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Abstract

Skin wound healing is a complex regenerative phenomenon that can result in hair follicle 

neogenesis. Skin regeneration requires significant contribution from the immune system and 

involves substantial remodeling of both epidermal and dermal compartments. In this viewpoint, 

we consider epigenetic regulation of reepithelialization, dermal restructuring and hair neogenesis. 

Because little is known about the epigenetic control of these events, we have drawn upon recent 

epigenetic mapping and functional studies of homeostatic skin maintenance, epithelial-

mesenchymal transition in cancer, and new works on regenerative dermal cell lineages and the 

epigenetic events that may shape their conversion into myofibroblasts. Finally, we speculate on 

how these various healing components might converge for wound-induced hair follicle 

neogenesis.

Scope

Wound healing is a complex phenomenon involving inflammatory, regenerative and 

remodeling events. However, the epigenetic changes accompanying this process remain 

largely unknown. Here, we draw upon new evidence from related biological systems to 

speculate on how epigenetic factors may impact wound healing.

An overview of epigenetic regulation of chromatin structure

Chromatin compaction is a critical means of regulating gene transcription by making genes 

inaccessible to transcription factors and RNA polymerases. Modes of chromatin compaction 
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include histone methylation, which in mammals is undertaken by polycomb group (PcG) 

complexes PRC1 and PRC2, histone deacetylation by HDACs and DNA methylation by 

DNMT and Tet family members. Combinatorial outcomes of these and other histone 

modifications may promote regional compaction of chromatin which is readily reversed, 

whereas DNA methylation leads to a stable long-term repression (1). Conversely, chromatin 

can be transformed into an “open” state by histone demethylases (trxG), histone acetylases 

HATs and/or DNA demethylases including Jmjd3 and Utx. Importantly, derepression of 

specific gene loci typically involves upregulation of tissue specific transcription factors that 

guide activating complexes to the gene in question, or the removal of tissue specific 

repressors, rather than global downmodulation of compacting factors.

During early embryogenesis, embryonic stem cells (SCs) maintain histones at many gene 

loci in bivalent methylated state, poised for appropriate differentiation. During development, 

lineage-specific genes lose their repressing marks, allowing for lineage-specific 

differentiation and unwanted genes lose activating marks for their shutdown (2, 3). 

Differentiated, non-proliferative adult cells maintain methyl marks established during 

embryogenesis, presumably in a stable unchanging configuration. However, many tissues 

undergo homeostatic maintenance in which SCs are constantly giving rise to differentiated 

progeny. These tissues include lung, intestine and blood, as well as skin.

Skin interfollicular epidermis (IFE) requires multiple levels of epigenetic regulation. Its 

basal layer contains SCs, whose progeny continuously differentiate into cells of all upper 

layers (4). IFE SCs are normally unipotent in nature, suggesting tight epigenetic control of 

non-epidermal genes. In contrast, hair follicle (HF) SCs, which generate several types of 

trichocytes during hair growth and can contribute to IFE regeneration following wounding 

(5), likely exhibit a greater degree of flexibility (6). Epigenetic profiles of IFE and HF SCs 

have been extensively studied (7-11). Importantly, although intrinsic SC features have been 

identified, recent work points to the niche microenvironment as a potent modifier of final 

fate decisions (12). Finally, regeneration of damaged tissues comes with its own set of 

epigenetic requirements, in which either resident SCs may be epigenetically altered for 

recruitment and differentiation, or differentiated cells may undergo trans-differentiation (13, 

14). Much less is known about epigenetic contribution to healing, in part because of the 

complexity of this process (15). Nonetheless, it is thought that at least some epigenetic 

changes are achieved through interaction with bacterial products and cytokines generated 

during inflammation (16-19).

I. Reepithelialization

Although lower vertebrates depend substantially upon dedifferentiation tactics for tissue 

regeneration, this appears to be infrequently used during reepithelialization in mammals (20) 

and, instead, reepithelialization occurs via recruitment of IFE and HF SCs (4, 21). Here we 

will review studies addressing epigenetic regulation of IFE and HF SC maintenance and 

consider changes in their epigenetic makeup implicit to the healing process (Figure 1A). We 

will also review a report of epigenetic changes during wound-induced reepithelialization, 

and because wound healing has striking similarities to cancer in epithelial-mesenchymal 
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transition (EMT) induction (22), we will discuss recent reports documenting epigenetic 

contribution to EMT (Figure 1B).

I.a) Epigenetic regulation of homeostatic adult skin SCs

DNA methylation and histone modification mapping studies—Recent studies 

examining DNA methylation status show that both IFE and HF SCs maintain open 

chromatin states at gene regulatory elements associated with unrelated lineages, thus 

suggesting lineage flexibility (23, 24). Studies on adult HF SCs also show an important 

requirement for repressive methylation at specific loci to maintain ‘stemness’ and loss of 

these repressive marks for induction to a more differentiated phenotype (7, 10). Related 

studies looking at hematopoietic SCs indicate that during homeostatic regeneration, adult 

SCs require demethylation events for their transit into a progenitor state (24). Subsequent 

differentiation is accompanied by shutdown of ‘progenitor’ genes and new expression of 

genes associated with terminal differentiation.

Epigenetic modulators of homeostatic SC ‘stemness’: the INK4A/Arf locus is 
a prime target—The INK4A/Arf locus transcribes the p16Ink4a and p19Arf genes that 

encode tumor suppressor proteins (25, 26). Phenotypically, expression of these proteins has 

been linked to cell senescence with concurrently decreased proliferation and increased 

apoptotic events (26, 27). It has been suggested that INK4A/Arf, which is increasingly 

expressed with age, modulates SC and progenitor self-renewal with the added benefit of 

counteracting cancerous growth and the caveat of reducing tissue renewal capacity (28). As 

will be seen below, repression of INK4A/Arf locus genes appears to be critical for both 

embryonic and adult skin SC maintenance and self-renewal. Interestingly, multiple 

potentially overlapping epigenetic regulation strategies have been employed to ensure 

silencing of this locus.

Histone methylases in epidermis and hair follicles—There are two PcGs in 

mammals, which are believed to act sequentially to compact chromatin. The PRC2 

trimethylates histone H3 lysine 27 (H3K27me3). PRC1 reads H3K27me3 mark and 

catalyzes H2A mono-ubiquitination (H2Aub1) (29). The PRC2 complex contains 

components Eed, Suz12, Ezh1 and Ezh2. It was quickly recognized that the restricted 

expression of Ezh proteins to the basal layer of IFE and the HF bulge indicated a PRC2 role 

in SC maintenance (30-32). Developmental work on Ezh2−/− mouse models revealed a 

striking proliferative defect within the basal layer coupled with premature expression of 

differentiation genes (31). The latter was tied to de-repression within the EDC (Epidermal 

Differentiation Complex) locus, a unique locus comprised of gene families encoding 

proteins for IFE maturation. The proliferation defect was linked to upregulated expression of 

INK4A/Arf proteins.

Similar results were reported when analyzing the role(s) of Ezh2 in adult HF bulge using 

Ezh1/2 double null skin grafts (32). A striking proliferative defect was noted in the HF 

matrix of Ezh1/2−/− grafts and engraftment of Ezh1/2−/− split-thickness skin onto nude 

recipients failed to result in proliferation and reepithelialization. Analyses again showed 
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that, in the absence of Ezh2, INK4A/Arf locus genes were dramatically upregulated leading 

to decreased SC maintenance and proliferation.

Other epigenetic regulators in epidermis and hair follicles—The DNA methylase 

Dnmt1 is expressed in the IFE basal layer and HF outer root sheath (ORS) and matrix cells 

in humans and mice (33-36). Deletion of Dnmt1 specifically from skin and HFs showed 

striking similarities with PRC2 loss-of-function, with defects in SC maintenance and 

proliferation, at least in part attributed to INK4A/Arf locus upregulation (34, 35).

Finally, HDACS are deacetylases, some of which deacetylate histones for chromatin 

compaction as well as unrelated proteins for various outcomes (37, 38). Developmental 

studies of epidermis-targeted Hdac1/2−/− embryos surprisingly showed a phenotype similar 

to p63−/− mice, with complete disruption of epidermal and HF development, although p63 is 

not a direct HDAC target. Instead, the INK4A/Arf locus p16 protein was upregulated in 

Hdac1/2−/− skin again pointing to regulation of this locus in skin development. 

Interestingly, Lebouef et al. also demonstrated that, at least in vitro, Hdac1/2 can deacetylate 

p53 for its repression (38).

Positive epigenetic modulators of homeostatic epidermal and hair SCs—
Chromatin remodeling to the active state requires not only the downregulation of repressive 

factors but also active removal of methyl marks and/or acetylation of histones. Numerous 

epigenetic gene activators have been discovered although until now they have not been 

extensively studied in skin.

Jmjd3 and Utx are H3K27me3 demethylases found in human basal and suprabasal IFE. 

Their less restricted expression patterns suggest roles in differentiation induction rather than 

SC maintenance (39). Indeed, calcium-induced epidermal differentiation leads to loss of 

methyl marks and increased Jmjd3 binding. Also, Jmjd3 overexpression results in premature 

epidermal differentiation. As mentioned below, Jmjd3 and Utx are upregulated following 

wounding to activate genes for proliferation and differentiation.

In conclusion, studies thus far suggest multiple overlapping strategies by epigenetic factors 

to ensure negative regulation of INK4A/Arf proteins for IFE and HF SC maintenance and 

tight regulation of the EDC complex to ensure appropriate differentiation. The fact that 

multiple epigenetic factors target the INK4A/Arf locus indicates their separate contributions 

to the regulation of unique gene targets. It may also suggest cross regulation of epigenetic 

factors such that only one or a few are functional at any one time. For example, Cbx4 has 

been shown to regulate expression of Ezh2, Dnmt1 and Bmi1, possibly to fine tune gene 

expression (8). This type of cross-management by epigenetic factors, which is becoming 

increasingly apparent, further emphasizes the complexity of epigenetic regulation strategies 

for SC maintenance and how these must shift for wound reepithelialization (40).

I.b) Epigenetic changes at the wound edge

This area of research remains highly underexploited. In 2009, Shaw and Martin (41) 

analyzed epigenetic changes at the growing epithelial tongue after full thickness punch 

biopsy skin wounding. They found that the PRC2 components Ezh2 and Eed, expressed in 
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normal epidermis, were rapidly and stably downregulated even after complete 

reepithelialization and, concomitantly, histone demethylases Utx and Jmjd3, not highly 

expressed in normal epidermis, were transiently upregulated in early wounding. 

Interestingly, Myc, a protein associated with hyperproliferation and terminal differentiation 

in IFE, showed similar upregulation kinetics. It has been shown that inflammatory responses 

upregulate Jmjd3. This demethylase can then bind specific PcG target genes for their 

transcriptional activation (42). The brief expression of Utx and Jmjd3 after wounding (41) 

suggest that gene activators and their potential targets may be tightly regulated to limit the 

extent of chromatin remodeling during the wound healing response.

I.c) Lessons from studies of epigenetic control in cancer initiation

Epigenetic changes accompany malignant transformation and metastasis of most, if not all, 

cancer cells (43). Because the physiological process of wound healing shares some 

similarities with cancer metastasis (22), lessons learned from cancer biology can shed light 

on the epigenetics of wound healing. Epidermal keratinocytes during wound 

reepithelialization, and cancer cells during metastasis, acquire migratory phenotypes. In 

cancer, this mobilization occurs via EMT. Interestingly, many EMT features observed in 

tumor cells also accompany epidermal mobilization during wound healing (44, 45).

Signature EMT genes are transcriptionally regulated by Snail/Slug, Twist and Zeb family 

members. It has recently been shown that epigenetic factors, including Hdacs1/4/6 and 

Ezh1/2, are recruited by EMT master regulators to modify specific genes for EMT induction 

(43, 46, 47). For example, silencing of the epidermal E-cadherin gene requires Snail 

recruitment of PRC2 for H3K27 methylation and subsequent action by PRC1. Snail also 

recruits G9a and SUV39H1 for trimethylation of H3K9, a prerequisite for recruitment of 

DNMTs. And finally, Snail can recruit the histone demethylase, LSD1, whose activity 

mediates demethylation of H3K9me2 repressive histone marks for gene activation or 

repression within various EMT target genes (17, 48).

Many EMT master regulators are upregulated during wound reepithelialization and some are 

known to be crucial for this process, including Slug (45, 49, 50). Thus, it is intriguing to 

speculate on similar roles for epigenetic factors during wound healing. For example, PRC 

complexes, which are downmodulated in the epithelial tongue presumably to permit cell 

differentiation (41), may have earlier roles in SC mobilization (Figure 1B).

II. Myofibroblast induction and dermal remodeling - predictions

Dermal remodeling is crucial for wound repair and dermal papilla (DP) formation in newly 

regenerated HFs in the wound-induced HF neogenesis (WIHN) model (see below) (51-53). 

Here we will focus on myofibroblast induction, as these cells and the extracellular matrix 

they deposit, constitute the basis of the newly remodeled wound dermis. The origin and fate 

of myofibroblasts during wound repair as well as during pathological fibrosis have recently 

been partially elucidated. Interestingly, whereas wound reepithelialization appears to depend 

on various epithelial SCs (see above), myofibroblasts appear to derive from 

transdifferentiation of differentiated cells.
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Pericytes

Strong evidence is emerging that wound myofibroblasts originate from perivascular stromal 

cells termed, pericytes. Using a series of genetic labeling studies, Dularoy et al. (54) traced 

the origin of myofibroblasts in skin and muscle injury models to show that the majority of 

these cells indeed derive from a unique subpopulation of ADAM12-expressing pericytes 

which migrate into nearby injured tissue and efficiently reprogram into collagen-depositing 

fibroblasts. Pericytes have also been implicated as the ‘myofibroblast’ source in CNS and 

liver wound repair and fibrosis (55).

Epigenetic considerations—Little is known about how pericytes transdifferentiate into 

myofibroblasts and what the epigenetic requirements are for this. Recent work looking at 

injury-induced liver pericyte (hepatic stellate cell) transdifferentiation into myofibroblasts 

has implicated the epigenetic silencing of peroxisome proliferator-activated receptor gamma 

(PPARγ) as important to the transdifferentiation process (56).

Dermal fibroblasts

Another recent study has shed light on the heterogeneity of dermal fibroblasts and their 

contribution to wound healing. Driskell et al. (57) showed that during skin development, 

embryonic fibroblasts specialize into upper papillary dermal fibroblasts, which give rise to 

HF DPs, and lower reticular dermal fibroblasts, which contribute substantially to ECM 

production and can also generate cutaneous adipocytes in the hypodermis. During skin 

repair, the reticular population migrates first into the wound and is followed by the papillary 

population after complete reepithelialization. Based on these findings, reticular fibroblasts 

likely give rise to many ECM-producing myofibroblasts in the repairing wound dermis. The 

authors further speculate that papillary fibroblasts may provide a source for new DPs in 

WIHN (see below).

Epigenetic considerations—To date, most epigenetic studies on myofibroblasts have 

centered around their pathological sustained activation leading to fibrosis. Thus, much of 

this research may not reflect normal healing responses and must be considered around this 

potential caveat. So-called ‘fibrotic’ myofibroblasts have been shown to undergo gene-

specific DNA hypermethylation to promote their sustained activation and collagen 

deposition. For example, in the bleomycin-induced lung fibrosis model, downmodulation of 

the prostaglandin E receptor 2 (PTGER2) in myofibroblasts is elicited by hypermethylation 

of the PTGER2 promoter (58). In line with this data, Bechtel et al. (59) showed that kidney 

fibrosis is associated with DNA hypermethylation of gene targets such as the GTPase-

activating protein RASAL1, and that fibrosis can be partially alleviated in mutant mice 

heterozygous for the DNA methyltransferase Dnmt1 gene. Epigenetic histone modifications 

of TGFβ targets have also been observed (60, 61).

Hence, epigenetic programs likely enable pericyte and/or fibroblast migration into the 

wound and their subsequent transdifferentiation. What distinguishes these programs from 

those elicited during fibrotic disease are a major focus of medical interest, with the future 

hope that epigenetic programs can be manipulated for healthy tissue repair.
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III. Wound-induced hair follicle neogenesis

The origin of de novo HFs after wound reepithelialization remains controversial. It is known 

that Keratin15+ bulge SCs from normal periwound HFs are not the source of new HF 

placodes (52) however other HF SC populations including Lgr6+ and Lrig+ SCs cells have 

been implicated (21). While IFE SCs appear to be unipotent, giving rise only to epidermis in 

in vitro models and in small wounds, this may reflect a lack of inductive environmental 

factors, which are successfully invoked in the WIHN model. Thus, epidermal SCs may also 

be the cells of origin for new HF placodes.

The origin of new DP cells is also unknown although recent lineage analyses suggest they 

may have a dermal papillary fibroblast source (57). Conceivably, adult papillary dermal 

fibroblasts maintain DP lineage potential and reassemble into DPs of de novo HFs. 

Alternatively, either papillary or reticular dermal fibroblasts may acquire broadened lineage 

plasticity through epigenetic changes in the wound. As new placodes do not form until after 

reepithelialization, when both papillary and reticular fibroblasts are in the wound dermis, 

contribution to new DPs by either population is feasible.

Epigenetic considerations and future directions

Epigenetic contributions for de novo HF regeneration after wounding remain elusive and 

subject to further examination. Clearly, epidermal SC populations and dermal populations 

(of pericyte or fibroblast origin) must alter their transcriptome and express genes required 

for migration into the wound and subsequent differentiation into their respective final 

lineages. Some of these considerations have been addressed in reepithelialization and dermal 

remodeling strategies (above and Figure 1). Future work should focus on detailed lineage 

analyses to establish the true origin of de novo HFs, complimentary gene expression and 

epigenetic analyses of participating cells, and studies addressing environmental impact to 

establish the mechanisms for induction of HF neogenesis.
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Figure 1. Epigenetic regulation of homeostatic skin and wound repair
(A) Schematic view of skin with overlying epidermis, HFs, blood vessels and cells of 

interest (defined below). Outlined boxes denote epigenetic factors involved in maintenance 

and proliferation of IFE SCs, follicular SCs and those involved in IFE SC differentiation. 

Factors whose roles have only been studied in embryogenesis are defined as “embryo”. All 

others have established roles in the adult. (B) Schematic of skin after full thickness 

wounding. New blood vessels within the wound are shown. Speculative views of epigenetic 

alterations are in gray boxes.
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