibroblasts may be of interest in wound healing, care must be taken to prevent fibroblast
over-activation and fibrotic response associated with impaired wound healing®5-157. A
critical step for myofibroblast differentiation is regulation by TGF-B1 signaling. Silencing of
HDAC 4, 6, and 8 impaired TGF-B1 induction of a-SMA and thus fibroblast
differentiation158.159 while suppression of HDAC1 increased collagen productionl®® (Table
2). Increasing HDAC1 results in the deacetylation of Flil (friend leukemia integration 1
transcription factor) and a subsequent rise in Flil DNA binding and inhibition of Collagen
Type | Alpha 2 (COL1A2). The Flil-HDACL1 complex release from the COL1A2 promoter
is also mediated by TGF-p160. While HDAC inhibitors cause an accumulation of acetylated
histones and have been shown to inhibit the growth of keratinocytes, fibroblasts were not
growth inhibited162. In a streptozotocin induced diabetic murine model, Guo et. a/. found
that INcRNA H19 promotes H3K4me3 methylation, resulting in activation of the HIF-1a.
signaling pathway by recruiting EZH2162, By modulation of histone methylation, INcRNA
enhanced wound healing in diabetic mice62, Using primary fibroblasts from DFUs, Park et.
al. analyzed DNA methylation patterns compared to site and age-matched normal foot
fibroblasts3”. Overall, they found that DFU derived fibroblasts had lower global DNA
methylation on genes associated with wound healing3. Further studies are needed to
decipher the role of epigenetic modifications in fibroblasts from other types of chronic
wounds.

2.4 Histone modifications in keratinocytes

The later phases of wound healing involve keratinocytes as key players of successful wound
closurel2. Regulation of keratinocytes proliferation, migration, and differentiation during
wound healing is modulated by multiple growth factors and cytokines, non-coding RNAs as
well as histone and chromatin modifications®. Histone acetylation of different target sites
promote keratinocyte migration and terminal differentiation for overall accelerated wound
repair. Activity of acetyltransferase P300/CBP-associated factor (PCAF) on retinoblastoma
protein (Rb), an important regulator for cell differentiation, is required for normal
keratinocyte differentiation163. Additional acetylation targets for PCAF are H3 and H4164,
Topical treatment of a PCAF activator accelerated wound closure in mice, in association
with increased H4 acetylation165. High glucose conditions can also increase PCAF action on
inflammatory genes, with increased H3K9 acetylation at TNF-a. promoters of human blood
monocytes in type 1 and 2 DM166, Meanwhile, photobiomodulation therapy-induced histone
3 (H3) acetylation and corresponding NF-xB expression stimulate keratinocyte migration in
the early stages of healing while decreased H3 acetylation and NF-xB expression accelerate
keratinocyte terminal differentiation in the later stages of healing!6’. Histone deacetylation
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can impact keratinocyte activity differently depending on the type of HDAC activated. Class
I HDAC?2 inhibits expression of growth factors important to keratinocyte proliferation and
wound healing, such as IGF-I (insulin growth factor I, FGF-10 (fibroblast growth factor) 10,
and EGF (epidermal growth factor)18. Class 11l HDACs 1-3 (Sirtuins), on the other hand,
negatively regulate class | HDACs and hence promote keratinocyte proliferation through
increased endothelial cell NO synthesis. When treated with class | HDAC inhibitors or
sirtuin activators, mice exhibited increased keratinocyte proliferation and improved wound
healing18 (Table 2).

In addition to activity for macrophages, H3K27 demethylase JMJD3 interacts with NF-xB at
the wound edge to increase expression of genes encoding inflammatory cytokines and
growth factors important to keratinocyte function and wound closurel6®, JMJD3 activity
promotes keratinocyte migration through Notch1 activation169.170 and is also important for
keratinocyte differentiation1’1. Histone methylase Ashil also promotes wound healing
through regulation of keratinocyte proliferation and induced terminal differentiationl72.
Ashll trimethylation of H3K36 antagonizes Polycomb group-mediated H3K27
trimethylation, which is involved in epidermal stem cell proliferation and c-myc activation in
tumor cells. Ashl1l knockdown caused delayed re-epithelialization upon wounding despite
hyperproliferation of keratinocytes while leading to epidermal hyperplasia in aged mice,
highlighting its role in maintaining epidermal homeostasisl’2. Using a murine wound model,
Shaw and Martin showed that Polycomb group proteins Eed, Ezh2 and Suz12 are down
regulated, while finding demethylases Jmjd3 and Utx upregulated during wound healing and
an overall reduction of H3K27me3 in the epidermis of healing wounds!3.

Aside from histone modification, chromatin remodelers also play a role in regulating
keratinocyte functions important in wound healing. Nucleosome remodeler Mi-2f (also
known as Chd4) works with HDAC1 and HDAC?2 as part of nucleosome remodeling and
deacetylase (NURD) complex and helps to inhibit keratinocyte differentiation and
proliferationl’4. Through H3K27Ac modulation, the complex represses Activator protein 1
(AP21)-dependent transcription of stress response genes in keratinocytes, including gene
clusters involved with keratinocyte terminal differentiation, cell proliferation and
inflammatory cytokines. Disruption of the skin barrier causes a transient reduction of Mi-2
expression, which allows activation of key stress signaling and keratinocyte proliferation/
differentiation during barrier repairl’4. Brahma-related gene 1 (Brgl) in the SWI2/SNF2
nucleosome remodeling complex is required for keratinocyte terminal differentiationl?>.
Brgl is also involved in control of hair follicle stem cells (SC) during tissue regenerationl”®.
Activation of Brgl activates Sonic Hedgehog through NF-xB to keep the hair follicle SC
reservoir at full capacityl78. In contrast, there is an increase in hair follicle SC apoptosis and
an inhibition of SC proliferation and re-epithelialization without Polycomb proteins Ezh1
and Ezh2177, Furthermore, blocking hypomethylation at histone H3 K4me3, K9me3, and
K27me3 in hair follicle SCs leads to impaired wound healing through upregulated BMP4
expressionl78. While we recognize that SC are mobilized to switch fate and contribute to
barrier repair in response to wounding78-180 when the epidermal SC niche is depleted in
chronic VLUs!81, the role of epigenetic modification in regulation of the epidermal SC
niche has been extensively reviewed® and is out of the scope of this manuscript. Despite
multiple studies focusing on the epigenetic modifications in keratinocytes during acute
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wound healing, not many studies have evaluated the effects of the chromatin modifications
in the pathology of the chronic wound epidermis. We have recently found accumulation of
phosphorylated H2AX in the epidermis of DFUSs as a result of inhibition of DNA repair
genes and accumulation of DNA breaks®4. Further studies are needed to determine the cell-
specific role of histone modifications associated with wound healing disorders.

3. Therole of DNA methylation in wound healing

The role of DNA methylation in the regulation of the normal wound healing response is in
early stages of investigation®. It is well established that DNA methylation is associated with
silencing of gene expression and occurs via the action of DNA methyltransferases
(DNMTSs). Typically, the cytosine 5° position of CpG dinucleotides is the target, leading to
the formation of 5-methylcytosine (5mC)182, DNMT1, DNMT3A and DNMT3B are the
primary methyltransferase enzymes that maintain patterned methylation in human cells183:
DNMT3A and DNMT3B can also participate in de novo methylation, whereby they target
previously unmethylated CpG dinucleotides®4. The TET dioxygenase family is also
responsible for DNA demethylation, oxidizing 5mC to 5-hydroxymethylcytosine (5hmC),
which can then be further processed to unmodified cytosinel8. The complex process of
gene expression depends on both the density of the methylated sites as well as their relative
proximity to the promoter region186. Here we review the role of DNA methylation in cellular
subtypes involved in wound healing, with particular reference to immune cells,
keratinocytes, and fibroblasts, and discuss potential contributions of DNA methylation to
cellular malfunctioning in wound healing disorders.

3.1 DNA methylation in inflammatory cells

The specific effects of DNA methylation during the inflammatory phase of wound healing
have not yet been fully elucidated, though it is likely to be an important factor in the healing
response. For example, it has been shown that macrophage secretion of certain
proinflammatory cytokines is mediated by DNA methylation187. Likewise, patterns of
glucocorticoid receptor promoter methylation have been found to vary between individuals,
which is potentially significant given that glucocorticoids are synthetized in skin and act as
moderators of inflammation during cutaneous wound healing88-190, The Peroxisome
Proliferator Activated Receptor (PPAR) family of transcription factors also plays a role in
the inflammatory phase of wound healing and differentially methylated sites within the
PPAR-a promoter in macrophages have been associated with altered inflammatory cytokine
expression, though the significance for the wound healing is yet unclear!1.

In murine models of diabetes, bone marrow derived stem cells have shown increased levels
of DNMT1 and a pro-inflammatory macrophage phenotype. Subsequent DNMT1 reduction
led to increased wound healing192193, Davis et a/194 have recently shown decreased
expression of DNMTs 3a and 3b in diet-induced obese and db/db~'~ murine wound
monocytes/macrophages. TGF-p-regulated miR-29b inhibition of DNMT3 led to
hypomethylation and overexpression of Cox-2, which promoted increased Prostaglandin E2
(PGEZ2) synthesis. Elevation of this Cox-2/PGE2 pathway caused impaired macrophage
function, with increased inflammatory cytokine expression and impaired phagocytosis of
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bacteria. Of note, inhibition of this pathway resulted in decreased inflammatory cytokine
production and improved wound healing%4.

While neutrophils play a critical role in the early wound healing response, little is
specifically known about the role of DNA methylation in neutrophil function. We have
recently shown that suppression of FOXM1 in DFU tissue and a diabetic mouse model
caused decreased neutrophil and macrophage recruitment to the wound as well as delayed
wound healing9. Furthermore, release of neutrophil extracellular traps (NETs) and death
by NETosis is found dysregulated in diabetic wound healing, contributing to delayed wound
healing in db/db™~ micellS. A recent Jn vitro study established a relationship between
NETosis and DNA methylation, demonstrating increased NETosis via DNMT inhibition19
and warranting further /n vivo studies. Taken together, these findings suggest that DNA
methylation may be an important epigenetic regulator in the inflammatory phase of wound
healing acting through modulation of neutrophils and macrophages.

3.2 DNA methylation in keratinocytes

DNA methylation is also an essential regulator of epidermal homeostasis'9. As the skin
ages, in concert with accumulated UV radiation exposure, epidermal DNA methylation
patterns among individuals change and become more heterogeneous, a process referred to as
epigenetic drift. In general, this phenomenon leads to promoter hypermethylation and
lamina-associated domain hypomethylation197. As aging has long been associated with
impaired wound healing198:199 the role of DNA methylation in the pathogenesis of wound
healing disorders can’t be overlooked.

It has been shown that DNMT1 expression plays a critical role in maintaining the
undifferentiated state and capacity for self-renewal in epidermal progenitor cells. Relative
hypomethylation occurs during the transition to differentiation29, DNMT1 is expressed in
the basal epidermis and outer root sheath of hair follicle stem cells. Loss of DNMT1 leads to
defects in stem cell proliferation and maintenance2°0.201, DNA hypermethylation and
increased DNMT expression have been associated with wound re-epithelialization and
regeneration in proliferating tissue>202, Luo er a/203 found that corneal keratinocytes in
mice show global DNA hypermethylation during corneal epithelial wound healing, which
was also associated with increased DNMT1 and DNMT3B expression. Moreover, selective
silencing of DNMT1, but not DNMTS3B, inhibited corneal wound healing. This effect was
mediated by hypermethylation of the promoters for miR-200a and Cdkn2b, with subsequent
decreased expression of these genes203. Similar mechanisms may be involved in cutaneous
wound healing.

DNA demethylation, a relatively newly recognized phenomenon, is also increasingly
recognized as a fundamental process regulating wound healing. Zhang et a/2%4 found that
the demethylating enzyme TET2 mediated increased expression of MMP-9 in human
keratinocytes cultured in the presence of AGEs. AGEs induced keratinocyte expression of
TET?2 in vitro, leading to hypomethylation of the MMP-9 promoter2%4, Furthermore, Ling et
al205 demonstrated that TNFa-treated keratinocytes showed site-specific DNA
demethylation in the MMP-9 promoter, which was correlated with increased MMP-9
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expression. Such results may guide future novel therapeutic strategies targeting DNA
demethylation in chronic wounds associated with increased levels of MMP-935:108,

3.3 DNA methylation in fibroblasts

The study of fibrotic disorders has also shed some light on the importance of DNA
methylation in cutaneous wound healing. In systemic sclerosis (SSc), myofibroblasts show
promoter hypermethylation at DKK1 and SFRP1, both Wnt antagonists2%8. Treatment with
5-aza-2’-deoxycytidine (decitabine), a DNMT inhibitor, reversed this hypermethylation and
lessened fibrosis in a mouse model?97. RUNX1 and RUNX2, regulators of tissue inhibitor of
metalloproteinases 1 (TIMP-1), are also hypomethylated in dermal fibroblasts from patients
with SSc208, FLI1, a negative regulator of collagen production and fibrosis, is
hypermethylated and suppressed in SSc myofibroblasts29?, while inhibition of FLI1 led to
excessive production of ECM in normal cells210. Additionally, global methylation patterns
of dermal SSc fibroblasts as well as keloid fibroblasts were altered, with a predominance of
hypomethylated sites208:211, Expression of a SMA has been shown to be regulated in part
via DNA methylation in lung and hepatic tissue?12213, The a SMA gene locus is
hypomethylated in a mouse model of early stage liver fibrosis214.

While current efforts were focused on the role of DNA methylation in fibrotic disorders, we
also recognize the importance of fibrosis in the pathogenesis of non-healing VLUs57,
warranting further investigation on the role of this epigenetic modification associated with
the aberrant upregulation of fibrogenic pathways in chronic wounds5%:157,

Conclusions and future perspective

The epigenetic landscape emerges as a fine-tuned regulator of cellular responses during
wound healing. Given the abundance, stability, evolutionary conservation and regulatory
functions of non-coding RNAs, further characterization of circRNAs, miRs, and INCRNAs
and their interaction with histone modifications and DNA methylation in wounded skin over
time provides new opportunities to predict and ultimately halt the transition of acute wounds
into their devastating pathologic counterpart, chronic non-healing wounds (Figure 1). While
the field has advanced in identifying epigenetic modifiers as potential therapeutic targets in
animal models of delayed wound healing*®, future efforts focusing on aberrant epigenetic
modification in patients affected with chronic wounds will provide directions for
identification of novel therapeutic targets. Patients suffering from chronic DFU and VLU are
mostly elderly and burdened by comorbidities, including metabolic disorders, diabetes and
cardiovascular diseasel:198 while it is established that metabolism and epigenetics are
intricately linked and work together to influence the ability to respond to aging and
injury?15216 1t js also well known that hyperglycemic conditions cause an adverse effect on
the DNA 5-hydroxymethylome, while metformin can prevent global changes in 5-
hydroxymethylcytosine levels216, potentially offering additional beneficial effects in the
diabetic population at risk of DFU. Although various anti-aging compounds including
metformin, quercetin, and even aspirin?1> have been linked to an improved ‘younger’
chromatin architecture, further studies are needed to elucidate how these drugs target
epigenetic networks to affect the cutaneous wound healing process and potentially prevent
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development of chronic wounds. The utilization of non-coding RNAs as therapeutic targets
for wound healing disorders is also rapidly developing®:72, however caution should be taken
as the pathology of impaired wound healing results from a complex etiology and
malfunction of multiple cell types, often involving more than a single non-coding RNA.

The molecular features of non-coding RNAS reviewed here support their potential
application as novel diagnostic and prognostic markers for wound healing disorders. In
particular circRNA and miRs have been considered biomarkers due to their high stability
and abundance. Utilization of circRNA/mIiRs as predictive and diagnostic biomarkers has a
potential to improve outcomes, maximize treatment outcomes, and reduce risks associated
with chronic ulcers.

Better understanding of the underlying causes of cellular malfunction in chronic wounds, as
well as the epigenetic targets of healing interventions, is essential for developing more
effective strategies to ameliorate chronic wound disorders and to identify novel therapeutic
and diagnostic targets.
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Figure 1.
Histone madifications, DNA methylation and non-coding RNAs (circRNAs, miRs and

IncRNAS) play a role as epigenetic regulators of wound healing. Their role is balanced in
acute wound healing, while deregulation of the epigenetic regulators contributes to
molecular pathology of chronic wounds. However, how changes in epigenetic makeup
contribute to transition of an acute wound to a chronic wound and vice versa remains to be
elucidated.
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Table 1.

miRs role in chronic wounds and animal models of impaired wound healing.

Page 31

inhibits healing

microRNA Effect on wound healing Dysregulation in chronic wounds Ref.
Tissue miRs in patients
miR-15b Suppresses DNA repair and inflammatory Up-regulated in DFU and diabetic murine wounds 64,65
response; impairs angiogenesis
miR19a/b and miR-20a | Anti-inflammatory; promote wound healing Down-regulated in DFU, VLU and pressure ulcers 59
miR-21 Suppresses granulation tissue formation; Up-regulated in VLU and fibroblasts isolated from DFU 55,56
impairs proliferation and migration, and
induces senescence
miR-34 family Pro-inflammatory; impairs proliferation and Up-regulated in VVLUs and fibroblasts isolated from 56,58
migration, inhibits healing DFU
miR-92a Suppresses cell proliferation and angiogenesis; | Up-regulated in VLU and diabetic murine wounds 60,61
inhibits wound healing
miR-132 Anti-inflammatory; accelerates wound closure | Down-regulated in DFU and diabetic murine wounds 63
miR-152-3p Inhibits proliferation and migration Up-regulated in DFU fibroblasts 30
miR-296-5p Promotes wound healing Down-regulated in amputated tissue a7
miRs in diabetic animal models of impaired healing
miR-25 &miR-29a Dysregulation of collagen production Up-regulated in diabetic murine wounds 218
miR-26a Impairs angiogenesis, decreases granulation Up-regulated in diabetic murine wounds 219
tissue; inhibits healing
miR-146a Anti-inflammatory Down-regulated in diabetic murine wounds 220
miR-155 Pro-inflammatory; impairs wound closure Up-regulated in diabetic murine wounds 221
miR-497 Anti-inflammatory; improves wound healing Down-regulated in diabetic murine wounds 222
miR-146a and Compromise tight junction function Up-regulated in wounds infected with bacterial biofilm 66
miR-106
Circulating miRs
miR-15a-3p Reduces ROS production; impairs wound Up-regulated in exosomes isolated from blood of DFU 68
closure patients
miR-24 Negatively corelated with the amputation rate Down-regulated in peripheral plasma from DFU with 69
in DFU osteomyelitis
miR-126 Pro-angiogenic, promotes collagen maturation | Down-regulated in the peripheral blood from the 223224
and healing patients with DFU
miR-129 and miR-335 | Accelerate wound closure Down-regulated in serum and tissue from DFU patients 34
miR-191 and Pro-inflammatory, suppress angiogenesis and Up-regulated in plasma samples from DFU patients 70
miR-200b migration
miR-217 Suppresses angiogenesis, pro-inflammatory; Up-regulated in serum from DFU patients 225
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Table 2.

Therole of histone modificationsin wound healing.

Page 32

HDAC-= Histone Deacetylase; HAC = Histone Acetyltransferase; HMT=Histone methyltransferase; HDM =
Histone demethylase N/A= function or target not available.

differentiation; HDACS6 delays
diabetic murine wound healing

HDACS - downregulated in DFU
HDACS - upregulated in diabetic
mouse

Enzyme Target Effect on wound healing Dysregulation in pathologic Ref.
modification conditions
Macrophages
Class | HDACs H4K16 M1 macrophage polarization; Induced HDAC3 in DM and HDAC1 127-130
(HDAC1, 2, 3, 8) inhibition improves healing in DFU; suppression of HDAC2/
HDACS in DFU
HDAC6 cytoplasmic Pro-inflammatory Elevated in diabetic mice; inhibition 133,134
proteins improves healing
MOF (HAC) H4K16ac Pro-inflammatory Elevated in diabetic mouse models; 135
inhibition improves healing
Setdb2 (HMT) H3K9me3 Anti-inflammatory Decreased in patients with type 2 DM 136
MLL1 (HMT) H3K4me3 Pro-inflammatory; inhibits healing | Elevated in monocytes of patients 137-139
with type 2 DM
Ashi1l (HMT) H3K4me3, Anti-inflammatory Human genetic polymorphisms 140,141,226,227
H3K36me3 associated with SLE/RA and RA
Jmjd3 (HDM) H3K27, H3K4 Pro-inflammatory, promotes M2 Increased in DIO mice and type 2 142-145
polarization DM; inhibition improves healing
Neutrophils
Peptidylarginine H3 citrullination NET formation; inhibition 114,115,117
deiminase 4 (PAD-4) improves healing Elevated PAD4 in patients with DM
unknown H4 acetylation NET formation (low levels), and increased NETosis in DFU 119-122
neutrophil apoptosis (high levels)
Keratinocytes
HDAC?2 H4K16 Inhibits wound healing Downregulated in DFU 128,130,168,228
Sirtuins aka Class 11/ H3K9 Improves proliferation&healing N/A 168
HDACs
PCAF (HAC) Rb-acH3K14ac/ Promotes keratinocyte Increased in patients with Type 1 or 2 163-166
K9ac/K8ac differentiation & improves healing | DM
Ashll (HMT) H3K4me3, Induces keratinocyte terminal Aged Ash1l knockout mice show 172
H3K36me3 differentiation epidermal hyperplasia; deficiency
impairs wound healing
Jmjd3 (HDM) H3K27, H3K4 Promotes keratinocyte migration Increased in DIO mice and patients 142,143,169-171
and differentiation with type 2 DM
Brgl SWI2/SNF2 Induces keratinocyte terminal N/A 148,175
remodeling differentiation & improves healing
complex
Mi-2p or Chd4 nucleosome Inhibits keratinocyte Deficiency impairs barrier repair 174
remodeling differentiation and proliferation
complex
Fibroblasts
HDAC1 Flil & COL1A2 Regulation of collagen production | Upregulated in DFU 130,160
HDAC 4, 6, and 8 N/A Promote myofibroblast HDAC4 - upregulated in DFU 130,134,158
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