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Epigenetic mechanisms controlling adult mammalian stem cell dynamics are 

critical for tissue homeostasis and injury repair but are poorly understood. Defects in 

tissue stem cell fate choices give rise to various developmental disorders, 

malfunctioning of the tissue and cancers. Recent studies identified various epigenetic 

factors and their modifiers providing insights how the tissue stem cell fate 

determination is regulated during tissue regeneration. Previously, we found that adult 

mouse skin and hair follicle stem cells display reduced histone H3 K4me3, K9me3 

and K27me3 methylation levels (hypomethylation) at a specific stage of homeostasis, 

preceding hair growth.  

To examine the physiological relevance of hypomethylation, we attempt to 

block it by two different methods; 1) Chemical inhibition of relevant histone 

demethylases and 2) Making use of a novel transgenic mouse model in which the 

founder transgenic mouse can subsequently produce progeny with expression of 1 in 

10 distinct combinations of 3 relevant histone methyltransferases inducible in the skin 

epithelium. We demonstrate that interfering with hypomethylation results in 

subsequent impaired differentiation and growth of hair follicles and delayed wound 

healing. In wounding, epithelial cell differentiation and blood vessel recruitment were 



 

impaired, while epithelial cell proliferation and fibroblast recruitment were unaffected. 

The phenotypes associated with blocked hypomethylation are accompanied by 

increased BMP4 expression and selective H3K4me3 up-regulation on the BMP4 

promoter, which is known to regulate HFSC quiescence, hair cycle, and injury repair. 

In addition, we characterize Aspm-CreER, a new genetic labeling tool in skin, 

and mark a major population of epidermal-specific stem cells. With these, and 

previously characterized Lgr5-CreER tools for the hair follicle, we demonstrate 

reduced contribution of epithelial SC lineages to wound healing after interfering with 

hypomethylation. Our results suggest that hypomethylation of histone H3K4/9/27me3 

at a specific stage of homeostasis is essential for adult skin epithelial SC dynamics for 

proper tissue homeostasis and repair. 
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CHAPTER 1 

 
INTRODUCTION TO TISSUE STEM CELL REGENERATION 

(HOMEOSTASIS & WOUND HEALING) 

 

 

1.1 Stem cell homeostasis 

Stem cells are unique type of cells which are capable to self-renew and 

differentiate for an extended period of time (Weissman et al., 2001). Stem cell 

plasticity is the ability to acquire new cell fates (Filip et al., 2005). Embryonic stem 

cells (ESCs), which are derived from the inner cell mass of the blastocyst, are 

pluripotent and have the highest plasticity where they can generate the whole 

organism (Evans and Kaufman, 1981; Thomson et al., 1998). ESCs are cultured in in 

vitro and proliferate rapidly. This is due to lack of G1 gap phase of the cell cycle 

which is highly linked with their pluripotency (Singh and Dalton, 2009). 

Adult tissue stem cells (TSCs) are multipotent cells where the cell fates are 

more restricted to their lineages. They reside in their specialized microenvironment 

called the ‘niche’, where they provide signaling molecules to support the TSC activity 

during normal tissue homeostasis and injury repair (Morrison and Spradling, 2008). 

The TSC activity is regulated by intrinsic factors (epigenetic features of the chromatin 

and transcription factors) and extrinsic factors from the niche. The activity of TSC is 

thought that microenvironmental signaling cues from the niche regulate intrinsic 

cellular factors for the TSC cell fate choices (Eckfeldt et al., 2005). However, 

emerging evidence show that the TSCs can also modulate their niche during normal 
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homeostasis for their proper activity (Li et al., 2019). Some TSCs such as intestine 

stem cells or epidermal stem cells display rapid turnover, whereas, most of the TSCs 

reside in their niche in a quiescent state where they are typically arrested in G0 phase. 

The quiescence is important for the TSCs that it protects the intact stem cell pool from 

exhaustion and accumulating DNA damage and replication stress from rapid 

proliferation (Fuchs, 2009). However, the exact mechanism how the TSCs maintain 

their plasticity is poorly understood.  

As the source of all of the cells in their lineages during tissue homeostasis and 

injury repair, tissue stem cells serve as a great potential in the regenerative medicine 

field (Daley, 2012). Nonetheless, fail to regulate the TSC activity properly often 

results in tissue degeneration and even cancer (Blanpain and Fuchs, 2014). Despite of 

their significance in stem cell therapeutics, studies of TSC fate determination has been 

hindered due to their scarcity and accessibility from their niche (Blanpain and Fuchs, 

2014). 

Mouse hair follicle stem cells (HFSCs) model system serves as an excellent 

model to study the cell fate choices during tissue stem cell homeostasis and injury 

repair for several reasons. First, HFSCs are relatively abundant than other tissue stem 

cells since the hair covers the whole mouse back skin. Second, the activation and 

deactivation phase of the HFSCs are synchronous during the first two hair cycles, 

which allows researchers to isolate and investigate the characteristics of each phases 

easily. Lastly, enormous amount of studies revealed the molecular characteristics of 

HFSCs during dynamic behavior of quiescence, self-renewal and differentiation where 

transcription factors, signaling pathways and microenvironmental factors has been 
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unveiled for each HFSC phases (Lee and Tumbar, 2012).  

The hair cycle can be divided into three phases; Anagen, Catagen and Telogen. 

In Anagen, when hair follicle is activated from Telogen (a resting phase of hair 

follicle), hair germ cells rapidly proliferate to form differentiated cell lineages and a 

new bulb. After Anagen, hair follicle enters Catagen and proliferated hair germ cells 

mostly undergo apoptosis to re-enter the resting phase of hair cycle (Telogen) again 

(Tumbar, 2012). HFSCs reside in a specific region called the bulge, which is 

permanently maintained in the upper part of the hair follicle during the hair cycle 

(Fuchs et al., 2004). The bulb, which is below the bulge, is where the differentiated 

cells are located. The bulb grows and regresses in a cycle (Greco et al., 2009). During 

the transition stage of late Anagen/early Catagen in the hair cycle, some portion of the 

bulge cells migrate out from the niche (Hsu et al., 2011). These cells eventually 

differentiate into hair germ cells during G0 quiescence in Catagen and Telogen. These 

hair germ cells massively proliferate again at early Anagen onset of the next stage of 

the hair cycle and form matrix cells, further differentiating into concentric layers of 

hair lineages such as outer root sheath (ORS), inner root sheath (IRS) and the hair 

shaft (Alonso and Fuchs, 2006). Interestingly, during Catagen, some of the 

differentiated new hair germ cells dedifferentiate to form new bulge cells which 

become HFSCs and remain quiescent (Lee et al., 2014). Although HFSC fate 

acquisition seems to be flexible in Catagen, the molecular mechanism of how HFSCs 

regulate their plasticity is poorly understood. Thus, I will discuss my on-going work, 

how intrinsic factors of HFSCs might regulate their plasticity. 
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1.2 Epigenetics in stem cell fate choices 

Chromatin consists of DNA and DNA binding proteins such as histones and 

chromosome binding proteins. The nucleosome is the basic organizational unit of 

chromatin and is composed of 4 core histones (H2A, H2B, H3, and H4) wrapped 

around 147 bp of DNA (Luger et al., 1997). Linker histone H1 binds to the linker 

region of DNA and connects nucleosomes when chromatin is compactly packed into 

higher order structures (Hansen, 2012; Horn and Peterson, 2002).  

Chromatin undergoes dynamic remodeling processes during SC differentiation, 

proliferation and transcriptional regulation (Chambeyron and Bickmore, 2004; 

Chambeyron et al., 2005; Giadrossi et al., 2007; Wiblin et al., 2005; Williams et al., 

2006). Among various histone modifications, histone methylation is a well-studied 

process that regulates chromatin status (Swygert and Peterson, 2014). Histone H3 

K4me3 mark, which is mediated by SET1 (Suv39 and enhancer of zeste), recruits 

trithorax group proteins to activate gene transcription. H3 K27me3 mark, which is 

mediated by Ezh2 (Enhancer of zeste homolog2), recruits polycomb group proteins to 

repress transcription. Moreover, H3 K9me3, which is methylated by Suv39h1/2 

(Suppressor of Variegation H3 K9 methyltransferase homolog 1/2) proteins, recruits 

heterochromatin protein-1 (HP1) causing the formation of heterochromatin structures 

to silence gene transcription (Bannister et al., 2001; Lehnertz et al., 2003; Rea et al., 

2000). 

Embryonic stem cell plasticity is highly correlated with chromatin plasticity. 

High chromatin plasticity is characterized by three features; 1) Chromatin binding 

factors such as HP1 and core histones (H1, H2A, H2B and H3) are much more mobile 
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in ESCs than in differentiated cells (Meshorer et al., 2006). This has been shown by 

using Fluorescence Recovery After Photobleaching (FRAP) experiments. Furthermore, 

ESCs expressing a linker histone H1 mutant, which binds to the chromatin more 

tightly, could not differentiate properly. 2) ESCs have hypomethylated histone H3 

K9me3 and H3 K27me3 which is necessary for their pluripotency (Cavalli and Misteli, 

2013; Hawkins et al., 2010; Hubner et al., 2013; Mattout and Meshorer, 2010; Onder 

et al., 2012). In vitro culture studies show that when H3 K27me3 levels were down 

regulated by knocking down Ezh2, ESCs were not able to differentiate properly (Shen 

et al., 2008). 3) A significant number of the promoters in ESC histones are marked 

with both H3 K4me3 and H3 K27me3 (bivalent) (Hawkins et al., 2010). A recent 

study showed that when H3 K4me3 marks were reduced by knocking down Dpy-30 

(C. elegans dumpy phenotype protein 30, a member of SET1 histone H3 K4me3 

histone methyltransferase complex), the ESCs not only lose their bivalent marks but 

also their differentiation capacity (Jiang et al., 2011). Despite the different 

characteristics of TSCs from ESCs, recent studies also showed that quiescent TSC 

plasticity is also correlated with chromatin plasticity. Using chromatin 

immunoprecipitation (ChIP)-qPCR and western blots, it was shown that 

hypomethylation is an indicator of quiescent T-cell progenitor cells (Baxter et al., 

2004). Moreover, ChIP-Seq analysis revealed histone methylation levels in quiescent 

muscle SCs were also decreased compared to activated muscle SCs (Liu et al., 2013). 

Previously, our laboratory and others observed hypomethylation and a higher 

histone H2B chromatin exchange rate in quiescent HFSCs using ChIP-Seq, western 

blot, and immunofluorescence and FRAP analysis compared to activated or 
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proliferating HFSCs (Lee et al., 2016; Lee and Tumbar, 2017; Lien et al., 2014). The 

histone H3 K4/K9/K27me3 levels were upregulated, and the expression levels of 

histone methyltransferases (HMTs) Setd1b (SET domain containing 1B, H3 K4me3 

HMT), Suv39h2 (H3 K9me3 HMT) and Ezh2 (H3 K27me3 HMT) were also 

upregulated in the activated HFSCs in vivo (Lee et al., 2016). In addition, in vitro gene 

expression levels of various histone demethylases (HDMs) were downregulated in 

proliferating keratinocytes (Lee et al., 2016). The functional studies of this H3 

K27me3 hypermethylation in activated HFSCs were done using an Ezh2 gene 

knockout approach (Ezhkova et al., 2011). When Ezh2 was conditionally ablated from 

the HFSCs, they did not proliferate as much as the wild-type cells when HF was 

activated. However, functional studies regarding the activated HFSC’s 

hypomethylation are still missing due to the redundant roles of multiple HDMs. Even 

though our previous studies suggest that chromatin plasticity of quiescent HFSCs 

might be higher than that of activated HFSCs, the physiological relevance of 

hypomethylation and the effect of cell fate plasticity is unknown. As I will discuss in 

chapters 3 and 4, the histone methylation levels of H3 K4/9/27me3 is significant 

during the transition phase of Anagen/Catagen. I will discuss how these marks are 

regulating the cell fate choices of the HFSCs using small molecule inhibitors and 

genetic tools to inhibit the hypomethylation during hair follicle Anagen/Catagen 

transition. Furthermore, I will discuss other epigenetic aspects of skin in chapter 2, 

how they affect skin development, homeostasis and wound repair. 
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1.3 Skin wound regeneration 

Among various injury models in the skin, full thickness punch wound serves as 

a valuable model to study the fate choices of the HFSCs, since HFSCs acquire 

additional cell fates by migrating upwards to the epidermis contributing to skin wound 

regeneration (Ito et al., 2005). Skin punch wound regeneration is a multistep process 

which includes immune, epithelial and dermal cells (Canedo-Dorantes and Canedo-

Ayala, 2019). This process is mainly divided by three steps; 1) recruitment of immune 

cells to clear any infections, 2) proliferation phase where epithelial cells proliferate to 

close up the wound, and 3) re-modeling of the skin for its proper function. During the 

first immune response phase which is the first 1~2 days post-wounding, epithelial 

notch signaling is important to recruit innate lymphoid cells for proper skin repair (Li 

et al., 2016). Next, proliferation phase follows for the next 3~7 days post-wounding 

(Rousselle et al., 2018). This includes, proliferation of the epithelial and dermal cells, 

re-epithelization and angiogenesis (Canedo-Dorantes and Canedo-Ayala, 2019). 

Recent intensive studies showed that various signaling molecules are involved during 

this proliferation phase for proper activity of both epithelial and dermal cells 

(Rousselle et al., 2018). Among these signaling molecules, functional studies showed 

that BMP signaling is critical during keratinocyte proliferation and migration (Lewis 

et al., 2014). Lastly, the dermis of the wounded tissue is re-organized during the 

remodeling phase which can last for several month forming a scar or fibrosis (Canedo-

Dorantes and Canedo-Ayala, 2019). This is one of the complications during the acute 

skin wounding in which the exact molecular mechanism is poorly understood. 

Early studies of the full thickness wounds in skin showed that H3 K27me3 mark 
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was hypomethylated at the edge of the wound (Shaw and Martin, 2009). This suggests 

that global hypomethylation of histone H3 K27me3 is significant during the wound 

healing process. As I will discuss further in chapter 3, blocking the hypomethylation 

of all three histone H3 K4/9/27me3 is physiologically relevant in HFSC fate choices 

during the wound healing process. 

 

1.4 Dissertation outline 

This dissertation discusses how hypomethylation of histone H3 K4/9/27me3 is 

physiologically relevant during HFSC homeostasis and injury repair. Chapter 2 

discusses current knowledge of epigenetic marks in skin tissue development, 

homeostasis and wound regeneration. The review focuses on how epigenetic modifiers 

orchestrate their cell-intrinsic role with microenvironmental cues for proper skin 

development, homeostasis, and wound repair (Kang et al., 2019). 

Chapter 3 investigates the physiological role of histone H3 K4/9/27me3 marks 

during HFSC regeneration using small molecule inhibitors of histone demethylases. 

Hypomethylation inhibition using these drugs results in hair cycle delay, hair 

differentiation defects as well as skin injury repair defects. Our data suggest that 

hypomethylation of these epigenetic marks are important to maintain high cellular 

plasticity during skin regeneration crosstalking with microenvironmental BMP 

signaling. 

Chapter 4 uses a novel genetic model that we developed to block 

hypomethylation in the HFSCs. Indeed, we show that the defects that we observed 

using chemical inhibitors from chapter 3, were due to hypomethylation inhibition in 
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the HFSCs. With our new genetic tool, different combinatory transgenic mice can be 

generated from a single litter using other genes which expands its application. 

Chapter 5 provides the conclusions of the work in previous chapters and 

possible implications on regulating the tissue stem cell behavior during tissue 

regeneration. Moreover, this chapter also includes the future directions based on the 

findings from previous chapters. 
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CHAPTER 2 

 
EPIGENETIC CONTROL IN SKIN DEVELOPMENT, HOMEOSTASIS AND 

INJURY REPAIR1 

 

 

2.1 Summary 

Cell-type and cell-state specific patterns of covalent modifications on DNA and 

histone tails form global epigenetic profiles that enable spatiotemporal regulation of 

gene expression. These epigenetic profiles arise from coordinated activities of 

transcription factors and epigenetic modifiers, which result in cell-type specific 

outputs in response to dynamic environmental conditions and signaling pathways. 

Recent mouse genetic and functional studies have highlighted the physiological 

significance of global DNA and histone epigenetic modifications in skin. Importantly, 

specific epigenetic profiles are emerging for adult skin stem cells that are associated 

with their plasticity and proper activity in tissue regeneration. We can now begin to 

draw a more comprehensive picture of how epigenetic modifiers orchestrate their cell-

intrinsic role with microenvironmental cues for proper skin development, homeostasis, 

and wound repair. The field is ripe to begin to implement these findings from the 

laboratory into skin therapies. 

 

                                                 
1 This chapter has been published: Kang S., Chovatiya G. and Tumbar T. (2019) “Epigenetic 
control in skin development, homeostasis and injury repair” Experimental Dermatology 
28(4):453-463. 
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2.2 Introduction 

Chromatin consists of DNA and histones. The four core histones, H2A, H2B, 

H3, and H4, each assemble in homodimers that together form an octamer, with 147 bp 

stretch of DNA wrapped around, making the nucleosome (Luger et al., 1997). Histone 

H1 binds to the linker region of DNA that connects the nucleosomes, packing the 

chromatin into higher order structures (Hansen, 2012; Horn and Peterson, 2002). 

While stem cells (SCs) proliferate and differentiate, chromatin structures undergo 

dynamic remodeling to regulate gene expression (Botchkarev et al., 2012; 

Chambeyron and Bickmore, 2004; Giadrossi et al., 2007; Kamm et al., 2006; Wiblin 

et al., 2005; Williams et al., 2006). During chromatin remodeling, DNA and histones 

are covalently modified by chromatin-modifying enzymes to create specific epigenetic 

profiles. These modifications include DNA methylation, and N-terminal histone tail 

modifications such as methylation, acetylation, and ubiquitination (Kouzarides, 2007).  

DNA methylation takes place at the 5' end of the CpG dinucleotide of the 

cytosine ring and is mostly a transcriptional silencing mark (Smith and Meissner, 

2013; Suzuki and Bird, 2008). DNA methyltransferases (DNMTs) catalyze this 

reaction by using S-adenosyl-methionine as a methyl donor. Histone modifications are 

well-studied processes that regulate compactness of chromatin structures. 

Histone methylation and acetylation occur at different amino acid positions on 

the histone tails, specifically on Lysine residues, and they determine chromatin 

compactness (Kouzarides, 2007). Lysine acetylation correlates with open or active 

chromatin (euchromatin), whereas the chromatin structural effect of methylation 

depends on the specific modified lysine residue. For instance, methylations of H3 at 
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lysine 4 (H3K4) and H4K20 are associated with euchromatin, whereas methylations of 

H3K9 and H3K27 are found on compact, repressed chromatin (heterochromatin) 

(Watanabe and Peterson, 2013). Chromatin modifications synergistically regulate cell-

type-specific transcription programs, which act during lineage commitment in 

embryogenesis and in cell-fate decision during regeneration.  

Skin provides an excellent model system for investigating embryonic and adult 

SC regulation, tissue regeneration, and epigenetics. During early embryonic 

development in mice, epidermal lineages are derived from the ectoderm. Embryonic 

ectodermal cells generate a single layer of basal keratinocytes on the basement 

membrane starting in mouse at embryonic day 9.5 (E9.5) and epidermal stratification 

starts at E14.5 (Fuchs, 2007; Koster and Roop, 2007). During epidermal 

differentiation, the basal layer (BL) keratinocytes migrate upwards forming the 

spinous, granular and cornified differentiated layers (Fig. 2.1). The epidermal SCs are 

located in the BL where proliferative cells exclusively reside, though their exact 

identity is still unclear (Ge and Fuchs, 2018). Hair follicles (HF) develop from the 

epidermis, first by the formation of the hair placode at mouse E14.5 and next by 

progression to form mature HFs. In adult skin the hair follicle stem cells (HFSCs) 

locate in the ‘bulge’ region underneath the sebaceous gland, which releases its fat into 

the hair canal (Blanpain and Fuchs, 2006; Fuchs et al., 2004) (Fig. 2.1). The bulge 

HFSCs produce the matrix progenitor cells, which receives signals from the dermal 

papillae to produce the hair differentiated lineages; inner root sheath and hair shaft 

(Fig. 2.1). The HF cycles through successive phases of growth (Anagen), regression 

(Catagen) and rest (Telogen), which are initiated by activation of the HFSCs (Alonso 
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Figure 2. 1 Schematic view of the skin epidermis and hair follicle.  
The epidermal stem cells are located in the basal layer and differentiate to form 
spinous and granular layers. Stratum corneum consists of dead keratinocytes that 
perform the barrier function of the epidermis. Hair follicle stem cells are located in the 
bulge and generate matrix progenitor cells that differentiate to hair lineages such as 
inner root sheath and hair shaft. Dermal papilla is the mesenchymal portion of the hair 
follicle, which sends signals to regulate hair follicle stem cells. 
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and Fuchs, 2006). An essential function of adult tissue SCs is their activation from 

quiescence to regenerate injured tissue. Skin punch wound is a widely studied injury 

model to investigate contribution of different SC populations in skin repair. Wound 

healing includes several distinct processes, such as inflammation, re-epithelialization 

and dermis reorganization (Plikus et al., 2015). Several recent studies have highlighted 

the roles of histone modifiers in re-writing the epigenetic identity during wound-

induced re-epithelization.  

Recently, our knowledge of the role of DNA and histone modifications in skin 

biology has considerably expanded. Connections between global alterations on 

chromatin and tissue SC plasticity, which determine cell-fates during normal tissue 

homeostasis and regeneration, just began to emerge. More is known about the roles of 

chromatin modifiers and global epigenetic profiles during skin development. In this 

review, we attempt to provide a comprehensive summary of these recent studies.  

 

2.3 DNA methylation and its implications on epidermal growth and 

differentiation 

DNA methylation plays a crucial role in the early commitment of embryonic 

stem cells (ESCs) to different germ layer cells through regulating gene expression 

(Lowdon et al., 2014; Reik, 2007). The major DNMTs in mammals include DNMT1, 

DNMT3A and DNMT3B that function differentially to maintain old and establish new 

DNA methylation marks (Bernstein et al., 2007). Specifically, DNMT1 copies 

methylation marks on the newly replicated DNA through recognizing hemi-

methylated template DNA strand (Bird, 2002; Goll and Bestor, 2005). Besides its 
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DNA methylation role, DNMT1 itself also has transcription repressive role by 

recruiting histone deacetylase HDAC1 (Fuks et al., 2000; Rountree et al., 2000). 

DNMT3A and DNMT3B act as de novo DNMTs that establish new methylation 

marks during mouse development (Li et al., 1992; Okano et al., 1999). Despite that 

both DNMT1 and DNMT3A/B have DNA methylation activity, DNMT3A/B do not 

take over DNA methylation role in DNMT1 knockout mice, since DNMT1 knockout 

cells lose 95% of DNA methylation (Li et al., 1992). Although DNA methylation was 

initially thought of as an irreversible process, ten-eleven translocation (TET) proteins 

were discovered to mediate erasure of DNA methylation, suggesting that DNA 

methylation is a reversible process (Tahiliani et al., 2009). DNMTs and TETs proteins 

interact with other binding partners to perform their function. One of the DNA 

methylation regulatory protein UHRF1 binds and targets DNMT1 to hemi-methylated 

DNA (Bostick et al., 2007), whereas GADD45A/B interact with DNA demethylase 

complex to promote DNA demethylation (Barreto et al., 2007; Ma et al., 2009).  

Dnmt1 expression varies during differentiation depending on the stage of 

embryonic epidermis stratification and HF development (Khavari et al., 2010; Li et al., 

2012). Dnmt1 is expressed in mouse at E14.5 and increases in the basal cells by E16–

E18 (Li et al., 2012). In the adult HF, Dnmt1 is expressed in the hair follicle matrix, 

outer and inner root sheath at anagen, and in the hair germ at telogen (Li et al., 2012). 

In addition, Dnmt1 is upregulated in undifferentiated human epithelial SCs as 

compared to differentiated cells and is required for suppressing differentiation and 

maintaining basal cell proliferation (Sen et al., 2010). Many promoters of the 

differentiation-associated genes are hypermethylated and thus suppressed during SC 
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self-renewal (Sen et al., 2010). Single-base-pair resolution analysis demonstrated 

small but reproducible differences in the pattern of DNA methylation in the quiescent 

and activated HFSCs in mice (Bock et al., 2012). These data indicate that distinct 

DNA methylation patterns exist in quiescent/activated HFSCs and differentiated cells.  

Upon Dnmt1 deletion, alopecia was developed in the mouse skin by two months 

of age (Li et al., 2012). Histopathological characterization showed an abnormal 

thickening of the epidermis and a wider hair canal. Importantly, Dnmt1 deletion 

resulted in reduced matrix cell proliferation during anagen, as well as defects in label-

retaining cell (LRC) maintenance and HFSC activation after depilation (Li et al., 

2012). Moreover, in human diabetes keratinocyte model, TET2 induction mediated 

DNA demethylation of the MMP-9 promoter, which resulted in defects in primary 

keratinocyte proliferation and migration (Zhang et al., 2016). Although, these defects 

may suggest an implication in wound healing, direct in vivo evidence is needed to 

draw definitive conclusions. 

Although DNA methylation is normally associated with gene repression, a few 

studies showed its correlation with gene activation (Rinaldi et al., 2016). Ablation of 

Dnmt1 in keratinocytes showed repression of C/EBPα target genes through decreased 

C/EBPα recruitment upon differentiation (Rishi et al., 2010). Further, DNMT3A/B 

were shown to bind to the active enhancers in H3K36me3 dependent manner during 

human epidermal SC differentiation (Rinaldi et al., 2016). Specifically, DNMT3A 

interacts with p63 in a TET2-dependent manner to maintain high DNA methylation 

levels in the enhancer centers, while DNMT3B promotes DNA methylation along the 

enhancer body (Rinaldi et al., 2016). However, DNMT3A/B are dispensable for 
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murine epidermal and HF development and homeostasis (Rinaldi et al., 2017). In 

addition to Dnmts, in vitro human keratinocyte studies of Uhrf1 and Gadd45A/B 

showed that these genes are required for epidermal differentiation (Mulder et al., 

2012; Sen et al., 2010). 

Collectively, the data so far suggest that DNA methylation is associated with 

both gene repression and activation, and controls proliferation and differentiation in 

epidermis and HF. The detailed mechanism of action with specific target genes needs 

further examination, as do potential implications of DNA methylation in skin wound 

healing. 

 

2.4 Histone methylation in skin development and homeostasis 

2.4.1 Histone H3K27me3 and the Polycomb group proteins  

Polycomb group (PcG) and Trithorax group (TrxG) proteins have initially been 

identified in Drosophila melanogaster as Hox-gene expression regulators and 

subsequent work showed their essential role in maintaining heritable gene expression 

patterns (Schuettengruber et al., 2007; Steffen and Ringrose, 2014). The TrxG group 

proteins are required for maintaining their target genes active, whereas PcG group 

proteins maintain gene repression. PcG group proteins form two complexes known as 

polycomb-repressive complexes (PRCs). PRC1 complex member RING1B catalyzes 

mono-ubiquitination on H2A and recognizes H3K27me3 marks for gene silencing 

(Fischle et al., 2003; Schwartz and Pirrotta, 2007). PRC1 associated protein CBX4 is 

required for maintaining human epidermal SCs in a slow-cycling and undifferentiated 

state (Luis et al., 2011). Further studies showed reduced keratinocyte proliferation and 



 

37 

increased premature differentiation upon Cbx4 deletion in mouse epidermis at E16.5 

(Mardaryev et al., 2016). Also, Cbx4 regulates epidermal SC fate determination by 

suppressing non-epidermal lineage-genes (Mardaryev et al., 2016). Functional studies 

of mutant Cbx4 showed hyperproliferation and increased senescence in human 

keratinocytes through increased Cdkn2a/p16 transcripts (Luis et al., 2011). Moreover, 

transplantation of Cbx4 depleted keratinocytes failed to reconstitute the full mouse 

epithelium, indicating its significance in epidermal SC maintenance (Luis et al., 2011). 

Opposite to canonical PRC1 gene repressive functions through RING1B and 

H3K27me3, recent study demonstrated its non-canonical role in inducing epidermal 

progenitor gene expression independent from histone ubiquitination. Overexpression 

of catalytic inactive RING1B showed increased loading to its binding sites and 

induced its target genes (Cohen et al., 2018). This suggests that PRC1 has distinct 

canonical and non-canonical functions during embryonic epidermal development and 

homeostasis.  

PRC2 is a well-studied complex, which includes EED, SUZ12, and EZH1/2, and 

catalyzes trimethylation on H3K27 (Breiling et al., 2007; Cao et al., 2002). During 

skin development, it is well known that non-skin lineage and differentiation-specific 

genes are marked with repressive H3K27me3 in the undifferentiated BL cells 

(Ezhkova et al., 2009; Reinisch et al., 2007). EZH2 methylation of H3K27me3 

prevents transcriptional activators such as AP1 from recruiting to these sites, and Ezh2 

mouse knockout studies showed premature differentiated skin layer in embryos 

(Ezhkova et al., 2009). While basal cells differentiate, Ezh2 expression is lost, which 

leads to activation of differentiation-specific genes by AP1 (Ezhkova et al., 2009; 
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Perdigoto et al., 2012). Importantly, double knockout of Ezh1/2 manifests a 

differential effect in interfollicular epidermis (IFE) and in the HF (Ezhkova et al., 

2011). Specifically, loss of Ezh1/2 resulted in hyperproliferative IFE, whereas the 

follicular region showed proliferative arrest. Similarly, loss of other PRC2 

components, Eed and Suz12, showed IFE hyperproliferation and HFs morphogenesis 

arrests due to proliferation defects and increased apoptosis (Dauber et al., 2016). In 

addition, loss of these PRC2 genes showed an ectopic formation of Merkel cells in the 

epidermis, which are essential for sensory function of the skin by activation of the 

Merkel cell-specific genes, Isl1 and Sox2 (Dauber et al., 2016). Using ChIP-Seq and 

microarray analysis, it was found that Ezh1/2 null mice failed to repress cell cycle 

inhibitor gene locus Ink4a/Arf/Ink4b (Ezhkova et al., 2011). Epidermal loss of another 

PRC2 gene, Jarid2, showed reduced proliferation of primary keratinocytes and 

delayed hair cycle initiation (Mejetta et al., 2011). In addition, recent in vitro study on 

human keratinocytes demonstrated mechanical force and cytoskeleton rearrangement 

mediated gene regulation through H3K27me3 (Lee et al., 2016). 

he PRC2 complex also plays a role during adult epithelial homeostasis 

(Botchkarev et al., 2012; Sen et al., 2008). Ezh2 expression diminishes in the BL cells 

postnatally, which is associated with their decreased proliferation (Ezhkova et al., 

2009). Further in vitro studies showed that Jmjd3 (H3K27me3 demethylase) activation 

leads to premature epidermis differentiation, whereas Jmjd3 depletion failed to 

activate epidermal differentiation-genes in human keratinocytes (Sen et al., 2008). In 

the bulge, we found that Ezh2 mRNA is downregulated at catagen, whereas Ezh1 

remains expressed (Lee et al., 2016). Intriguingly, a small subset of genes acquire 
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H3K27me3 marks at catagen, as demonstrated by our ChIP-Seq analysis. This may 

suggest that Ezh1 and Ezh2 play differential roles during the hair cycle that might not 

be completely redundant (Lee et al., 2014). Resolving these questions will require 

detailed knockout studies of Ezh1 and Ezh2 in adult skin epithelium. Altogether, these 

studies showed that PRC components and H3K27me3 levels play a significant role in 

skin SC activation and maintenance.  

Recently, our laboratory identified two distinct populations of territorially 

segregated murine epidermal SCs based on their differential proliferation history 

(Sada et al., 2016). It would be interesting to know whether disruption of the 

H3K27me3 or the PRC complexes, which affect proliferation, may differentially 

affect distinct epidermal SC populations. Moreover, these two epidermal SC types 

were spatially associated with microenvironmental factors such as blood vessels; it is 

known that human epidermal SCs neighbor capillary associate pericytes, which give 

signals for proliferation (Paquet-Fifield et al., 2009; Sada et al., 2016). It remains to 

be established how potential epigenetic differences between these epidermal 

populations may contribute to their differential crosstalk with the microenvironment or 

vice-versa. 

2.4.2 Other kinds of histone methylation  

SUV39H1 and SUV39H2 are two histone methyltransferases (HMTs) that tri-

methylate H3K9, which in turn recruits heterochromatin protein-1 (HP1) to form 

heterochromatin for transcription repression (Bannister et al., 2001; O'Carroll et al., 

2000; Peters et al., 2001). Double knockout of Suv39h1/2 mice lack H3K9me3 and 

show poor survival and growth retardation after E12.5, but the surviving mice appear 
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to have grossly normal skin and HFs (Peters et al., 2001). This would suggest that 

H3K9me3 may be dispensable for skin development and homeostasis, although 

compensatory mechanisms may mask its true role in the small fraction of surviving 

mice. Possible role of H3K9me3 in skin has been shown in Labrador Retrievers with 

nasal parakeratosis, a hereditary skin disease (Jagannathan et al., 2013). Keratinocytes 

with a missense mutation in Suv39h2 were strongly associated with delayed 

differentiation (Jagannathan et al., 2013). The role of H3K9me3 in skin physiology 

remains somewhat unclear in the absence of a Suv39h1/2 conditional/inducible 

knockout model.  

Opposing to repressive histone marks, H3K4me3 is well known to be associated 

with gene activation (Perdigoto et al., 2012), and is mediated through the SET 

domain-containing TrxG components. TrxG complex member Mll2, a H3K4 HMT 

and its binding partner WDR5 are predominantly expressed in the differentiated cells 

and regulate differentiation-associated gene expression in human skin (Hopkin et al., 

2012). Knockdown of Mll2 in human keratinocytes showed downregulation of 

differentiation-related genes (Hopkin et al., 2012), and deletion of Mll2 showed 

embryonic lethality (Lee et al., 2013b). Deletion of another H3K4me3 HMT, Setd1a, 

also showed embryonic lethality (Tusi et al., 2015), suggesting that other H3K4 

HMTs may have important roles in SC self-renewal, differentiation and lineage 

commitment in vivo. Furthermore, knockdown of the H3K4 histone demethylase 

(HDM) Kdm1a demonstrated its role in demethylating epidermal progenitor genes 

during differentiation (Boxer et al., 2014). Altogether, functional studies of H3K4 

modifying enzymes suggest that H3K4 methylation is critical for keratinocyte-specific 
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gene regulation.  

H4K20 mono-methylation is also associated with gene activation, and is 

mediated by SETD8 (Perdigoto et al., 2012). Setd8 knockout in mouse embryonic and 

adult epidermis showed reduced proliferation and abnormal differentiation (Driskell et 

al., 2012). In addition, Setd8 knockout mice died shortly after birth, while postnatal 

deletion depleted the long-lived progenitor cells, which led to loss of IFE and 

sebaceous glands (Driskell et al., 2012). This suggests that Setd8 is indispensable for 

murine skin development and homeostasis. It will be interesting in future to examine 

its role in wound healing.  

 

2.5 Histone acetylation in skin development and homeostasis 

Histone acetylation and deacetylation are catalyzed by histone acetyltransferases 

(HATs) and histone deacetylases (HDACs) respectively (Shahbazian and Grunstein, 

2007). A previous study revealed hypoacetylation of H4 in HFSCs compared to the 

differentiated compartments (Frye et al., 2007). Application of potent HDAC inhibitor 

trichostatin-A (TSA) induces HFSC and IFE proliferation, sebaceous gland 

enlargement, and HF bulb region expansion in vivo (Frye et al., 2007). In contrast, 

TSA treatment of the human keratinocytes in vitro blocked terminal differentiation on 

micro-patterned substrates and in cell culture suspension (Connelly et al., 2011). In 

addition, conditional ablation of Hdac1/2 during embryonic epidermal development 

showed decreased SC proliferation, impaired stratification, absence of HFs and 

increased apoptosis in the BL (LeBoeuf et al., 2010). In addition, Hdac1/2 deletion 

during skin morphogenesis and homeostasis demonstrated abnormal epidermal 
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thickness and alopecia (Hughes et al., 2014). However, epidermal ablation of either 

Hdac1 or Hdac2 did not affect epidermal development (Winter et al., 2013), 

suggesting these HDACs have redundant and compensatory functions. Similarly, 

epidermal deletion of HAT inhibitor Nir/Noc2l at E12.5 resulted in a single-layered 

epidermis without stratification and HF development throughout embryonic 

development (Duteil et al., 2018). Moreover, in vitro HDAC inhibition in human 

foreskin organ culture led to abnormal epidermal architecture, proliferation arrest and 

premature terminal differentiation (Markova et al., 2007). 5-azacytidine (5AC) and 

sodium butyrate (NaB) promote histone hyperacetylation, which induced terminal 

differentiation through increased expression of Sprr1/2 and Involucrin in human 

keratinocytes (Elder and Zhao, 2002). These data suggest an important role of 

acetylation during skin development and homeostasis, and opens up possible roads for 

investigating its role during skin injury repair and in diseases.  

 

2.6 Higher order chromatin remodelers in skin development and homeostasis 

Apart from histone modifications, higher order chromatin remodelers have been 

implicated in skin. Special AT-rich sequence-binding protein 1 (SATB1) acts as a 

genome organizer and plays an important role in transcriptional regulation (Fessing et 

al., 2011). Satb1 deletion in mouse epidermis showed reduced proliferation in 

keratinocytes leading to thinner epidermis and abnormal granular layer (Fessing et al., 

2011). In addition, various studies have highlighted the role of ATP-dependent 

chromatin remodelers, which includes chromodomain helicase DNA binding protein 

(CHD) and SWI/SNF in skin. Mice with epidermal Chd4 deletion die within 24 hours 
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after birth and display abnormal ventral epidermis development with reduced basal 

cell proliferation and subsequent loss of suprabasal layers (Kashiwagi et al., 2007). 

Moreover, conditional deletions of other SWI/SNF subunits ACTL6A/BAF53A 

promoted terminal differentiation, whereas ectopic expression induced progenitor state 

(Bao et al., 2013). Mutations in the SWI/SNF regulatory subunits BRG1 and BRM 

demonstrated skin barrier formation defects due to aberrant expression of 

differentiation-associated genes and loss of bulge SC compartments over time in adult 

skin (Indra et al., 2005; Xiong et al., 2013). Specifically, BRG1 and SATB1 are 

induced by p63, a master regulator of epidermal development (Fessing et al., 2011; 

Mardaryev et al., 2014). Previous studies showed that BRG1 binds to the higher order 

chromatin structure of the epidermal differentiation complex (EDC) and relocate this 

region towards nuclear interior for gene activation during morphogenesis (Mardaryev 

et al., 2014), while SATB1 establishes proper chromatin compactness in central EDC 

region during keratinocyte terminal differentiation (Fessing et al., 2011). Interestingly, 

in vivo p63 null studies showed decreased expression of nuclear envelop-associated 

proteins, which altered repressive histone methylation (H3K9/27me3) patterns in 

keratinocyte specific gene loci and relocated it out of the gene activation sites 

(Rapisarda et al., 2017). Together, these data suggest that p63 reorganize the nuclear 

environment for proper keratinocyte gene expression program during epidermal 

development. Collectively, these studies revealed the crucial importance of global 

chromatin remodeling factors during skin development and adult homeostasis.  

Another critical aspect of higher chromatin organization during epidermal 

development is EDC interaction with distant regulatory elements such as enhancers 
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and super-enhancers. Epidermal specific regulatory enhancer 923 was found to 

interact with the epidermal gene promoters within EDC for lineage specification (Oh 

et al., 2014). Recently, Chromatin Conformation Capture Carbon Copy (5C) technique 

was developed to investigate long-range enhancer-promoter interactions (Poterlowicz 

et al., 2017). Comparing 5C results with other genome studies within enhancer-

promoter interacting regions in EDC, H3K4me1 and H3K27ac were enriched and 

BRG1 were bound near these regions for proper epidermal specific gene activation 

(Poterlowicz et al., 2017). Unlike typical enhancers (TE), super-enhancers (SE) are 

clusters of closely associated enhancers that provide binding sites for transcription 

factors involved in cell fate choice or cell identity (Pott and Lieb, 2015). These large 

genomic clusters mediate their effect on proximal gene transcription indirectly, 

through facilitating the binding of specific set of transcription factors. Therefore, SEs 

are considered as epigenetic entity, regulating cell-type specific gene expression 

program. In mouse ESCs, it has been shown that RNA polymerase II and RNA are 

highly enriched at super-enhancers as compared to TEs (Hnisz et al., 2013), which 

suggest differential distribution and binding affinity of SEs relative to TEs. Further 

studies investigated that SEs also play fundamental role in maintaining cell identity of 

adult TSCs. In murine epidermis, global mapping of SEs and clustering of epicenters 

in HFSCs and progenitor cells showed that SE undergo dynamic remodeling to 

facilitate lineage progression (Pastore et al., 2008). During SC progression to its 

progenitors, TEs can convert to SEs with increased progenitor specific gene 

transcription levels, which suggest importance of SE remodeling in lineage 

determination and progression. Importantly in HFSCs, SEs is specifically associated 
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with HFSC specific genes, whereas TE marked more than 90% of total genes. In 

addition, another study showed that more than 95% of the active promoters are 

differentially regulated during keratinocyte differentiation which are mainly governed 

by stage specific enhancers and SEs (Cavazza et al., 2016). This explains the 

functional role of SEs in maintaining cell-type specific molecular identity during 

different stages of lineage progression and fate determination. This was further 

supported by the study in human keratinocytes, where transcription factor GRHL3 was 

shown to bind preferentially to SEs during keratinocyte differentiation. Conversely, 

GRHL3 also binds to promoters of migration inhibitor genes to suppress their gene 

expression during migration (Klein et al., 2017b). Since GRHL3 have dynamic 

interactions with both SEs and promoters, it would be interesting to discover other 

stemness transcription factors that regulate SEs and promoters. Altogether, SEs are 

significant during lineage specification to determine cell stage specific transcription 

program. However, the question remains how the SEs and TEs are distributed across 

cell types derived from the same lineage. Recently, Klein et al identified overlapping 

TE landscape among various primary human cell types and showed highest overlap 

between human mammary epithelial cells (HMECs) and epidermal keratinocytes 

(NHEK). Notably, they both are derived from the ectodermal lineage and indicate that 

they share similar transcription profiles and functions. However, grouping the cell 

types based on SEs displayed less similarity than TEs, which indicate unique role of 

SEs in cell identity as compared to the TEs (Klein et al., 2017). Collectively, these 

data provide detailed functional evidence on how genomic organization regulates cell 

specific transcriptional program.  
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2.7 Histone methylation and chromatin dynamics in adult HFSC quiescence 

Global hypomethylation of H3K9/27me3 was associated with high genomic 

plasticity, or flexibility of cell fate acquisition, in cultured T-cells (Baxter et al., 2004) 

and ESCs (Cavalli and Misteli, 2013; Hawkins et al., 2010; Hubner et al., 2013; 

Mattout and Meshorer, 2010). Moreover, muscle SCs in vivo also show lower levels of 

H3K9/27me3 in quiescence, as compared with proliferation (Liu et al., 2013). We 

recently uncovered global hypomethylation of H3K4/9/27me3 in the HFSCs (and 

throughout the skin) at catagen by ChIP-Seq (Lee et al., 2016), suggesting low 

epigenetic identity of cells at this stage (Fig. 2.2). Hypomethylation was accompanied 

by low levels of mRNA expression of HMTs: Ezh2 (H3K27me3), Suv39h2 

(H3K9me3) and Setd1b (H3K4me3) (Lee et al., 2016). Hypomethylation was not 

observed at telogen, as reported by a ChIP-Seq study from the Fuchs laboratory (Lien 

et al., 2011). This agreed with our western blots and immunofluorescence data at 

catagen and telogen, which showed that hypomethylation is removed in HFSCs by 

telogen (Lee et al., 2016). Thus, these data point to catagen as a stage where HFSCs 

possess transiently low epigenetic identity and high cell fate plasticity. Plasticity of 

HFSC fate is defined as lack of commitment, or a flexibility with respect to a cell’s 

subsequent fate to either self-renew in the bulge or differentiate to form the hair germ 

(Greco and Guo, 2010; Hoi et al., 2010; Hsu et al., 2011; Lee et al., 2013; Lee et al., 

2014; Osorio et al., 2008; Osorio et al., 2011; Scheitz et al., 2012; Tumbar, 2012; 

Waghmare et al., 2008; Zhang et al., 2009; Zhang et al., 2010). This is maximal in the 

HFSC at catagen. This is also consistent with our findings that at catagen, the 

transcription factor Runx1 induces old bulge SCs into an early progenitor state that is 
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Figure 2. 2 Graphical representation of the chromatin structure in quiescent and 
activated HFSCs. 
Quiescent HFSCs have hypomethylated histones when compared with activated 
HFSCs, with higher H2B-exchange rates. When HFSCs are activated, their chromatin 
gains trimethylation marks in H3K9 and K27 sites, and likely the chromatin becomes 
more compact. H3K4me3 is also gained, though at lower extent. Notably, quiescent 
HFSCs possess higher degree of cellular plasticity than that of activated HFSCs. 
These data from the hair follcile is in line with previous association of 
hypomethylation and high exchange rates with increased cellular plasticity in 
embryonic stem cells. 
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reversible (Lee et al., 2014). Significantly, our data using chemical inhibitors of 

HDMs suggest that skin hypomethylation during quiescence was necessary for 

subsequent normal hair homeostasis (Lee et al., 2016). These results are pending 

confirmation in a genetic model that targets specifically the epithelial cells in the HF 

to raise the level of histone methylation. Surprisingly, we also found that 

H3K4/9/27me3 level changes at the transition into quiescence at catagen, did not 

correlate with the mRNA level changes in the expected pattern (Lee et al., 2016). This 

leads to an interesting question as to what is the true link between active transcription 

and H3K4/9/27me3 levels in quiescent as opposed to proliferative cells. This result 

also prods to establish the level of nascent transcripts versus steady-state RNA in vivo, 

since current methods of quantifying mRNA provide a global estimate of compound 

transcription and RNA degradation.  

Aside from hypomethylation of distinct histone residues, another characteristic 

associated with genome plasticity to acquire different fates is “chromatin dynamics” 

(Meshorer et al., 2006). We define chromatin dynamics here as the exchange rate of 

chromatin-bound factors such as HP1, H1 and H2B. Rapid exchange of these factors is 

referred to as hyperdynamic chromatin, and is thought to be required for plasticity of 

ESCs to differentiate (Ahuja et al., 2016; Mattout and Meshorer, 2010; Meshorer et al., 

2006). Indeed, a histone H1 mutant with slow exchange on-off rates blocked ESC 

differentiation (Meshorer et al., 2006). Interestingly, our lab showed quiescent HFSCs 

possess higher H2B-GFP exchange rate than proliferative HFSCs in live skin explants 

and in cell culture (Lee and Tumbar, 2017). Furthermore, inducing the Yamanaka 

reprogramming factors in vivo was more efficient to push HFSCs towards de-
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differentiation during catagen when compared with anagen. These data were 

consistent with increased plasticity of HFSCs at catagen (Lee and Tumbar, 2017). It 

may be that the hypomethylated state of quiescent HFSCs may lead to higher 

chromatin exchange rates, which might lead to greater cellular plasticity (Fig. 2.2). 

Indeed, further research is required to examine the link between chromatin dynamics, 

the level of epigenetic marks, active transcription and cellular plasticity in quiescent 

adult SCs in vivo. 

 

2.8 Epigenetic reprogramming during injury-induced epidermis regeneration 

Injury-induced skin regeneration is a multistep process that involves various cell 

types including epithelial, immune and dermal cells (Park et al., 2017). Here, we 

described our current knowledge about the role of epigenetic modifications in injury 

repair in adult skin. 

2.8.1 Histone methylation and acetylation during re-epithelization 

Early studies with full-thickness punch wounds in mouse dorsal skin showed 

decreased H3K27me3 at the edge of the punch wound (Shaw and Martin, 2009). This 

was due to decreased expression of PRC2 complex genes and increased expression of 

H3K27me3 demethylases Utx and Jmjd3 (Shaw and Martin, 2009). Using 

quantitative-ChIP experiments, wound-induced genes Myc and EGFR were found de-

repressed by loss of H3K27me3 and EED occupancy (Shaw and Martin, 2009). These 

data correlated with PRC2 complex gene ablation studies where epidermal 

hyperproliferation was observed, which could explain how BL cells lose H3K27me3 

marks during wound repair (Dauber et al., 2016). Also, Ezh1/2 double-knockout split-
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thickness engraftment demonstrated delayed re-epithelization from the HF after 

wounding, suggesting that knockout bulge-SCs have less re-epithelization potential 

(Ezhkova et al., 2011). Later functional studies also showed delayed wound healing 

upon Jmjd3 (H3K27 demethylase) knockdown upon topical application of siRNAs 

(Na et al., 2016). In vitro scratch assays of cultured keratinocyte revealed that JMJD3 

interacts with NF-κB to demethylate H3K27me3 at the promoter of inflammatory, 

matrix metalloproteinase and growth factor genes (Na et al., 2016). Interestingly, basal 

cell migration to the wounds resembles malignant cancer formation, which occurs by 

epithelial-mesenchymal transition (EMT) (Plikus et al., 2015). One of the well-known 

EMT regulators Slug/Snail2 was shown to be upregulated in the wounded skin (Cao 

and Yan, 2013; Kusewitt et al., 2009; Wang et al., 2009). As Snail is known to 

suppress E-cadherin, this suggests that epithelial cell migration towards the wound 

might be due to E-cadherin suppression via decreased PRC2 mediated Snail activation 

(Tam and Weinberg, 2013). In addition, Snail is known to recruit other histone 

modifiers such as the methylase SUV39H1 (H3K9me3) and the demethylase KDM1a 

(H3K4me and H3K9me) in cancer (Cao and Yan, 2013).  

Although histone acetylation is now well established to regulate gene expression 

during skin development and homeostasis, there is less information regarding its role 

during wound healing in the skin. Previous studies found Hdac1/2 expression in 

human migrating wound epithelial tongue (Lewis et al., 2014; Zhang and Duan, 2015) 

and also in normal and keloid scars (Fitzgerald O'Connor et al., 2012). Moreover, 

another group investigated the differential effects of different classes of HDAC 

chemical inhibitors during wound healing (Spallotta et al., 2013). Topical treatment of 
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class I HDAC (HDAC1, 2 and 3) inhibitors on excisional wounds accelerate the 

wound healing process, whereas Sirtinol, a class III HDAC (SIRTUINs) inhibitor 

showed the opposite effect (Spallotta et al., 2013).  

Collectively, these studies suggest an important role of histone acetylation, 

H3K27 trimethylation and potentially other kinds of histone methylation during the 

wound healing process, and point to these modifications as potential therapeutic 

targets. 

2.8.2 Acquisitions of different cell fates during regeneration 

During the punch wound healing, lineage-tracing experiments show that nearby 

HFSCs contribute to re-epithelization via migration and trans-differentiation to 

epidermis (Aragona et al., 2017; Ito et al., 2005; Jaks et al., 2008; Levy et al., 2007; 

Mascre et al., 2012) (Fig. 2.3). However, the IFE derived cells efficiently replace the 

HFSC progeny over several weeks (Ito et al., 2005). Previous global histone 

methylation profile analysis suggests that the plasticity of HFSCs is associated with 

hypomethylation (Lee et al., 2016). This could suggest that histone methylation levels 

and their modifiers might play a role in trans-differentiation during wound healing, in 

line with previously observed low levels of H3K27me3 at the wound edge (Shaw and 

Martin, 2009). Reversely, trans-differentiation of epidermal SCs to HFs has been 

proposed for de novo HF regeneration in severe skin wounding (Plikus et al., 2015), 

and it would be interesting to explore the role of histone methylation levels in this 

process. Altogether, the field is now ripe to ask some poignant mechanistic questions 

to augment skin and HF regeneration via modification of epigenetic mark levels.  
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Figure 2. 3 Schematic view of skin wound healing with epigenetic alterations. 
Upon skin wounding, basal layer cells loose H3K27me3 marks at the edge of the 
wound by decreased Ezh2 and increased Jmjd3 and Utx expression. They can 
contribute to de novo hair neogenesis in large wounds. Near the wound sites, hair 
follicles are also activated to enter the hair cycle and HFSCs migrate up to the wound 
epidermis contributing to skin repair. The fate transitions between HFSCs and 
epidermal SCs occur possibly through trans-differentiation, a process that may be 
favored by high cellular plasticity associated with reduced histone methylation. 
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2.9. Regulation of epigenetic modifiers by signaling modulators 

The microenvironments of HFSCs produce gradients of BMP and WNT signaling 

molecules, and play critical roles in SC activation, differentiation and hair homeostasis 

(Hsu et al., 2014; Kandyba et al., 2013; Lien et al., 2014; Plikus et al., 2008). It is 

interesting to examine how these pathways interface with various epigenetic 

modifications to coordinate tissue physiology. During hair cycle, Bmp expression 

decreases in the microenvironment while HFSCs are activated, whereas it increases in 

the inactivation phase. Biochemical studies of histone H3K4/9/27me3 and of BMP 

levels (Lee et al., 2016; Plikus et al., 2008) in skin suggest an inverse correlation, 

opening up the possibility that BMP signaling might regulate the histone methylation 

levels in HFSCs. Recent in vitro studies of keratinocytes from our laboratory showed 

differentially expression at mRNA level of HMTs and KDMs upon BMP4 addition, 

whereas injection of BMP inhibitor NOGGIN in skin at quiescence raised the level of 

methylation marks prior to proliferation (Lee et al., 2016). Though these studies are 

suggestive, a definitive link between BMP and histone methylation awaits targeted 

deletion of the BMP pathway at the relevant stage and cell-type in vivo.  

Further, WNT signaling-related factor PYGO2, which was shown to regulate HF 

stem/progenitor cell activation, also promotes H3K4 trimethylation in mammary 

progenitors (Gu et al., 2009; Gu et al., 2010; Sun et al., 2014). A recent in vitro study 

also showed differential expression of methylation associated-genes and chromatin 

remodelers upon non-cell autonomous WNT signaling (Ghahramani et al., 2018). 

Another recent in vivo functional study showed that ΔNp63 remodels open chromatin 

regions in Krt8+ progenitor cells during skin development by promoting WNT 
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signaling (Fan et al., 2018). Moreover, p38 signaling was shown to regulate histone 

acetylation, which results in serum response factor-gene activation in human 

epidermal SCs (Connelly et al., 2011).  

These data together suggest that chromatin remodeling is coordinated with 

dynamic microenvironmental signaling factors during different phases of tissue 

growth. Future work is needed to dissect the detailed mechanism of how these 

epigenetic factors crosstalk with the microenvironment to regulate stage-specific gene 

expression programs during skin homeostasis and regeneration. 

 

2.10 Conclusions 

Tissue regeneration therapy is a major endeavour in modern biology. Its success 

depends upon our ability to control cell fate decisions of adult tissue SCs by 

modifying their genome plasticity and their crosstalk with the environment. 

Specialized epigenetic states throughout the genome and overall levels of covalent 

histone modifications (e.g. acetylation, methylation) appear to control SC fates in 

development, adult tissue homeostasis, and injury repair (Boland et al., 2014; Boyer et 

al., 2006; Campos et al., 2014; Ge et al., 2017; Hawkins et al., 2010; Kobayashi and 

Kikyo, 2014; Kurdistani, 2014; Mattout and Meshorer, 2010; Mikkelsen et al., 2007; 

Orkin and Hochedlinger, 2011; Serrano et al., 2013). Although not discussed here, 

epigenetic modifications are also important in many malignancies, and many small-

molecules targeting these modifications are currently in clinical trials for cancer 

treatment (Yan et al., 2016). This provides an opportunity for future broader clinical 

implementation of epigenetic targeting drugs for wound healing and treatment of skin 
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disease. Thus, manipulating levels of histone modifications in adult tissue SCs in vivo 

for possible control of tissue regeneration is an important and timely endeavor (Plikus 

et al., 2015). Furthermore, skin is a valuable model to study the behavior of adult SCs. 

Over the past decade, a great deal of evidence has emerged suggesting that epigenetic 

regulation is tightly connected with skin development, homeostasis and wound 

regeneration (Ghosh et al., 2018; Lee et al., 2016). Essential chromatin modifiers were 

identified in the skin and showed to act in concert with signaling molecules from the 

environment to regulate skin cell behavior. Eventually, elucidating the mechanisms 

that integrate signals from the SC microenvironment with its intrinsic epigenetic 

controls will provide clues for future therapeutics in skin chronic wounds and diseases. 
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CHAPTER 3 

 
HISTONE H3 K4/9/27 TRIMETHYLATION LEVELS AFFECT WOUND 

HEALING AND STEM CELL DYNAMICS IN ADULT SKIN2 

 

 

3.1 Summary 

Epigenetic mechanisms controlling adult mammalian stem cell (SC) dynamics 

are critical for tissue regeneration but are poorly understood. Previously, we found that 

adult mouse skin and hair follicle SCs (HFSCs) display reduced histone H3 K4me3, 

K9me3 and K27me3 methylation levels (hypomethylation) at a specific stage of 

homeostasis, preceding hair growth. Here we demonstrate that interfering with 

hypomethylation by chemical inhibition of relevant histone demethylases, results in 

subsequent impaired differentiation and growth of hair follicles and delayed wound 

healing. In wounding, epithelial cell differentiation and blood vessel recruitment were 

impaired, while epithelial cell proliferation and fibroblast recruitment were unaffected. 

We characterize genetic labeling tools new to skin, Aspm-CreER, and mark a 

major long-term self-renewing population of epidermal-specific SCs. With these, and 

previously characterized Lgr5-CreER tools for the hair follicle, we demonstrate 

reduced contribution of epithelial SC lineages to wound healing after interfering with 

hypomethylation. The phenotypes associated with blocked hypomethylation are 

                                                 
2 This chapter was adopted from the paper that is under revision. S. Wang and A. Sada 
conducted experiments in figure 4.3 and 4.4. K. Long conducted experiments in figure 4.8 I-K, 
4.9 C-D. S. Kang conducted rest of the experiments. S. Kang and T. Tumbar wrote the paper. 
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accompanied by increased BMP4 expression and selective H3 K4me3 up-regulation 

on the BMP4 promoter. BMP signaling is known to regulate HFSC quiescence, hair 

cycle, and injury repair. Our results suggest that hypomethylation of histone H3 

K4/9/27me3 at a specific stage of homeostasis is essential for adult skin epithelial SC 

dynamics for proper tissue homeostasis and repair. 

 

3.2 Introduction 

The stem cell (SC) genome is characterized by high plasticity, a state that allows 

cells to rapidly change their global gene expression patterns to differentiate to distinct 

cell types or adopt different cell fates. In embryonic SCs, genome plasticity is highly 

associated with special epigenetic states, which include specific patterns and levels of 

histone H3 K4me3, K9me3 and K27me3 (H3 K4/9/27me3). In particular, global 

hypomethylation of histone H3 K9/27me3, two transcriptional repressive marks, 

significantly regulate embryonic SC plasticity of cell fate acquisition (Boyer et al., 

2006; Chen et al., 2013; Hawkins et al., 2010; Jiang et al., 2011; Loh et al., 2007; 

Mattout and Meshorer, 2010; Meshorer et al., 2006).  

The regulation of tissue SC behavior and cell fate acquisition, globally referred 

to as “SC dynamics”, are critical for tissue regeneration in both normal homeostasis 

and injury repair, and must be tightly linked with genome plasticity. However, the 

mechanism of adult tissue SC genome plasticity in vivo is poorly understood, due to 

the scarcity of these cells and the lack of accessibility in their niche (Avgustinova and 

Benitah, 2016; Blanpain and Fuchs, 2014). Importantly, many adult tissue SCs such as 

those of the muscle, blood and hair follicle reside in their niche in a quiescent state 
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before cell fate determination (Fuchs, 2009). Intriguingly, hypomethylation of histone 

H3 K9/27me3 correlates with quiescence in muscle SCs in vivo and in T cells in vitro 

(Baxter et al., 2004; Liu et al., 2013). Furthermore, hypomethylation is required for 

genome plasticity of T cells (Baxter et al., 2004).  Recently, we showed that 

quiescent hair follicle SCs (HFSCs) also display hypomethylation of H3 K9/27me3, 

and moreover of H3 K4me3 marks globally, including the transcription start sites (Lee 

et al., 2016). Suggestively, hypomethylation is transiently present in HFSCs and 

throughout the skin at a stage of hair homeostasis (hair cycle) known as Catagen, 

(Kang et al., 2019; Lee et al., 2016), which precedes HFSC fate determination. Fate 

determination occurs by Telogen, the subsequent hair cycle stage, where HFSC chose 

a location to be either in their residence niche (bulge) or in the 

activation/differentiation zone known as hair germ (Hsu et al., 2011; Lee et al., 2013). 

This location is determinant to subsequent cell fate, which is finalized in the following 

stage known as Anagen, when the hair germ proliferates and differentiate to matrix 

and inner hair lineages and the hair shafts grow. Because Catagen is the stage that 

precedes fate determination in hair follicle, it follows that it must be characterized by 

highest genome plasticity (Sada and Tumbar, 2013). We have proposed that similar 

with the situation in embryonic SCs, HFSCs utilize hypomethylation at Catagen as a 

stage-specific mechanism of genome plasticity, to allow high flexibility in subsequent 

SC fate acquisition for hair follicle and skin regeneration (Figure 3.1A). Furthermore, 

the dynamic exchange of chromatin-bound factors, and the ability of bulge cells to be 

reprogrammed by the Yamanaka 4F factors are also elevated at Catagen (Lee and 

Tumbar, 2017). Our published data demonstrated that interfering with 
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hypomethylation at Catagen in adult skin can affect HFSC activation and the onset of 

hair growth (Lee et al., 2016).  

To date, it remains unclear whether the effect of hypomethylation on hair 

growth is hair cycle stage specific, whether hypomethylation at Catagen is relevant to 

later stages of hair growth beyond the SC activation stage, whether it affects HFSC 

differentiation during Anagen, and whether hypomethylation is relevant to hair follicle 

and epidermal SC behavior in wound healing. To address these questions, here we 

block H3 K4/9/27me3 hypomethylation by applying histone demethylase inhibitors 

(DI) to the skin of adult mice at different hair cycle stages. We determine that 

hypomethylation at late Anagen/Catagen is essential for subsequent skin repair of 

punch wounds, specifically acting on keratinocyte differentiation and recruitment of 

blood vessels, but not on keratinocyte proliferation or recruitment of fibroblast. To 

follow the effect of hypomethylation on behavior of relevant epithelial SC populations, 

we characterize previously generated Aspm-CreER mice (Marinaro et al., 2011) which 

have not yet been studied in skin. We identify the Aspm-CreER mice as new 

epidermal-specific robust labeling tools for long-term lineage tracing in skin 

homeostasis and injury repair. Using the Aspm-CreER as a novel epidermal SC 

lineage marker and the Lgr5-CreER driver known as a HFSC lineage marker (Jaks et 

al., 2008), we find that interfering with hypomethylation affects epithelial SC 

migration and contribution to wound healing in both the epidermal and the hair follicle 

lineages. Furthermore, we confirm that hypomethylation is relevant to HFSC 

activation timing, as we previously reported (Lee et al., 2016), but we also find that 

after several weeks of delay, hair follicles eventually begin to grow. Furthermore, 
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growing hair follicles display transient defects in differentiation, but eventually grow 

robust hair shafts during Anagen. We also establish that the ability to interfere with 

hypomethylation and the subsequent effects on hair growth are hair cycle stage 

dependent. Finally, we find that interfering with hypomethylation affects the levels of 

BMP4 expression in skin. Given previous work implicating BMP signaling in hair 

cycle progression, HFSC activation and differentiation (Botchkarev and Sharov, 2004; 

Lee and Tumbar, 2012), and in wound healing (Lewis et al., 2014a), this observation 

would explain at least in part the mechanism downstream of hypomethylation. The 

elevation of BMP4 levels in skin when hypomethylation is inhibited can be attributed 

to selective increase of activating mark H3 K4me3 on the BMP4 promoter, as 

suggested by our data. Our work suggests that hair cycle specific H3 K4/9/27me3 

hypomethylation in skin and hair follicle is relevant for epidermal and hair follicle SC 

function during normal homeostasis and wound healing in part through BMP signaling, 

and provides a model and general map for future genetic studies and clinical 

investigation. 

 

3.3 Impaired hypomethylation delays skin wound healing 

To test if the histone H3 K4/9/27me3 hypomethylation is relevant to wound 

healing, we applied demethylase inhibitors (DI) during the late Anagen/Catagen phase 

transition (postnatal day (PD) 35-42) when hypomethylation is strong (Lee et al., 

2016), and punch wounded the mouse back skin a week later (PD49) (Figure 3.1B). 

These DI have been shown to target specifically the H3 K4 and K9 de-methylases (JIB 

04) and K27 demethylases (GSK J1) (Kruidenier et al., 2012; Lee et al., 2016; Wang  
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Figure 3. 1 Injury repair is delayed after demethylase inhibitor application in 
mouse back skin during late Anagen/Catagen.  
(A) Scheme of how cellular plasticity and methylation levels differ in quiescent and 
activated HFSCs. 
(B) Scheme of demethylase inhibitor (DI) application and punch wound experiment. 
A: Anagen, C: Catagen, T: Telogen, PD: postnatal day. 
(C) Western blots for control vehicle (CT) or DI-applied to wild type mice during late 
Anagen/Catagen (PD35-42) phase and sacrificed at ages indicated at top. For the 
whole blot, see supplementary figure 1A. 
(D) Quantification of the western blots in figures 1B and S1A. 3 mice were used per 
time point for statistical analysis. *p=0.005. **p=0.005. ***p=0.009.  
(E) Punch wound pictures of CT or DI (PD35-42) treated mice at different days after 
the punch wound.  
(F) Punch wound size measurements on images like those in figure 1E. N=5 mice per 
group. ANOVA was used for significance test. 
(G) Tenascin and K10 staining skin sections including the punch wound of wild type 
mice after CT or DI application 1 week after the wound. Panels on the left are 
enlargements of corresponding white dotted line insets on the right. 
(H) Blood vessel (CD31) and DNA (Hoechst) staining in 1-week punch wound skin 
sections of wild type mice after CT or DI application. Arrows indicate the wound 
edges at the junction with normal skin.  
(I) Fibroblast (vimentin) and K14 staining in 1-week punch wound skin sections of 
wild type mice after CT or DI application. Arrows indicate the wound edges at the 
junction with normal skin.  
Student t-test was used for all significance tests except figure 1F. All the experiments 
were executed twice. Scale bar 20 ㎛. 
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Figure 3. 2 Wound healing is impaired after demethylase inhibitor application. 
(A) Western blots of back skin from control (CT) or demethylase inhibitors (DI) 
treated mice. DI treatment was during late Anagen/Catagen (PD35-42) phase and mice 
were sacrificed at PD42 and PD129. N=3 mice per condition and each lane is a 
different mouse. 
(B) Western blots of back skin from control (CT) or demethylase inhibitors (DI) 
treated mice. DI treatment was during late Anagen/Catagen (PD35-42) phase and mice 
were sacrificed at PD44, PD49 and PD56. 
(C) K14 and K1 staining in skin sections containing punch wound from CT or DI-
treated mice at 1 or 3 weeks after wounding. Arrows indicate the wound edges at the 
junction with normal skin. 
(D) Ki67 and α6-integrin staining in skin sections containing punch wound from CT 
or DI-treated mice at 3 day or 1 week after wounding. Enlarged images of dotted areas 
are shown on the right. 
(E) Blood vessel (CD31) and DNA (Hoechst) staining in 3-weeks punch wound skin 
sections of wild type mice after CT or DI application.  
Scale bar 20 ㎛. 
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et al., 2013). When we applied DI to skin during late Anagen/Catagen stage, histone 

H3 K4/9/27me3 levels were elevated and maintained high through later stages 

(Figures 3.1C-D and 3.2A-B), confirming that these inhibitors are effective in 

overcoming Catagen hypomethylation. Next, the punch wounded area was measured 

at different time points and normalized to the original wound size. The data revealed 

that DI treatment significantly delayed subsequent wound healing (Figures 3,1E and 

3.1F). Next, we examined whether specific cellular processes important in wound 

healing were differentially affected by DI treatment. We found that the expression of 

spinous layer differentiation markers Keratin 1 and 10 was decreased in the DI-treated 

wounded skin relative to control while the basal layer (BL) markers K14 and α6-

integrin were highly expressed (Figures 3.1G, 3.2C-2D). Proliferation of BL cells as 

indicated by Ki67 levels was not noticeably affected at any of the stages analyzed 

(Figure 3.2D). This suggested that interfering with hypomethylation selectively affects 

subsequent epidermal differentiation but not proliferation during wound healing.  

In addition to keratinocytes recruitment during wound healing, blood vessels and 

fibroblasts from the nearby dermis are also recruited to the wounded site (Martin and 

Leibovich, 2005). Strikingly, blood vessel recruitment and vascularization of the 

wounded sites, as determined by CD31 staining, were extremely delayed in the 

wounds of the DI-treated skin (Figures 3.1H and 3.2E), whereas, fibroblast 

recruitment determined by vimentin staining was not noticeably affected by DI 

treatment (Figure 3.1I). These data suggest that impairing hypomethylation during 

Catagen affects the subsequent ability of the skin to repair injury. This is accompanied 

by delayed epidermal differentiation and delayed blood vessel recruitment, while 
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epidermal proliferation of undifferentiated BL cells and fibroblast recruitment at the 

wound site were unaffected. 

 

3.4 Aspm-CreER genetic tools to mark the inter-follicular epidermis basal layer 

stem cells 

Next, we wanted to examine whether H3 K4/9/27me3 levels may differentially 

affect contributions to wound healing from SC populations of the hair follicle versus 

the inter-follicular epidermis (IFE). For this, we employed genetic lineage tracing 

tools using tamoxifen (TM) inducible CreER recombinase that marks specifically SCs 

in the hair follicle via Lgr5-CreER (Jaks et al., 2008) (Figure 3.3A). For the IFE, we 

tested a potential driver Abnormal Spindle Microtubule Assembly (Aspm)-CreER 

(Marinaro et al., 2011) that surfaced as a candidate from a previous microarray 

analysis (Sada et al., 2016) (Figure 3.3A). The differential expression of Lgr5 and 

Aspm markers in HFSCs and epidermal BL cells was confirmed by our QRT-PCR 

analysis of FACS sorted CD34+/α6-integrin+ HFSCs and CD34-/α6-integrin+ BL-

enriched cells (Figure 3.3B).  

To test the Aspm-CreER marked cells for their localization and contribution to 

skin homeostasis, we crossed them with the Rosa26-tdTomato reporter mice (Madisen 

et al., 2010) and injected them with TM prior to PD49 to induce labeling of Aspm+ 

cells (Figure 3.3C). We found that at 1-day and 2-week after TM injection, tdTomato+ 

cells were abundant and restricted to the IFE and were excluded from the hair follicles 

(Figure 3.3D). To ask if the Aspm-CreER marked cells possess long-term SC potential, 

we lineage traced these cells up to 1 year (Figure 3.3C, bottom). By 3 months of  
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Figure 3. 3 Lineage tracing of inter-follicular epidermis stem cells in Aspm-
CreER mice. 
(A) Scheme of the epithelial skin structure with epidermis at top and hair follicle at 
bottom. CL: Cornified layer. G/SL: Granular/Spinous layer. BL: Basal layer. SG. 
Sebaceous gland. HFSC: Hair follicle stem cell. HG: Hair germ. DP: Dermal papilla. 
Note marking of epidermis versus hair follicle using Aspm-CreER vs Lgr5-CreER 
genetic drivers. 
(B) Gene expression analysis of FACS sorted inter-follicular (IFE) epidermis basal 
layer (BL) cells and HFSCs in Catagen (PD41) and Anagen (PD24). N=3. *p=0.009. 
**p=0.0002. ***p= 0.017. ****p=0.001. HFSCs are FACS sorted as α6-
integrin+/CD34+ and BL cells were α6-integrin+/CD34- cells. Student t-test was used 
for all significance tests. 
(C) Scheme of lineage tracing using Aspm-CreER;;Rosa26-tdTomato mice after 
tamoxifen (TM) injection (red arrows) and different experimental end points (black 
arrowhead).  
(D) Back skin of Aspm-CreER;;tdTomato mice treated as shown in 2C at end points 
indicated. Arrowhead shows Aspm-CreER-marked cells positive for tdTomato. 
Asterisk indicates autofluorescence from hair shaft. N=2 for tamoxifen negative. N=3 
for the rest time points. 
(E) Experimental scheme and whole mouse pictures showing back skin hair plucking 
of Aspm-CreER;;tdTomato mice at time points indicated. Note right hand side was 
plucked, and the hairs grew back by 2-weeks post-plucking. N=3. 
(F) Lineage tracing of Aspm-CreER marked positive IFE cells at PD98, 1 month after 
plucking. Left panel shows no migration in the hair follicles. Middle panel shows 
migration of Aspm cells to infundibulum (Arrow head). Right panel shows migration 
of Aspm cells to bulge (Arrow head). N=3. Table was generated from averaging 100 
hair follicles from 3 mice at 1 month after hair plucking.  
Scale bar 20 ㎛. 
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Figure 3. 4 Aspm-CreER marked cells behave as stem cells in epidermal basal 
layer. 
Lineage tracing of Aspm-CreER marked cells into the hair follicle in ‘no pluck’ (top) 
or 2 weeks after plucking (bottom). Arrow head indicates migration of Aspm cells into 
infundibulum. Scale bar 20 ㎛. Note that 98% of hair follicles were tdTomato 
negative in infundibulum without plucking, while after plucking 38% hair follicles 
showed tdTomato+ cells in infundibulum. 
 

 

 



 

91 

tracing, not only the tdTomato Aspm-CreER marked progeny survived and 

proliferated in the BL, but also were present in the suprabasal (differentiated) layers 

(Figure 3.3D). The tdTomato+ cells formed frequent large multiple-cell clones by 1 

year in mouse back skin tissue sections, which remained confined to the IFE, with rare 

marking of the infundibulum (~6% of hair follicles) and no marking in the hair follicle 

below the infundibulum (Figures 3.3D and 3.3F). To further characterize the potential 

of Aspm-CreER marked cells, we plucked the back-skin hair (Figure 3.3E) and found 

little, if any, contribution to hair follicles bellow the infundibulum area (Figures 3.3E, 

3.3F and 3.4). Taken together, these results suggest that Aspm-CreER driver can be 

used as new genetic tools to specifically and efficiently mark IFE SCs away from the 

hair follicle and study their long-term behavior in adult skin. 

 

3.5 Impaired hypomethylation affects inter-follicular epidermis SC contribution 

to wound healing 

Next, we tested whether the Aspm-CreER cells in the IFE contribute to wound 

healing and whether DI affects this contribution (Figure 3.5A). Using our Aspm-

CreER/Rosa26-tdTomato transgenic mice, we marked the BL IFE cells by injecting 

TM once at PD28 and applied DI (PD35-42) to block hypomethylation. After a week, 

we injured back skin with punch wounds at PD49 and analyzed the Aspm-CreER 

marked progeny cells labelled with tdTomato (Figure 3.5B). Similar to previous 

experiments after applying DI, skin regeneration rate was decreased (Figures 3.5C and 

3.5D). In control mice, we found increased prominent tdTomato trails in the punch 

wound area, indicating robust contribution of Aspm-CreER IFE cells to injury repair  
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Figure 3. 5 Epidermal stem cell contribution to wounding is impaired by blocking 
hypomethylation at late Anagen/Catagen. 
(A, B) Scheme of the Aspm-CreER;;tdTomato mouse punch wound with experimental 
timeline. 
(C) Pictures of CT or DI (PD35-42) treated Aspm-CreER;;tdTomato mice at different 
days after the punch wound.  
(D) Punch wound size measurement in figure 3C. N=3 mice per group. ANOVA was 
used for significance test.  
(E) Sections of skin containing punch wound 1 week after wounding. Arrows indicate 
the wound edge neighboring normal skin. Note prominent trails of tdTomato+ cells in 
CT skin. 
(F) Quantification of the tdTomato signals in the wounded area at 1 week. N=3. 
p=0.0007.  
(G) Confocal images of the wounded region after 1 week of the wound. White dashed 
lines indicate the injury site. N=3.  
Student t-test was used for significance test in figure 3F. Scale bar 20 ㎛. 
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Figure 3. 6 Migration of Aspm-CreER marked cells to the hair follicles. 
(A) Skin sections containing punch wound from CT (upper panels) or DI (bottom 
panels) applied Aspm-CreER;;tdTomato mice at 5 weeks after wounding. Left panels 
show no migration in the hair follicle. Middle panels show migration of Aspm cells to 
infundibulum (Arrows). Right panels show migration of Aspm cells to bulge (Arrow 
heads). N=3. The percentages calculated as ratio of the hair follicles in each category 
over total number of hair follicle counted. Quantification of each phenotypes are from 
70 follicles of 3 wounded tissues.  
(B) Quantification of percentage of the follicles that tdTomato positive cells have 
migrated into, in correlation with S3A. N=3. *p=0.0004. 
(C) Skin sections containing punch wound from CT or DI applied Aspm-
CreER;;tdTomato mice at 5 weeks after wounding, stained with CD34. 
(D) Skin sections of the WT mice after applying DI stained with H3 K27me3 at PD39 
show elevated levels in the IFE when compared with CT. 
(E) Quantification of the histone methylation marks at PD39 in correlation with S3D. 
N=3. *p=0.01. **p=0.006. ***p=0.008. 
Scale bar 20 ㎛. Student t-test was used for significance test. 
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(Figures 3.5E-3.5G). However, the IFE contribution was significantly reduced by 1 

week after punch wound in DI-treated skin when compared with controls (Figures 

3.5E-3.5G). Interestingly, the progeny of Aspm-CreER marked cells contributed 

substantially to hair follicle regeneration near the injury site and this was in both 

CD34+ HFSCs and bulge inner layer  (Figures 3.6A-3.6C) in contrast to previously 

observed lack of contribution to hair follicles with the plucking experiment (Figure 

3.3F). This suggested that punch wounds deliver a strong incentive to the IFE cells to 

trans-differentiate to hair follicle, and this was modestly, if at all affected by our DI 

treatment where histone methylation levels were higher in the IFE (Figures 3.6D and 

3.6E). Taken together, our data demonstrate that inter-follicular SC migration and 

contribution to wound healing is impaired when hypomethylation of skin is blocked 

prior to injury. 

 

3.6 Impaired hypomethylation affects the HFSC contribution to wound healing 

Next, we evaluated the possible role of hypomethylation in controlling the 

HFSCs contribution to skin injury repair. Thus, we lineage traced the HFSCs using the 

Lgr5-CreER/Rosa26-tdTomato mice induced with tamoxifen prior to injury (Jaks et 

al., 2008), to mark HFSCs and their progeny away from the IFE SCs (Figures 3.7A 

and 3.7B). In control mice, HFSCs progeny migrated from their niche and 

differentiated into the epidermis forming prominent tdTomato+ trails at 1-, 3-, and 5-

weeks after the punch wound (Figures 3.7C-3.7E) that contributed to basal and 

suprabasal epidermis (Figure 3.7F). However, when hypomethylation was inhibited by 

DI application prior to injury, tdTomato+ cells from the hair follicle migrated much  
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Figure 3. 7 Hair follicle stem cell contribution to wounding is impaired by 
blocking hypomethylation at late Anagen/Catagen. 
(A, B) Scheme of the Lgr5-CreER;;tdTomato mouse punch wound experiment with 
experimental timeline.  
(C) Confocal images of the wounded region after 1-, 3-, and 5- weeks of the punch 
wound. White dashed lines indicate the injury site. For 1- and 5- weeks N=2. For 3 
weeks N=3.  
(D) Quantification of the Lgr5 lineage traced signals inside the wound region. 
*p=0.015. Student t-test was used for significance test.  
(E) Skin sections 1 week after the punch wound shows Lgr5-CreER;;tdTomato-
marked cells trailing from the hair follicle bulge towards the epidermis.  
(F) Skin sections of wounded area 3 weeks after the punch wound. Note prominent 
tdTomato+ cells present in CT skin, indicating contribution of hair follicle stem cells 
to injury and negative effects in DI-treated skin. Scale bar 20 ㎛. 
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less, and remained confined to the bulge, as shown by imaging of injury site and 

quantification (Figures 3.7C-3.7F). These data suggest that when hypomethylation is 

blocked, subsequent HFSC migration and contribution to epidermis injury repair is 

impaired. 

 

3.7 Histone H3 K4/9/27me3 hypomethylation of skin is significant for subsequent 

hair growth and differentiation 

HFSCs are activated from quiescence during wound healing and enter a new 

growth phase, which rapidly spreads out from the wounded area into the neighboring 

regions (controls in Figures 3.8A and 3.8B). Previously, we reported that blocking 

hypomethylation with DI during late Anagen/Catagen phase (PD35-42), when HFSCs 

enter quiescence and methylation marks are erased, blocks normal hair cycle 

progression up to PD98 (Lee et al., 2016). However, we had not examined hair growth 

during latter time points past PD98, nor during injury, and we have not investigated 

possible defects during the differentiation stage. Moreover, we had not verified the 

relevance of inhibiting demethylases at different stages of the hair cycle outside the 

late Anagen/Catagen stage.  

Here we observed that hair growth occurred at the injured site in both the DI 

treated and control mice, but its spreading from the injury site was delayed in the latter 

(Figures 3.8A and 3.8B). Second, in un-injured skin, hair follicle growth was not 

observed in DI-treated mice at normal time points due to arrest in Telogen, as 

previously reported (Lee et al., 2016), but eventually hair shafts appeared fully grown 

in most back skin regions by ~PD129 (Figures 3.8C and 3.8D). These data  



 

99 

 

 

 

 
 
 
 
 
 
 



 

100 

 
 
 
 
 
 
 
Figure 3. 8 Hair growth is delayed and hair differentiation is impaired by 
blocking hypomethylation at late Anagen/Catagen but not at Anagen. 
(A) Whole view of mice 5 weeks after the punch wound. Note restricted hair growth 
in the punch wound area in DI-treated mouse (right panel) and spreading away from 
the wound area in CT mice (left panel). 
(B) Skin sections of wounded area from CT or DI-treated mice 3-weeks after 
wounding. Note anagen morphology in hair follicles near the wound edge spreading 
further into the neighboring regions in CT but not DI-treated mice 
(C) Experimental scheme with DI treatment at Anagen (green arrow) or late 
Anagen/Catagen (orange arrow) and timeline with number of mice analyzed for CT or 
DI-treated wild type mice.  
(D) Representative images of the shaved mouse back skin at different ages after 
applying CT or DI (PD35-42). Number of mice in each age is indicated in figure 5C. 
(E) Western blots for CT or DI-applied mice during Anagen (PD28-35) phase show no 
differences in methylation levels. In contrast application at PD35-42 induces 
proeminent differences (Figure 1C-D, and S1A-B).   
(F) Quantification of the western blots in figure 5E and additional blots in S4A (N= 3 
mice/group).  
(G) Whole view of mouse back skin at PD98 after applying CT or DI at time points 
indicated on the left. Note normal hair growth in top panels and delay hair growth in 
bottom right panels.   
(H, I) Skin sections of CT or DI-treated mice (PD35-42 induction scheme) at PD98 or 
PD129 show hair follicles with distinct morphology and patterns of marker staining. 
White arrowhead indicates AE13+/Ki67+ cell. 
(J) Quantification of the AE13 signal intensity/cell. N=3. *p<0.0001.  
(K) Quantification of the Ki67 positive cells in AE13 positive cells in figure 5I. N=3. 
*p<0.0001.  
Student t-test was used for all significance tests. All experiments were executed twice. 
Scale bar 20 ㎛. 
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demonstrate that the hair follicle growth impairment induced by blocking 

hypomethylation at the late Anagen/Catagen is eventually overcome. To investigate if 

the hair cycle stage at which we inhibit hypomethylation is important for subsequent 

hair growth, we applied DI during Anagen (PD28-35), where HFSCs are proliferative 

(Figure 3.8C, green arrow). Interestingly, applying DI at Anagen (PD28-35) did not 

affect the skin histone methylation levels nor the hair growth as seen with late 

Anagen/Catagen (PD35-42) applications (Figures 3.8C, 3.8E-3.8G and 3.9A). This 

suggested a hair cycle stage-dependent activity of histone H3 demethylases in skin 

that is confined to late Anagen/Catagen.  

Previously, we showed that by PD56, hair follicles progressed into early 

Anagen with Ki67 in the matrix in control mice, but were still in Telogen with no or 

rare Ki67 in hair germs in mice treated with DI at PD35-42 (Lee et al., 2016). To 

further analyze the hair growth defects in these mice we stained skin at PD98 and 

PD129 for the proliferation marker Ki67 (Figure 3.8H). Hair follicles were at early 

Anagen in PD98 and at Anagen in PD129 in DI-treated skin, whereas controls were at 

full Anagen and Telogen respectively (Figure 3.8H). Interestingly, DI-treated skin hair 

follicles at both ages displayed an apparent abnormal morphology, with an 

uncharacteristic narrow bulb (Figure 3.8H). We did not observe abnormal cell death or 

DNA damage response in the bulb cells (Figure 3.9B and data not shown), suggesting 

possible defects in the inner differentiated layers. This possibility was supported by 

decreased AE13 expression (Figures 3.8I and 3.8J). Furthermore, we detected 

abnormal high proliferation in the differentiated lineages, as indicated by high 

frequency of AE13+/Ki67+ cells, which are normally rare in the hair follicles (Figures  
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Figure 3. 9 Demethylase inhibitors act during specific hair cycle stages. 
(A) Western blots of back skin from mice treated with demethylase inhibitors (DI) 
during Anagen (PD28-35) phase and control (CT) mice show no notable differences in 
histone methylation levels.  
(B) Skin sections matched for hair cycle stage at early Anagen stained with γH2AX in 
CT (PD66) or DI (PD98) treated mice. N=3. Positive control for γH2AX staining is 
Gata6 knockout mouse (Wang et al., 2017).  
(C) Quantification of the Ki67 positive cells in K14 positive cells. N=3. *p<0.0001. 
Student t-test was used for significance test. 
(D) Skin sections matched for hair cycle stage at full Anagen stained with K14 in CT 
(PD98) or DI (PD129) treated mice.  
Scale bar 20 ㎛. 
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3.8I and 3.8K). Moreover, we also observed hyperproliferation in the Outer-Root 

Sheet (ORS) in hair bulb, stained with K14 and Ki67 (Figures 3.9C and 3.9D). In 

conclusion, here we demonstrate that interfering with hypomethylation at late 

Anagen/Catagen delays Anagen onset, followed by an abnormal pattern of 

differentiation and proliferation at anagen, although the hair follicles eventually grow 

mature hair shafts. Importantly, we also demonstrate that interfering with 

hypomethylation requires targeting a specific stage of the hair cycle, namely late 

Anagen/Catagen. This is the stage when HFSCs enter quiescence and also when 

hypomethylation is normally established in the hair follicle and throughout the skin 

(Lee et al., 2016), suggesting that it is selectively at this stage when demethylases are 

acting in skin. 

 

3.8 Histone H3 K4/9/27me3 levels act on BMP signals 

Next, we wondered how interfering with histone methylation level at late 

Anagen/Catagen may result in hair cycle defects and delays in epithelial cell migration 

and differentiation during injury repair. Numerous studies have pointed to an 

important role of BMP signaling in controlling SC quiescence, hair cycle progression, 

hair follicle cell differentiation, and migration and differentiation in wound healing 

(Botchkarev, 2003; Kandyba et al., 2013; Kobielak et al., 2003; Lewis et al., 2014a; 

Lewis et al., 2014b; Rendl et al., 2008; Zhang et al., 2015). In fact, given these known 

roles of BMP in the skin, an increase in BMP signaling could potentially explain the 

skin phenotypes induced by blocked hypomethylation at late Anagen/Catagen, 

although likely other pathways might also be at play. To examine the correlation  
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Figure 3. 10 BMP4 expression is increased by blocking hypomethylation at late 
Anagen/Catagen. 
(A) Intensity graph of BMP4 normalized by β-actin of CT (blue) or DI (red) treated 
mice at late Anagen/Catagen extracted from Western blots in Figure S5A at ages and 
stages indicated; N=2 for PD35. N=3 for other ages. A: Anagen, C: Catagen, T: 
Telogen. Corresponding histone methylation levels normalized by H3 of CT applied 
mice total skin in various ages are shown in grey, and were extracted from Lee et al., 
2016. Note decrease in histone methylation level from Anagen to Catagen transition, 
accompanied by increase in BMP4 levels. From catagen to telogen histone 
methylation and BMP4 levels positively correlate, while from telogen to anagen 
methylation continues to increase while BMP4 levels decrease.  
(B) Gene expression analysis of Bmp4 mRNA in CT or DI-applied total back skin. 
N=3. *p=0.018. 
(C) Skin sections immunostained with BMP4 show expression of BMP4 in bulge and 
epidermis with apparent increase in DI-treated skin. Bu: Bulge, Ep: Epidermis.  
(D) Quantification of fluorescence signals of BMP4 in the bulge (CD34 positive cells) 
and the basal layer cells as shown in 6D and S5B. N=3. *p=0.022. **p=0.003. Bu: 
Bulge, Ep: Epidermis 
(E) Scheme of the Bmp4 promoter region with 3 primer sets upstream of the 
transcription start site (TSS) used for ChIP experiment of CT or DI-treated skin.  
(F) Chromatin IP signal fold change of Bmp4 promoter regions 1, 2 and 3 (shown in 
E). *p=0.047. **p=0.012. ***p=0.029. ****p=0.017. *****p=0.04. N=2 for Anagen 
(PD35) samples. N=3 for Catagen (PD39) samples. The samples that were used for the 
chromatin IP experiments were the total skin samples after applying DI or control 
vehicles (CT). 
(G) Scheme of the noggin coated bead injection experiment after applying DI. 
(H) Skin sections immunostained with CD34 and Ki67 from mice sacrificed at PD53 
after injecting Noggin in DI-treated skin. 
(I) Quantification of the hair follicles in each hair cycle from figure 6H. N=3. 
*p=0.014. 
(J) Skin sections immunostained with CD34 and pSmad1, 5, 9 at PD49 after applying 
DI at PD35-42. 
(K) Quantification of fluorescence signals of pSmad1, 5, 9 in the bulge (CD34 
positive cells) as shown in 6J. N=3. *p=0.004. 
(L) Working model describing histone methylation levels crosstalk with BMP4.  
Student t-test was used for all significance test. All experiments were executed twice. 
Scale bar 20 ㎛. 
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Figure 3. 11 BMP signaling crosstalk with histone methylation levels in skin. 
(A) Western blot of BMP4 using the DI (PD32-35 for PD35 time point, PD32-39 DI 
treatment for PD39 and PD35-42 for the others) or CT-applied wild type mice total 
skin in various ages.  
(B) Gene expression analysis of BMP4 mRNA from the wild type mice FACS sorted 
cells in Anagen (PD24), Catagen (PD41) and Telogen (PD49). N=2. Bulge cells were 
sorted as CD34+/α6-integrin+ and Epidermis cells were sorted as CD34+/α6-integrin- 
using the FACS sorter.  
(C) Immunofluorescence staining of BMP4 using CT or DI-treated mice show hair 
follicles at PD49. Scale bar 20 ㎛. 
(D) Chromatin IP-sequencing (ChIP-Seq) analysis of the peak density in the histone 
methylation marks using Anagen (PD25) and Catagen (PD42) FACS sorted HFSCs 
(bulge) from the wild type mice.  
(E) Chromatin IP signal fold change of Wnt4 promoter (Devgan et al., 2005). 
*p=0.012. **p=0.031. ***p=0.018. N=2 for Anagen CT and DI samples. N=3 for 
Catagen CT and DI samples. Total skin samples were used for the chromatin IP 
experiment. Student t-test was used for all significance tests. 
(F) Full image of the immunofluorescence staining of CD34 (green) and Ki67 (red) in 
correlation with 6H. Notably, the FluoSpheres which were coated with Noggin are 
also in the green channel. 
(G) Skin sections of the wounded skin at 3 days post injury stained with pSmad1, 5, 9. 
Hair follicles in boxed areas near the wound are shown enlarged in right panels. Ana I: 
Anagen I follicle. Bu: Bulge. HG: Hair germ. 
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between BMP4 protein levels and histone methylation levels, we performed western 

blots and quantification at several key hair cycle stages in normal skin (Figures 3.10A 

and 3.11A). We observed a negative correlation of methylation and BMP levels when 

HFSCs enter quiescence (late Anagen/Catagen, PD35-39), where methylation goes 

down while BMP4 levels go up. There is a reverse-negative correlation when HFSC 

are activated (Telogen/Anagen, PD49-62) when methylation goes up and BMP4 goes 

down (Figure 3.10A). Interestingly, we noticed a positive correlation in the late stages 

of quiescence (Catagen/Telogen, PD44-49), where both methylation and BMP4 

expression increased (Figures 3.10A and 3.11A). Significantly, DI-treated skin (e.g. 

with elevated methylation) showed an increase in BMP4 protein levels by western 

blots at all stages analyzed (Figures 3.10A and 3.11A). The BMP4 mRNA was also 

increased as shown by QRT-PCR of total skin at Catagen (Figure 3.10B). Wild type 

bulge and non-bulge cells, FACS sorted as CD34+/α6-integrin+ and CD34-/α6-

integrin+ cells, showed elevated expression of BMP4 at Catagen and Telogen relative 

to Anagen (Figure 3.11B), suggesting that the epithelial SCs are one source of BMP 

signals. Staining for BMP4 protein expression showed increased signal both in the 

CD34 positive HFSCs and in the basal layer epidermis in DI-treated skin (Figures 

3.10C, 3.10D and 3.11C).  

To understand how increasing the histone methylation levels may promote 

elevated BMP4 expression, we began by analyzing the status of H3 K4/9/27me3 at the 

BMP gene locus using our previous ChIP-Seq results of sorted bulge HFSCs and non-

bulge cells at Anagen and Catagen (Lee et al., 2016). Interestingly, transcription 

repression marks H3 K9/27me3 were removed from the BMP4 gene and promoter in 



 

109 

the HFSCs by Catagen, while the transcription activation mark H3 K4me3 was 

considerably kept (Figure 3.11D). This was consistent with elevated expression of 

BMP4 at late quiescence stages in the epithelial cells (Figures 3.8A, 3.18B and 3.11B). 

Next, we performed ChIP analysis of DI-treated skin at Anagen and Catagen to probe 

the level of H3 K4/9/27me3 marks on three BMP4 promoter regions previously shown 

to be functionally relevant for its expression (Figure 3.10E) (Zhang et al., 2015). The 

repressive marks (H3 K27me3 and H3 K9me3) were decreased in control mice at 

Catagen when compared to Anagen, as expected. However, they did not significantly 

change on promoter regions 1 and 2 in response to DI treatment. In contrast, promoter 

region 3 showed an increase in the activating mark H3 K4me3 at Catagen in DI-

treated skin (Figure 3.10F). These data together suggest that despite global inhibition 

of H3 K4/9/27me3 demethylases, specific regions of the BMP4 promoter are 

selectively demethylated, generally retaining high levels of the activating mark H3 

K4me3 and losing the repressive marks H3 K9/K27me3. This selective pattern is not 

common throughout the genome, as we do detect increased methylation in all 3 marks 

(H3 K4/9/27me3) in response to DI in a control tested gene (Figure 3.11E). These 

results could explain the observed increase of BMP4 mRNA and protein expression in 

DI-treated skin with blocked hypomethylation. To confirm that the BMP signaling is 

hyperactive after applying DI, we performed a rescue experiment using Noggin, which 

is a well-known BMP antagonist in skin (Plikus et al., 2008). After injecting the 

recombinant mouse Noggin in DI-treated skin, the hair cycle delay phenotype was 

rescued whereas control PBS injected DI-treated skin follicles were still in Telogen 

(Figures 3.10G-3.10I and 3.11F). Furthermore, to investigate if increased BMP4 levels 
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in DI-treated skin affects the BMP signaling, we analyzed the DI-treated skin with 

phosphorylated Smad 1/5/9, which is a reporter of canonical BMP signaling  

(Botchkarev, 2003). Indeed, we observed increased pSmad signal in the CD34 positive 

HFSCs (Figures 3.10J and 3.10K). Normally pSmad staining disappears when the hair 

follicles enter Anagen (Genander et al., 2014). However, pSmad signal was still 

maintained in the DI-treated hair follicles adjacent to the wound (Figure 3.11G). This 

coincides with our results that spreading of the hair activation signals from the wound 

is more restricted in DI-treated skin (Figure 3.8B). Together, these data suggest that 

the canonical BMP pathway is hyperactive after blocking the hypomethylation during 

the Anagen/Catagen phase, through increased BMP4 levels in the skin. 

 

3.9 Discussion 

Here we use mouse skin as a model system and demonstrate an impact of 

histone H3 K4/9/27me3 levels in SC dynamics and cell fate decision during adult 

tissue regeneration: hair cycle and skin wound healing. Previously we reported global 

hypomethylation of histone H3 K4/9/27me3 in adult mouse skin at a stage 

concomitant with HFSCs entering quiescence (late Anagen/Catagen) (Lee et al., 2016). 

Now we transiently interfere with the H3 K4/9/27me3 hypomethylation in adult skin 

and identify remarkable long-term physiological effects on SC behavior in both hair 

follicle and epidermis, along with impaired wound healing and defects in hair growth 

and differentiation. We show that interfering with methylation levels via chemical 

inhibition of demethylases is dependent on hair cycle stage. Finally, we implicate 

BMP4 as a downstream effector of hypomethylation that may at least in part explain 
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these physiological effects. Our data provides a broad map for future genetic studies to 

examine how the many individual factors controlling H3 K4/9/27me3 levels may 

contribute to skin SC function, hair growth and wound healing. Our work here also 

suggests possible pharmaco-chemical strategies to interfere with H3 K4/9/27me3 

levels for future hair growth control and wound healing clinical studies.  

Previously, we hypothesized that H3 K4/9/27me3 hypomethylation of HFSCs at 

Catagen was important for keeping the SCs in a highly plastic state of low epigenetic 

identity, such that HFSCs can easily adopt different cell fates in the subsequent stages 

of hair cycle (Kang et al., 2019; Lee et al., 2016). Our data here support this model, as 

inhibiting hypomethylation impairs the hair germ fate, which is critical for HFSC 

activation (Greco et al., 2009), and proper hair follicle differentiation to inner hair 

lineages (this work). Even though the effects on HFSC activation and differentiation 

are eventually overcome in our current model, it is remarkable that one week of DI 

treatment at a specific stage of the hair cycle (PD35-42 late Anagen/Catagen but not 

PD28-35 Anagen) can induce dramatic effects much later down the road, 60-80 days 

post-treatment. The effects of DI on methylation and subsequent consequence on hair 

cycle occur only when DI treatment is performed at late Anagen/Catagen, the stage of 

hypomethylation onset (this work), when we presume the histone demethylases are 

highly active, and when H3 K4/9/27me3 methylases are downregulated (Lee et al., 

2016). Histone H3 K4/9/27me3 are high at Anagen when HFSC self-renew (Lee et al., 

2016 and this work), presumably to faithfully maintain and propagate the SC state, 

through the several rounds of bulge cell division that occur at this stage. The SCs at 

Anagen are therefore in a state of high epigenetic identity or “rigid” cell fate state (Lee 
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et al., 2016). Following up, at late Anagen/Catagen, methylation is then erased and 

maintained low through Catagen, to provide flexibility of fate acquisition when 

HFSCs adopt one of two fates: (1) hair germ fate prone to subsequent activation and 

differentiation or (2) a bulge SC fate, prone to self-renew and make more SCs. High 

H3 K4/9/27me3 methylation levels are largely regained in hair follicles by Telogen 

(Lee et al., 2016; Lien et al., 2011; and this work), by which time fate choices are 

largely made. Thus, we propose that blocking hypomethylation during late 

Anagen/Catagen maintains the Anagen HFSC epigenetic state, a rigid SC state, which 

then limits their cell fate choices (or plasticity) and results in subsequent defects in 

activation and differentiation.   

Skin punch regeneration is another model to study plasticity, since HFSCs 

acquire additional cell fates, by migrating upward to the IFE and contributing to 

wound healing (Aragona et al., 2017; Ito et al., 2005; Jaks et al., 2008; Levy et al., 

2007; Mascre et al., 2012). Using lineage tracing, we demonstrate that 

hypomethylation at late Anagen/Catagen is necessary for subsequent contribution of 

both hair follicle (Lgr5-CreER) and IFE (Aspm-CreER) SCs to wound healing. We 

describe for the first time the Aspm-CreER as a new genetic tool to mark the IFE 

specifically, away from the hair follicle lineages. The Aspm-CreER mice have been 

previously generated (Marinaro et al., 2011), but have not yet been studied in skin to 

our knowledge. We characterize the Aspm-CreER-marked cells and their progeny by 

long-term lineage tracing, and demonstrate that they survive, self-renew and 

differentiate making up the majority of the mouse back skin epidermis by ~ 1-year of 

age. These data establish a novel and major population of BL epidermal SCs marked 
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by the Aspm-CreER induction in adulthood. Moreover, our data demonstrate that low 

levels of methylation are relevant to the subsequent behavior and contribution to 

injury of multiple epithelial SC populations in the skin, including the hair follicle and 

the IFE SCs.  

Whereas HFSC contribution to epidermis repair has been intensively studied 

(Aragona et al., 2017; Ito et al., 2005; Jaks et al., 2008; Levy et al., 2007; Mascre et al., 

2012), the contribution of epidermis to HFSCs upon injury has been more difficult, 

due to lack of specific and efficient genetic labeling tools for the IFE. De novo hair 

follicle regeneration from IFE SCs has been documented in severe injuries, such as 

very large skin excision or punch wounds (Ito et al., 2007; Plikus et al., 2015). With 

the Aspm-CreER labeling tools, we demonstrate essentially no IFE cell migration to 

hair follicle during normal homeostasis or in hair plucking. However, after 5 weeks of 

the punch wound, more than a third of hair follicles possessed IFE progeny marked by 

the Aspm-CreER induction. This indicates that the epidermal cells massively migrate 

to the hair follicle and are found in the bulge (outer and inner layer) in this injury 

model. It is possible that the IFE cells adapt new fate choices in a similar way to the 

HFSCs since we also see elevated histone methylation levels in the IFE cells after 

applying DI. This matches with the previous observation that H3 K27me3 mark is 

hypomethylated in the punch wound edges (Shaw and Martin, 2009). The other 

possible mechanism is that the histone methylation patterns are reprogrammed in a 

specific way to increase the expression of the α3-integrin during the wound healing 

process, which was previously shown to be important in epithelial migration during 

wound healing (Margadant et al., 2009). More experiments are needed to understand if 
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these migrated cells actually trans-differentiated to HFSCs and contribute to the full 

hair follicle, and whether methylation levels affect this process.  

Interestingly, the wound closure delay induced by interfering with 

hypomethylation was accompanied by impaired epidermal cell differentiation and 

impaired blood vessel recruitment. In contrast, fibroblast was recruited normally and 

epidermal cell proliferation was not affected. This suggests that hypomethylation has 

selective effects on subsequent biological processes related to wound healing. Our 

data demonstrate that skin hypomethylation prior to injury may be beneficial to wound 

healing. This was also suggested by previous report of low H3 K27me3 mark at the 

wound edge (Shaw and Martin, 2009). This was due to decreased PRC2 complex 

genes (Ezh2 and Eed) and increased H3 K27me3 demethylases (Utx and Jmjd3) 

(Shaw and Martin, 2009). Hypomethylation of H3 K27me3 may be critical during 

wound healing procedure, since injury related genes such as Myc, EGFR and MMPs 

are de-repressed by loss of H3 K27me3 mark (Na et al., 2016; Shaw and Martin, 

2009). Moreover, depletion of Jmjd3 fails to activate epidermal differentiation related 

genes in human keratinocytes (Sen et al., 2008). Previously, double knockout of 

Ezh1/2 and loss of H3 K27me3 resulted in hyperproliferation in the BL of the 

epidermis in normal uninjured skin (Ezhkova et al., 2011). We have not observed a 

pronounced phenotype in the proliferation of the BL cells after the punch wound. It is 

possible that wounding has a different response to methylation levels, or that 

interfering with the H3 K4/9me3 in addition to H3 K27me3 has a competing effect on 

proliferation. This may point to complex interactions among various histone methyl 

marks that warrant further investigation, and is especially revealing in the chemical 
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inhibition approach, which allows combined inhibition of all 3 marks in a temporal 

and transient manner that is difficult to achieve by genetic targeting.  

Finally, while H3 K4/9/27me3 demethylase inhibition results in global elevation 

of methylation, gene promoters are targeted differentially, with a selective 

upregulation of activating mark H3 K4me3 on the BMP4 promoter. BMP signaling 

has a known role in controlling SC quiescence, hair cycle progression, hair follicle cell 

differentiation, and keratinocyte migration and differentiation in wound healing 

(Botchkarev, 2003; Kandyba et al., 2013; Kobielak et al., 2003; Lewis et al., 2014a; 

Rendl et al., 2008; Zhang et al., 2015). Given the known roles of BMP signals in skin 

and its upregulation of BMP4 after interfering with hypomethylation, this could in 

principle explain the phenotypes we observed here in hair cycle and wound healing. 

Interfering with BMP via Noggin injection rescued the hair cycle phenotype, adding to 

this model. Nevertheless, BMP is extremely unlikely the only pathway at play in the 

interface with histone methylation levels, and much more genomic work is required 

for a more comprehensive map of the pathways at play. During the hair cycle, 

microenvironmental BMP ligand expression fluctuates with low levels at Anagen and 

high levels at late Anagen/Catagen and throughout Telogen as shown by this work and 

by previous work (Botchkarev and Sharov, 2004; Lee and Tumbar, 2012; Plikus et al., 

2008). At late Anagen/Catagen skin and HFSCs lose their histone methylation marks 

(Lee et al., 2016), while proliferative signals decrease and inhibitory signals such as 

BMP increase in the skin (Hsu et al., 2014; Kandyba et al., 2013; Lien et al., 2014; 

Plikus et al., 2008). Suggestively, hypomethylation of HFSCs was accompanied by 

decreased expression of histone methylases such as Setd1b (H3 K4me3), Suv39h2 (H3 
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K9me3) and Ezh2 (H3 K27me3) (Lee et al., 2016), while BMP expression gradually 

increases in the microenvironment (Figure 6A). Importantly, hypomethylation of H3 

K4me3 was the mildest among the 3 different marks that decrease at Catagen (Lee et 

al., 2016). In fact, we find that H3 K4me3 was maintained relatively high on the 

BMP4 promoter, which is continuously expressed at Catagen and increases further at 

Telogen (Lee et al., 2016). While our previous published data suggested that BMP 

may be upstream of hypomethylation promoting it (Lee et al., 2016), here we suggest 

that hypomethylation may in return act in a negative feedback loop to dampen the 

level of BMP4 primarily through H3 K4me3 levels (Figure 3.10G). When H3 K4me3 

levels are maintained unusually high via DI treatment, this results in elevated BMP4 

production and increased BMP/pSmad canonical signaling in the skin. We propose a 

working model for further investigation, in which a two-way dynamic feedback occurs 

between H3 K4/9/27 trimethylation and BMP signaling during different stages of the 

hair cycle (Figure 3.10G).  

Altogether, our data using chemical inhibition in skin provides a broad picture 

of how overall global histone H3 K4/9/27me3 levels can impact hair homeostasis and 

skin injury repair for future genetic testing and clinical applications. 

 

3.10 Materials and Methods 

Mice, histone demethylase inhibitor administration and Noggin injection. 

All mice were treated according to Cornell University Institutional Animal Care 

and Use Committee protocols. Both males and females of the mice were used for all of 

the experiments. The sex of the mice was matched for Control (CT) and experimental 
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groups. For applying demethylase inhibitors, GSK J1 (#4593, TOCRIS) and JIB 04 

(#4972, TOCRIS) were dissolved in dimethylsulphoxide at 100 mM and then diluted 

in 100% acetone to the final concentration of 500 μM. CD1 × FVB littermates were 

shaved on their back skin and 100 μl of inhibitors were topically applied on the shaved 

regions every 12 hrs for the indicated time points (Figures 1B and 5C). Control mice 

were applied with the same amount of dimethylsulphoxide in acetone. For Noggin 

coated bead injection, we followed the method which was previously described (Lee et 

al., 2016). Briefly, small region of the DI applied mice back skin were carefully 

clipped to avoid injury. Recombinant mouse Noggin (5 ug ml-1, 1967-NG-025 R&D 

Systems) was incubated with FluoSpheres (Invitrogen) for 30 minutes in room 

temperature. The mixture of the Noggin protein was injected intradermally for four 

consecutive days in the same region. 

 

Western blot 

For protein detection, we used total skin of mice which was harvested, snap 

frozen in liquid nitrogen and grated in the mortar. For figures 6A and S5A, DI was 

treated at PD32-35 for PD35 samples and PD32-39 for PD39 samples. For rest of the 

samples, DI was treated at PD35-42. Notably, hypomethylation inhibition of histone 

H3 K4/9/27me3 was effective in both of the DI treatment time scheme. 

All of the samples were lysed in RIPA buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 

1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1mM 

PMSF). The protein was detected using antibodies-H3 (1:5000, ab1791, Abcam), H3 

K4me3 (1:5000, #39159, ActiveMotif), H3 K9me3 (1:5000, ab8898, Abcam), H3 
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K27me3 (1:5000, #07-449, Millipore), β-actin (1:2000, MAB1501MI, Millipore) and 

BMP4 (1:1000, ab39973, Abcam). ImageJ (http://imagej.nih.gov/ij/) was used for 

quantification of the blot intensity. 

 

Immunofluorescence staining 

The tissue immunofluorescence staining method has been described previously 

(Lee et al., 2016). Antibodies of H3 K4me3 (1:1000, #39159, ActiveMotif), H3 

K9me3 (1:2000, ab8898, Abcam), H3 K27me3 (1:2000, #07-449, Millipore), CD34 

(1:200, #553731, BD Bioscience), mouse α-K14 (1:100, ab7800, Abcam), Ki67 (1:500, 

ab15580, Abcam), AE13 (1:50, IQ292, Immuquest), BMP4 (1:200, ab39973, Abcam), 

K1 (1:200, PRB165P, Covance), K10 (1:100, PRB159P, Covance), CD31 (1:200, 

#550274, BD Bioscience), Tenascin (1:500, AB19013 Millipore), pSmad1 (S463/465), 

5 (S463/465), 9 (S465/467) (1:100, 13820S Cell Signaling), and Vimentin (1:1000, 

gift from Dr. Yan Lammerding, Cornell University) were used.  

 

Quantitative RT-PCR and Fluorescence-activated cell sorting  

For FACS sorting of HFSCs and BL cells, the protocol has been previously 

described (Lee et al., 2016). The epithelial cells were isolated from the back skin 

through trypsin digestion. The cell suspensions were labelled with anti-CD34-Biotin 

(1:50, #13-0341-85, eBiosciences), α-Streptavidin-APC (1:100, #554067, BD 

Bioscience) and anti-α6-integrin (1:40, CD49f, #555736, BD Bioscience) to isolate 

HFSCs (CD34+, α6-integrin+) and BL cells (CD34-, α6-integrin+). Propidium iodide 

(1:1,250–1:2,500 of 1 mg ml−1 stock, S7109, Sigma) was used to rule out the dead  
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Table 3. 1 Primers for gene expression analysis using qRT-PCR 
 
BMP4 Forward 5’- tggacacctcatcacacgac -3’ 
BMP4 Reverse 5’- ttctgcgggtcaaggtatgg -3’ 
GAPDH Forward 5’- gtggtgaagcaggcatctgag -3’ 
GAPDH Reverse 5’- ttactccttggaggccatgtag -3’ 
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cells. The cells were isolated with BD FACSAria located in the Flow Cytometry Core 

at Cornell University. 

For gene expression analysis, RNA was extracted from either 1 cm2 of total skin 

using the RNeasy fibrous tissue mini kit (#74704, Qiagen) or the FACS sorted cells 

using the mirVana miRNA isolation kit (AM1591, Ambion) according to the 

manufacturer’s protocols. These cDNA were synthesized using iScript (#1708841, 

Bio-rad) cDNA synthesis kit according to the manufacturer’s protocol. With these 

cDNA, gene expression was analyzed by qRT-PCR. The primers that we used for 

qRT-PCR is listed in Table 3.1. 

 

Chromatin IP 

For ChIP analysis, we used 1 cm2 of CT and DI treated mice total skin. DI was 

treated from PD32-35 for Anagen PD35 samples and PD32-39 for Catagen PD39 

samples. The method is described previously (Lee et al., 2016) and 2 μg of each H3 

(ab1791, Abcam), H3 K4me3 (#39159, ActiveMotif), H3 K9me3 (ab8898, Abcam), 

H3 K27me3 (#07-449, Millipore) and IgG (ab18413, Abcam) were used for 

immunoprecipitation. Purified DNA samples were analyzed by qRT-PCR with BMP4 

and Wnt4 promoter targeting primers. The primers are listed in Table 3.2. 

 

Hair plucking experiments 

For hair plucking experiments, Sugar wax hair removal kit (Emerita) was used. 

Aspm-CreER;;Rosa26 tdTomato mice were injected with 10 μg μl−1 of tamoxifen 

(200 μg g−1 body) at PD49. Then they were anesthetized and back skin hair was  



 

121 

 

 

 

 

 

 

 

Table 3. 2 Primers for ChIP-qPCR 
 
BMP4 promoter 1 Forward 5’- gtgctcagcctctaacactc -3’ 
BMP4 promoter 1 Reverse 5’- gccgctcatctgacctttgt -3’ 
BMP4 promoter 2 Forward 5’- gttagtcacgcaaacaacag -3’ 
BMP4 promoter 2 Reverse 5’- aagcttctaaaggaagggattg -3’ 
BMP4 promoter 3 Forward 5’- ggccaaaggaaagtcttgtc -3’ 
BMP4 promoter 3 Reverse 5’- ggctcccaagttatcagatg -3’’ 
Wnt4 promoter Forward1 5’- caattcccagcaccaaaagt -3’ 
Wnt4 promoter Reverse1 5’- tccaaataaggtaggtacccaaag -3’ 
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gently shaved at PD70. Hair removal wax was warmed in hot water and applied to 

right side of back skin. Paper strip was applied on the wax immediately and removed 

after 30 seconds. The wounded tissues were harvested after 2 weeks and 1 month. 

Punch wound biopsy, ex vivo biopsy culture and lineage tracing experiments. 

For all punch wound biopsies, 4 mm of disposable biopsy punches (#33-34, Integra 

Miltex) were used in mice at PD49. Hair of the back skin was shaved and punch 

wounds were given as previously described (Ge et al., 2017). The wounded tissues 

were harvested and analyzed at different time points.  

For lineage tracing experiments, Lgr5-CreER;;Rosa26 tdTomato (Jackson 

Laboratory, USA) and Aspm-CreER;;Rosa26 tdTomato transgenic mice (Madisen et 

al., 2010; Marinaro et al., 2011) were used. First, these mice were injected with 10 

μg μl−1 of tamoxifen (200 μg g−1 body). Then, GSK J1 (#4593, TOCRIS) and JIB 04 

(#4972, TOCRIS) dissolved vehicles were applied on the back skin of these mice for a 

week as before. The wounded tissues were harvested after 1, 3 and 5 weeks of the 

wound. 

 

Microscopy. 

For figures 1H, 3G, 4C and S1F, tissue samples were analyzed by confocal 

microscopy (Zeiss LSM710) with Zen 2012 software. All confocal data are processed 

as projected Z-stack images viewed from the basal surface with stitched tiled images. 

For rest of the figures, fluorescence signals were analyzed with the fluorescence light 

microscope (Nikon) equipped with a charge-coupled device 12-bit digital camera 

(Retiga EXi; QImaging). For figures 1G, 1I, 3E, 5B and S1C-S1E, images were taken 
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individually and stitched together as a whole image. 

 

Statistical analysis 

All values were shown as mean ± s.d.. The sample size of the experiments varied 

depending on the experiments and at least 3 mice (n > 100 cells) were taken from each 

group for significant test (e.g., Student’s t-test and ANOVA for figures 1F and 3D) 

where p < 0.05 was considered significant. For figures 1F and 3D, ANOVA 

significant test was perform using JMP software. 
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CHAPTER 4 

 

LOW LEVELS OF HISTONE H3 K4/9/27ME3 ARE REQUIRED FOR ADULT 

HAIR FOLLICLE STEM CELL DYNAMICS AND PROPER TISSUE 

REGENERATION3 

 

 

4.1 Summary 

The epigenetic mechanisms that control adult mammalian stem cell (SC) 

dynamics are thought critical for tissue regeneration but are poorly understood. 

Previously, we found that skin and hair follicle stem cells (HFSCs) display reduced 

histone H3 K4/9/27me3 methylation levels (hypomethylation) at quiescence. To 

examine the physiological relevance of hypomethylation, we attempt to block it by 

making use of a novel transgenic mouse model with stochastic targeted activation of 

the Cre recombinase in the germline. The founder transgenic mouse can subsequently 

produce progeny with expression of 1 in 10 distinct combinations of 3 relevant histone 

methyltransferases inducible in the skin epithelium. We examine adult triple 

transgenic mice, and demonstrate that induced expression of these methyltransferases 

in adult skin epithelium results in pronounced delay in hair cycle initiation and 

progression. This correlates with increased BMP4 expression through increased H3 

K4me3 mark. With this approach, blocking hypomethylation results in subsequent 

                                                 
3 This chapter has not been published yet. P. Jain designed the construct and conducted 
experiments in figure 4.2. G. Chovatiya conducted experiments in figure 4.3. S. Lee 
conducted experiments in figure 4.5. K. Long conducted experiments in figure 4.7. S. Kang 
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delayed skin wound healing. Altogether, our results indicate that low levels of histone 

methylation affect adult stem cells dynamics. Our novel mouse model can be applied 

to broadly perturb H3 K4/9/27me3 levels in a combinatorial fashion, in different 

tissues and stages, to examine the relevance to mouse adult homeostasis, and injury 

repair. 

 

4.2 Introduction 

The regulation of stem cell (SC) fate or their “dynamics” is critical in tissue 

regeneration and is highly associated with its genome plasticity and 

microenvironmental signals (Cavalli and Misteli, 2013; Hawkins et al., 2010; Hubner 

et al., 2013; Mattout and Meshorer, 2010; Morrison and Spradling, 2008; Onder et al., 

2012). In embryonic SCs, genome plasticity is highly associated with a specific 

epigenetic state where the histone methylation patterns and the overall levels of 

histone H3 K4/9/27me3, and in particular hypomethylation of histone H3 K9/27me3, 

significantly regulate cell plasticity (Boyer et al., 2006; Chen et al., 2013; Hawkins et 

al., 2010; Jiang et al., 2011; Loh et al., 2007; Mattout and Meshorer, 2010; Meshorer 

et al., 2006). However, the mechanism of adult tissue stem cell (TSC) plasticity in vivo 

is less understood, due to both the scarcity of these cells and the lack of accessibility 

in their niche (Blanpain and Fuchs, 2014). Many adult TSCs reside in their niche in a 

quiescent state before cell fate determination (Fuchs, 2009). Several studies have 

shown low levels of histone H3 methylation marks to be correlated with quiescence in 

TSCs. Histone H3 K9/27me3 marks in the HFSCs and cultured quiescent T cells and 

                                                                                                                                             
conducted rest of the experiments. S. Kang and T. Tumbar wrote the manuscript. 



 

133 

the H3 K27me3 mark in quiescent muscle SCs were low when compared to activated 

SCs (Baxter et al., 2004; Lien et al., 2011; Liu et al., 2013). A recent functional study 

of histone H3 K4me3 methylase Setd1b showed that hematopoietic stem cell 

homeostasis and lineage specification was perturbed upon Setd1b deletion in vivo 

(Schmidt et al., 2018). Moreover, the other functional study of histone H3 K9me3 

methylase Suv39h1 showed that quiescent CD8+ T cell activation and differentiation 

were perturbed upon Suv39h1 deletion by failing to methylate H3 K9me3 marks in the 

stemness associated loci in the genome (Pace et al., 2018). Lastly, functional studies 

of histone H3 K27me3 mark also showed that loss of Eed in adult hematopoietic stem 

cells resulted in differentiation defects and stem cell exhaustion (Yu et al., 2017). In 

addition, loss of Ezh2 in early lung endoderm progenitor cells also perturbed their 

differentiation during lung development (Snitow et al., 2015). Although, functional 

studies of the individual three histone H3 K4/9/27me3 marks in vivo has been 

intensively shown, functional study of the global histone methylation levels in the 

adult stem cells in vivo to further mimic their homeostasis has not been carried out.  

Here we use mouse HFSCs as a model system to study the role of H3 

K4/9/27me3 levels in SC dynamics and cell fate decision during adult tissue 

regeneration: hair cycle and skin wound healing. The hair cycle is composed of phases 

of Anagen (activation), Catagen (destruction) and Telogen (resting), which succeed 

synchronously in mouse skin, and continue during lifetime in normal homeostasis 

(Blanpain and Fuchs, 2009). The hair follicle morphology is well defined; HFSCs 

reside in the bulge in the outer most layer or root sheath (ORS), the early progenitor 

cells are located in the hair germ which generate the progenitor ‘matrix’ cells, and the 
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differentiated lineages are in the inner layers of the hair (Lee and Tumbar, 2012). 

Using the mouse HFSC model, we previously showed that histone H3 K4/9/27me3 

marks is reduced (hypomethylation) during the phase transition from Anagen to 

Catagen, when HFSCs become quiescent and are found at their most plastic state prior 

to fate decisions to either remain in the bulge and self-renew or exit the bulge, 

differentiate and die (Lee et al., 2016; Sada and Tumbar, 2013; Wabik and Jones, 

2015). Furthermore, we showed that small molecule inhibitors impaired hair growth 

(Lee et al., 2016), but it remained unclear whether this effect was from perturbing 

hypomethylation in the HFSCs or in the environment.  

In addition to regenerating the hair follicle, HFSCs can trans-differentiate to 

epidermis to temporarily contribute wound healing and skin regeneration (Aragona et 

al., 2017; Ito et al., 2005; Jaks et al., 2008; Levy et al., 2007; Mascre et al., 2012). 

Interestingly, previous research showed that the histone H3 K27me3 mark was 

decreased at the edge of the punch wound where the regeneration of the skin occurs 

(Shaw and Martin, 2009). Functional analysis of JMJD3 (H3K27me3 demethylase) 

also showed that the punch wound closure was delayed after applying JMJD3 siRNA 

topically to the wounded sites (Na et al., 2016). Taken together, these results suggest 

that the stage that couples quiescence and high plasticity in TSCs is also associated 

with histone H3 hypomethylation of specific marks. However, the functional 

relevance of the hypomethylated histones in the TSC genome to adult tissue 

regeneration is unknown. 

To modify the global histone methylation levels in the HFSCs, we first 

investigated the expression patterns of relevant histone H3 K4/9/27me3 methyl-



 

135 

transferases (HMT) and dimethyl-transferases (HDM) during hair cycle and found a 

significant number of these enzymes (11 HDM and 3 HMT) to change mRNA 

expression at quiescence in HFSCs (Figure 4.2a). Whereas concomitant genetic 

targeting of 11 HDM is not practical with current methods, small molecule inhibitors 

specific to certain classes of HDM have been recently synthesized to manipulate the 

level of H3 K4/9/27me3 in vivo (Kruidenier et al., 2012; Wang et al., 2013). However, 

applying these chemical inhibitors on skin affects broadly not only the bulge HFSCs, 

but also their microenvironment, confounding the role and mechanism of action of 

histone methylation levels (Lee et al., 2016).  

To study the direct effect of H3 K4/9/27me3 levels on HFSCs, here we block 

hypomethylation by inducible expression of 3 HMTs, Suv39h2 (H3 K9me3), Setd1b 

(H3 K4me3), and Ezh2 (H3 K27me3), in the skin epithelium of adult mice. We create 

a novel transgenic mouse model with stochastic targeted activation of the Cre 

recombinase in the germline, that allows generation of single, double and triple 

transgenic mice with combinatorial expression of the 3 HMTs. We named this mouse 

“Grainbow” (Germline Rainbow), benchmarking the Brainbow-1.1 mouse model 

(Livet et al., 2007). In our first implementation of this model, we studied the triple 

HMT TG mice, to explore the effect of the histone methylation levels in the HFSCs in 

adult tissue regeneration (hair cycle and wound healing), and how they engage in a 

crosstalk with BMP signaling and with the local microenvironment. 

 

4.3 Construct design and theoretical idea of the “Grainbow” TG mice 

Here we devise a new mouse genetic strategy to rapidly generate distinct 
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combinations of multiple transgenes in each animal within one litter, for enhanced 

gene epistasis studies. In our strategy, a F0 founder male carries one of 10 

combinations of 3 transgenes in each of its sperm, which when transmitted to the F1 

progeny will produce single, double, and triple mutant mice in the same litter. In our 

first implementation of this strategy, the 3 transgenes employed are Ezh2, Suv39h2 

and Setd1b to obtain elevated levels of H3 K27me3, K9me3, and K4me3 in an 

inducible and tissue-specific manner. By crossing the F0 founder with the K14-rtTA 

transgenic mice previously generated (Nguyen et al., 2006), we can induce transgene 

expression in the skin epithelium via doxycycline addition to the mouse chow.  

To produce the F0 founder, we took advantage of a strategy known as 

‘Brainbow’ which made use of Cre recombination with mutually exclusive pairs of lox 

sites to create stochastic choice of expression among fluorescent proteins (XFP) in the 

brain (Livet et al., 2007). We modified this strategy to target the Cre recombinase to 

the germ (G) line of the F0 founder male, thus we now call this mouse “Grainbow” 

(from rainbow in the Germ line). Individual XFP in the original Brainbow1.1 vector 

are replaced in our case with the 3 HMTs under control of the pTRE (tetracycline 

response element) that is doxycycline inducible (Figure 4.1a). Whereas 1 copy of the 

pTRE-Grainbow vector will result in stochastic expression of one of the 3 transgenes 

(Figure 4.1b), to obtain the optimal representation of all 10 possible combinations of 

the 3 transgenes we need exactly 3 vector copies in the F0 founder (Figure 4.1c). 

To ensure efficient expression of the transgenes from the pTRE promoter, we 

inserted the pTRE-Grainbow DNA vector in a bacterial artificial chromosome (BAC), 

which contains the Rosa26 genomic locus. This strategy has been previously shown to  
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Figure 4. 1 Grainbow males give rise to multiple types of transgenic mice in a 
single litter after Cre recombination of 3 grainbow constructs in the testis 
(Experimental scheme). 
(a) Scheme of the Grainbow construct. 
(b, c) Scheme of the “Grainbow” TG with 1 (b) or 3 (c) copies of the construct. 
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Figure 4. 2 Proof of principle of the Grainbow mice. 
(a) Gene expression analysis of the Ezh2, Suv39h2 and Setd1b in FACS sorted HFSCs 
from PD25 (Anagen) and PD42 (Catagen) wild type mice. N=3. 
(b) Top view of the total skins (Litter1) and cell images (Litter2) of PD3 pups from 
tamoxifen injected confetti father. 
Scale bar 20 ㎛ 
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guarantee consistent doxy-inducible transgene expression, irrespective of the site of 

mouse genome insertion of the Rosa26BAC (Strathdee et al., 2006).  

To test our idea for efficient and stochastic Cre targeting to the mouse germline, 

we used the ubiquitously expressed CAGG-CreERT2 transgenic mice and the 4-color 

“Confetti” reporter (Figure 4.2b and Figure 4.3a). Four-week old males treated with 

tamoxifen showed high efficiency of induction in testis after ~1 month, with single-

colored spermatogonia, spermatocytes, and spermatids (Figure 4.3a). F1 pups were 

born with a single color demonstrating stable recombination in the germline and lack 

of spurious activation of the Cre at subsequent stages to flip/switch the colors (Figure 

4.2b and Figure 4.3a). This demonstrates efficient recombination in the testis and 

stable transmission of sperm single recombination events to the F1 generation. 

 

4.4 Generating the “Grainbow” mice 

To generate the Grainbow mice, we used sequential bacterial recombineering to 

assemble two separate elements of the pTRE-Grainbow vector into the Rosa26BAC 

(see Material and Methods) (Figure 4.3b), and identified bacterial clones 4 and 11 to 

have complete constructs with all of the HMT genes (Figure 4.4a). To ensure that the 

construct was recombined to the targeted site of the BAC, we performed genomic 

sequencing and found that the construct was intact in the BAC in the Rosa26 locus 

(Figure 4.3c-d). Next, to test the functionality of the HMTs, these clones were 

transfected into cultured mouse keratinocytes. After analyzing the expression of the 

HMTs with doxycycline, construct 4 highly expressed all transgenes methylating the 

three histone marks and was tightly controlled by doxycycline (Figure 4.4b-c). To 
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generate the Grainbow mice, construct 4 was electroporated into the mouse ES cells 

and 78 individual clones were screened by q-PCR for the presence of 3 copies of the 

Grainbow construct (Figure 4.3, Figure 4.3f top table and Figure 4.4d). ES clone E7 

and E11 were then injected into blastocysts and implanted in the female uterus and the 

former produced highly chimeric mice (Figure 4.3f lower panel). To test for germline 

transmission of our Grainbow construct and stochastic Cre targeting to the mouse 

germline, we used the ubiquitously expressed CAGG-CreERT2 transgenic mice 

(Figure 4.3g). F1 pups were analyzed by qPCR and showed germline transmission to 

the next generation (Figure 4.3g-h). 

 

4.5 Combinatorial expression of three HMTs in the epithelial cells in vivo 

Using the F1 males that contained both the Grainbow construct and the CreER, 

Cre recombination was induced in the sperm by injecting tamoxifen at postnatal day 

(PD) 28. These mice were then crossed with females specifically expressing 

tetracycline reverse trans-activator (tTA) in the epithelial cells (K14-rtTA) (Figure 

4.3g). In the initial litter E833, single, double and triple HMT TG mice were generated 

verified by qPCR of the HMT gene copy numbers (Figure 4.4e). These TG mice were 

fed a doxycycline diet for a week (PD35-42) and the protein was analyzed from the 

total skin. Western blot analysis showed that the histone methylation levels were 

increased accordingly to their transgene genotype (Figure 4.4f-g). To characterize the 

efficiency of Cre-recombination, 46 offspring TG Grainbow mice (9 litters) from the 

F0 father were analyzed. Analyzing the recombined Lox sites, the first site (35.51%) 

was slightly more favorable than the second (29.71%) and third sites (34.78%) (Figure  
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Figure 4. 3 Proof of Grainbow males which give rise to multiple types of 
transgenic mice in a single litter. 
(a) Proof of concept of the germline Cre-recombination and transmission using the 
Confetti mice showing different colored sperm in the testis. These sperm give rise to 
different colored offspring showed in pseudo-colored pups.  
(b) Scheme of generating the Grainbow mice. 
(c) Scheme of how the Grainbow construct got recombined into the BAC. 
(d) Alignment result of the genome sequencing of clone 4. 
(e) Quantitative PCR of the electroporated mouse ESC DNAs with Ezh2, Suv39h2, 
and Setd1b targeting primers for screening 3 copies of the construct randomly 
integrated into the mouse genome. 
(f) Table of the number of the ES clones with Grainbow copy numbers that got 
recombined into the BAC (Top). Picture of the chimeras from E7 ESC clone (Bottom).  
(g) Mouse experimental scheme of the Grainbow TG mice. 
(h) Quantitative PCR of the F1 pup DNAs with Ezh2, Suv39h2, and Setd1b targeting 
primers for germline transmission screening. 
(i) Genotyping for the copy number of each TG mouse in litter F556 using dPCR (left) 
and qPCR (right). 
(j) Genotyping for each TG mouse in litter F556 using conventional PCR. 
(k) Table of the transgenic mice of F556. 
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Figure 4. 4 Grainbow males give rese to multiple types of transgenic mice in a 
single litter. 
(a) PCR bands using various priers of the pTRE-Grainbow construct. 
(b) Western blots of the histone methylation marks after transfecting the pTRE-
Grainbow construct into the keratinocytes in culture. 
(c) Quantification of the western blot intensity in figure 4.4b. 
(d) Scheme of the primers that we designed to verify the gene copy number with 
qPCR and dPCR. 
(e) Genotyping for the copy number of each TG mouse in litter E833 using qPCR. 
(f) Western blots of the histone methylation marks in the E833 litter.  
(g) Quantification of the blot intensity in figure 4.4f. 
(h) Graph of the TG mice number in Table 4.1. 
(i) Graph of the actual recombinated sites in Table 4.1. 
(j) Scheme of the primers that we designed to verify the Cre recombination sites. 
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Table 4. 1 Grainbow pup genotypes 
 

Littler ID Pup ID Transgenic Recominated Lox sites 

E833 

1 Setd1b ③X3 

2 Triple ①, ②, ③ 

3 Triple ①, ②, ③ 

4 Setd1b ③X3 

5 Ezh2 + (Setd1b) ①, ③X2 

6 Ezh2 + (Setd1b) ①, ③X2 

E844 

1 Ezh2 ①X3 

2 (Ezh2) + Setd1b ①X2, ③ 

3 Ezh2 + (Setd1b) ①, ③X2 

4 Ezh2 ①X3 

5 (Ezh2) + Setd1b ①X2, ③ 

E864 

1 Suv39h2 + (Setd1b) ②, ③X2 

2 Suv39h2 + (Setd1b) ②, ③X2 

3 (Ezh2) + Suv39h2 ①X2, ② 

4 Ezh2 + (Suv39h2) ①, ②X2 

E865 1 Ezh2 ①X3 

E876 

1 Suv39h2 + (Setd1b) ②, ③X2 

2 (Ezh2) + Setd1b ①X2, ③ 

3 (Suv39h2) + Setd1b ②X2, ③ 

4 (Ezh2) + Setd1b ①X2, ③ 

E877 

1 Triple ①, ②, ③ 

2 Suv39h2 + (Setd1b) ②, ③X2 

3 Ezh2 ①X3 

4 (Ezh2) + Suv39h2 ①X2, ② 

5 Suv39h2 + (Setd1b) ②, ③X2 

6 (Ezh2) + Setd1b ①X2, ③ 

7 (Ezh2) + Setd1b ①X2, ③ 

8 (Suv39h2) + Setd1b ②X2, ③ 

9 Ezh2 + (Setd1b) ①X2, ③ 

F035 

1 Ezh2 + (Setd1b) ①X2, ③ 

2 Ezh2 + (Suv39h2) ①, ②X2 

3 (Suv39h2) + Setd1b ②X2, ③ 

F035 4 Suv39h2 + (Setd1b) ②, ③X2 
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5 Triple ①, ②, ③ 

6 Suv39h2 + (Setd1b) ②, ③X2 

F106 

1 Ezh2 ①X3 

2 Suv39h2 ②X3 

3 Ezh2 + (Suv39h2) ①, ②X2 

4 Ezh2 + (Suv39h2) ①, ②X2 

5 (Ezh2) + Suv39h2 ①X2, ② 

F556 

1 Triple ①, ②, ③ 

2 Setd1b ③X3 

3 (Suv39h2) + Setd1b ②X2, ③ 

5 Suv39h2 ②X3 

6 Triple ①, ②, ③ 

7 Triple ① , ②, ③ 
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4.4h-i). To further strengthen the genotyping method, digital qPCR (dPCR) was 

applied to verify the copy number of these three genes in the purified DNA of the 

offspring pups. Furthermore, additional primers were also designed to verify the 

recombinated sites by spanning the pTRE and the transgenes using conventional PCR 

methods (Figure 4.4j). By using all these three methods, the genotypes of the F556 

offspring litter were matching (Figure 4.3i-k). 

 

4.6 Three histone methyltransferases are expressed in the epithelia 

To study the physiological relevance of the histone H3 K4/9/27me3 in the HFSC, we 

crossed the triple HMT TG mice with the epithelial specific K14-rtTA mice and the 

genotypes were verified again with dPCR (Figure 4.6a). Using the triple HMT TG 

with K14-rtTA mice, we increased the methylation levels by feeding the mice 

doxycycline (PD28-42) during the Anagen/Catagen phase transition (Figure 4.5a). To 

test the specificity and the efficiency of the K14-rtTA mouse, we crossed this mouse 

with the H2B-GFP-expressing mouse under the pTRE promoter. After inducing 

expression with doxycycline, H2B-GFP expression was highly efficient in the 

epithelia and tightly controlled under the pTRE promoter (Figure 4.6b). With this 

K14-rtTA and the triple HMT TG mice, the histone methylation levels were all 

increased in the total skin (Figure 4.5b-c). Moreover, the histone methylation levels 

were increased in the HFSCs during quiescence (Figure 4.5d-e). Notably, these 

histone methylation levels were also increased in the progenitor cells (Figure 4.5f). 

Increased histone methylation levels were due to increased transcription and protein 

levels of the three histone methyltransferases in the skin (Figure 4.5g-h and Figure 
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Figure 4. 5 All three HMTs are expressed in the epithelial cells and they are 
functional. 
(a) Scheme of inducing the expression of the HMTs with doxycycline. 
(b) Western blot of the triple HMT TG mice total skin. 
(c) Quantification of the blot intensity from figure 4.5b. N=3. *p=0.001. **p=0.033. 
***p=0.027. 
(d) Hair follicle staining with histone methylation marks in CD34 positive cells at 
PD49.  
(e) Quantification of the IF signal in HFSCs in PD42 and PD49. N=3. *p<0.05. 
**p<0.01. ***p<0.001. 
(f) Quantification of the IF signal in hair germ in PD49. N=3. *p=0.03. **p=0.04. 
(g) Gene expression analysis of 3 HMT mRNAs of FACS sorted HFSCs from the 
triple HMT TG mice. N=3. *p<0.001. 
(h) Western blot of the triple HMT TG mice total skin at PD42 with 3 HMTs. 
(i) Quantification of the band intensity of the 3 HMTs from figure 4.5c. *p<0.0001. 
N=3. 
Scale bar 20 ㎛. 
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Figure 4. 6 Three HMTs are expressed in the epitehlia. 
(a) dPCR of the triple HMT TG mice. 
(b) Broad skin sections of the doxycycline fed (PD28-42) or non-fed pTRE-
H2BGFP;;K14-rtTA mice. 
(c) Whole western blots from figure 4.4h. 
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4.6c). These data demonstrate that our triple HMT TG mice are fully functional and 

they are specific in the epithelium. 

 

4.7 Differentiation defects of the hair lineages in adult hair and hair cycle delay 

after failing to hypomethylate the histone H3 

The previous functional study of these histone methylation marks in the HFSCs 

with DI showed that the hair growth and the hair germ activation were delayed 

(Chapter 3). To investigate any later-stage HFSC differentiation defects, we used the 

triple HMT TG mice with K14-rtTA (Figure 4.7a). While the hypomethylation was 

inhibited in the HFSCs, the hair growth was delayed when we analyzed the mice back 

skin until PD138 (Figure 4.7b). Moreover, in early Anagen (PD91), both the next hair 

germ activation and the hair cycle were delayed when HMTs were induced (Figure 

4.7c-d and Figure 4.8a). Because the hair growth was delayed, we looked for 

differentiation defects in the full Anagen follicles in the triple HMT TG mice. When 

hypomethylation was inhibited, AE13 expression was decreased, and the matrix of 

follicles were much narrower than the control follicles (Figure 4.7e-f). Interestingly, 

we observed hyper-proliferation in the differentiation layers, measured by 

quantification of the AE13+/Ki67+ cells (Figure 4.7g). Moreover, hyper-proliferation 

was also observed in the Outer-Root sheet (ORS) stained with K14 (Figure 4.8b-c). 

These data show that modifying the histone methylation levels in the HFSCs results in 

hyper-proliferation of the hair follicles at the expense of differentiation in the next hair 

cycle. 
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Figure 4. 7 Inducing the three HMTs impairs hair growth and differentiation. 
(a) Scheme of the timeline and the number of mice analyzed for the doxycycline pulse 
in the triple HMT TG mice.  
(b) Whole view of the mice back skin in various ages of doxycycline fed (PD28-42) or 
non-fed triple HMT TG mice.  
(c) Hair follicle sections at PD91 using the triple HMT TG mice.  
(d) Hair follicle stage quantification at PD91 using the triple HMT TG mice. N=3. 
*p=0.003.  
(e) Hair follicle sections of the full Anagen hair follicles stained with AE13 with 
doxycycline fed (PD28-42) or non-fed triple HMT TG mice.  
(f) Quantification of the AE13 signal intensity. N=3. *p<0.0001.  
(g) Quantification of the Ki67+ cells in AE13+ cells. N=3. *p<0.0001.  
Scale bar 20 ㎛. A: Anagen, C: Catagen, T: Telogen. Student t-test was used for all 
significance test. 
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Figure 4. 8 Inducing the three HMTs increases cell proliferation in the epithelial 
cells. 
(a) Broad view of the hair follicle sections at PD91 using the triple HMT TG mice.  
(b) Hair follicle sections of the full Anagen hair follicles stained with Keratin 14 
(K14) using doxycycline fed (PD114) mice.  
(c) Quantification of the Ki67+ cells in K14+ cells. N=3. *p<0.0001.  
Scale bar 20 ㎛. Student t-test was used for all significance test. 
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4.8 Histone H3K4/9/27me3 levels crosstalk with BMP signaling 

During the Anagen/Catagen phase transition, HFSCs lose their histone 

methylation marks while proliferative signals decrease and inhibitory signals such as 

BMP signals increase in their microenvironment. Functional studies with the BMP4 

antagonist Noggin showed that HFSCs can become hypomethylated in a BMP4 

signaling-dependent manner, which modifies the expression of HMTs and HDMs in 

the HFSCs (Lee et al., 2016). Reversely, to investigate if modulating the histone 

methylation levels affect in the microenvironmental BMP signaling we analyzed the 

protein level of BMP4 in the triple HMT TG mice. After increasing the histone 

methylation levels in the HFSCs with the triple HMT TG mice, the level of BMP4 

expression was increased during Catagen and Telogen (Figure 4.9a and Figure 4.10a). 

Furthermore, we found that BMP4 protein was increased in the CD34 positive HFSCs 

and the hair germ cells of the triple HMT TG mice (Figure 4.9b-c). This was also 

verified with increased BMP4 transcription in the FACS sorted CD34 positive cells 

after inducing the HMT expression with doxycycline (Figure 4.10b).  

To examine how histone methylation levels in the HFSCs induce the BMP4 

level during quiescence, we pulled down the chromatin with the histone methylation 

marks using the triple HMT TG mice in Catagen. Then, we analyzed the methylation 

states in the BMP4 promoter regions which was previously shown to be functional for 

BMP4 expression (Zhang et al., 2015) (Figure 4.9e). Interestingly, only the H3 K4me3 

mark was increased highly in both of the BMP4 promoter regions, even though other 

HMTs were fully functional in other genomic location (Figure 4.9f and Figure 4.10c). 

Indeed, this data matches with our previous ChIP-Seq results where only the H3  
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Figure 4. 94 Hypomethylation inhibition during Anagen to Catagen transition 
phase increase BMP signaling. 
(a) Western blot intensity graph of BMP4 normalized by β-actin of the triple HMT TG 
mice total skin in PD42 and PD49. N=3. *p=0.037.  
(b) Immunofluorescence staining of BMP4 using the triple HMT TG mice hair 
follicles in PD49. Scale bar 20 ㎛. Bu: Bulge, HG: Hair germ, DP: Dermal papilla.  
(c) Quantification of the IF signals of BMP4 in the bulge (CD34 positive cells) and the 
hair germ. N=3. *p=0.003. **p=0.019.  
(d) Gene expression analysis of BMP4 mRNA of FACS sorted HFSCs from the triple 
HMT TG mice. N=2.  
(e) Scheme of the BMP4 promoter region for ChIP experiment using the triple HMT 
TG mice.  
(f) Chromatin IP signal fold change of BMP4 promoter 1 and 2 using the triple HMT 
TG mice whole skin. N=3. *p=0.006. **p=0.014. ***p=0.033.  
(g) Immunofluorescence staining of pSmad using the triple HMT TG mice hair 
follicles in PD49. Scale bar 20 ㎛. Bu: Bulge 
(h) Quantification of the IF signals of pSmad in the bulge (CD34 positive cells). N=3. 
*p=0.0005. 
Student t-test was used for all significance test. 
 
 



 

154 

 

 

 

 

 

 

 

 

Figure 4. 50 BMP4 signaling is hyper-activated when hypomethylation is 
inhibited during Anagen to Catagen transition phase. 
(a) Western blot of BMP4 using the triple HMT TG mice total skin in PD42 and PD49. 
(b) Gene expression analysis of BMP4 mRNA from the triple HMT TG mice total 
skin in PD42. N=3. *p=0.011. 
(c) Chromatin IP-qPCR fold change of Wnt4 promoter region using the triple HMT 
TG mice total skin. N=3. *p=0.05. **p=0.009. ***p=0.042. 
Student t-test was used for all significance test. 
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K4me3 mark still partially remains in the BMP4 promoter region (Lee et al., 2016). 

Furthermore, increased BMP4 signaling was also confirmed with increased phospho-

Smad1/5/8 staining in the triple HMT TG mouse hair (Figure 4.9g-h). Our data 

suggest that BMP4 expression is initially increased in the HFSC microenvironment 

during the Anagen/Catagen phase transition and modifies the expression of HMTs and 

HDMs to hypomethylate the histones in the HFSCs. However, during the quiescence 

phase, only the H3 K4me3 mark remains in the BMP4 promoter region in the HFSCs 

to further augment the BMP signaling to maintain their quiescence during normal 

homeostasis. 

 

4.9 Wound regeneration in the skin is delayed when the hypomethylation process 

is inhibited in the skin 

Skin punch wound regeneration is an excellent model to study the HFSC 

plasticity since they acquire more cell fates than during the normal homeostasis and 

contribute to the skin regeneration (Ito et al., 2005; Jaks et al., 2008). To test if the 

histone methylation levels in the skin is physiologically relevant in skin regeneration, 

we punch wounded the triple HMT TG mice (Figure 4.11a). After measuring the 

wounded area of the back skin, the regeneration rate was significantly delayed (Figure 

4.11b-c). Because blocking the hypomethylation affected the differentiation of the hair 

lineages (Figure 4.7e), we examined if the skin differentiation was also affected. When 

HMTs were expressed in the epithelial cells in vivo, the differentiation of the SCs was 

defective (Figure 4.11d and Figure 4.12a). To investigate if the migration of the SCs 

were defective by the histone methylation levels, we cultured the punch biopsies ex  
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Figure 4. 61 Induction of all three histone methylases in the epithelial cells delays 
wound repair. 
(a) Scheme of the punch wound using the triple HMT TG mice.  
(b) Punch wound pictures of the triple HMT TG mice.  
(c) Punch wound size measurement in figure 4.11b. N=3. ANOVA was used for the 
significant test. 
(d) Wounded skin sections after one week of the punch wound stained with Keratin1 
(K1).  
(e) Scheme of the wound biopsy ex vivo culture using the triple HMT TG mice.  
(f) Keratinocyte migration from the wounded tissue. White line shows the boundary of 
the tissue.  
(g) Quantification of the number of cells migrated from the tissue. N=3. *p=0.03.  
(h) Quantification of the BrdU positive cells in the K14 positive migrated cells from 
the tissue. N=3. p=0.283.  
(i) Blood vessel staining (CD31) in the wounded sections from 1 or 4 weeks after the 
punch wound using the triple HMT TG mice.  
Scale bar 20 ㎛. A: Anagen, C: Catagen, T: Telogen. Arrows are the boundary of the 
wound. Student t-test was used for all significance test. 
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vivo from the triple HMT TG mice (Figure 4.11e). After 20 days of culture, the 

number of migrated epithelial cells was significantly decreased when HMTs were 

expressed (Figure 4.11f-h). One important process in the punch wound regeneration is 

the recruitment of blood vessels and fibroblasts from the nearby dermis to the 

wounded sites, driven by the signals from the epithelial cells, including the HFSCs 

(Canedo-Dorantes and Canedo-Ayala, 2019). Delayed blood vessel recruitment to the 

wounded sites was also observed when the expression of the HMTs was induced 

(Figure 4.11i). 

Large wound model in the back skin (1.5 cm x 1.5 cm) was shown to mimic 

human skin wounds better than the punch wound model due to skin contraction 

through the muscle under the skin (Takeo et al., 2015). To rule out the skin contraction 

factor in the mouse skin, we examined the large wound regeneration rate in the triple 

HMT TG mice. Similarly, the regeneration was delayed after inducing the expression 

of these HMTs (Figure 4.12b-c). Since skin wound acts as a trigger for HFSC 

activation, we observed the hair growth of the back skin after the punch wound. 

Indeed, the hair appeared near the punch wound area faster in the non-doxy treated 

control mice than the doxy treated mice (Figure 4.12d). Moreover, the spreading of the 

hair growth was much wider in the non-doxy treated mice (Figure 4.12d).Altogether, 

our data suggest that the histone methylation levels in the HFSCs is critical in wound 

regeneration. 

 

4.10 Discussion 

Genetic studies of the HMTs for methylating histone H3 K4/9/27me3 marks  
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Figure 4. 72 Inducing histone methylases in the epithelial cells delays large 
wound repair. 
(a) Wounded skin sections after 4 weeks of the punch wound stained with Keratin1 
(K1) using the triple HMT TG mice. Scale bar 20 ㎛. Arrows are the boundary of the 
wound. 
(b) Large wound pictures of the triple HMT TG mice.  
(c) Large wound size measurement in figure 4.12b. N=3. ANOVA was used for the 
significant test. 
(d) Whole view of the mouse large wounded mice at PD105 (8 weeks post large 
wound). 
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have shown that the histone methylation levels are significant in cell fate choices of 

ESCs (Boyer et al., 2006; Chen et al., 2013; Hawkins et al., 2010; Jiang et al., 2011; 

Loh et al., 2007; Mattout and Meshorer, 2010; Meshorer et al., 2006). Moreover, 

manipulating the histone methylation levels using chemical inhibitors has 

demonstrated that overall histone methylation levels are important in TSC cell fate 

decisions (Lee et al., 2016). However, modifying the global levels of histone H3 

K4/9/27me3 in specific tissues in vivo has been hindered due to the redundancy of the 

HMTs and HDMs (Tumbar et al., 2004; Zhang et al., 2009). Although generating 

mutant mice for multiple genes is possible, it is time consuming and resource-

intensive. Here, we present a new mouse model –the “Grainbow” mouse- which can 

generate multiple transgenic mice from a single litter. With our “Grainbow” mice, we 

generated 10 different types of TG mice from several litters, which allowed us to 

manipulate global histone methylation levels of H3 K4/9/27me3 in the HFSCs. We 

designed our “Grainbow” construct to have several different restriction enzyme sites. 

Therefore, it is possible to study multiple other genes with routine cloning. 

Using our “Grainbow” mouse model, we demonstrate that the global histone 

methylation level of histone H3 K4/9/27me3 marks are physiologically relevant to the 

cell fate decisions of HFSCs in vivo by crosstalking with the microenvironmental 

BMP signal during tissue regeneration. Under normal homeostasis, HFSCs can either 

self-renew or differentiate during the hair cycle and trans-differentiate in skin injury. 

When we maintained high histone methylation levels in the HFSCs by using the triple 

HMT TG mice, the hair cycle and injury repair was delayed. It is important for the 

HFSCs to erase their histone methylation marks during Anagen/Catagen phase 
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transition and re-mark the methylation patterns to the quiescence state where they can 

prepare for the next hair cycle. Although comparing the transcriptome between the 

triple HMT TG and the previous Anagen HFSCs needs to be pursued, our data suggest 

that the HFSC epigenetic status is locked as in their activated HFSC pattern which 

limit their cell fate choices.  

During the hair cycle, microenvironmental BMP expression fluctuates, 

crosstalking with the HFSC histone methylation levels (Plikus et al., 2008). 

Interestingly, HFSCs gain H3 K4/9/27me3 marks during quiescence, while BMP 

expression gradually increases in the microenvironment (Chapter 3). Based on our 

study, although HFSCs initially receives microenvirnmental BMP signals, they 

undergo autocrine signaling through augmenting the BMP4 expression by 

reorganizing the histone methylation marks of H3 K4/9/27me3. Our functional studies 

show that the BMP4 expression is increased due to the increased epigenetic activation 

mark H3 K4me3 in the promoter of the BMP4 gene in the triple HMT TG mice. 

Although confirming this data with the Setd1b single HMT TG mice needs to be done, 

our phenotypic findings are consistent with the previous functional studies of BMP 

which showed that hair lineage differentiation is defective during HFSCs homeostasis 

(Kobielak et al., 2003). 

Wnt signaling couples with BMP signaling during the hair cycle and functional 

studies showed that when BMP signaling is inhibited using the BmpR1a knockout 

mice, Wnt signaling was promoted (Rendl et al., 2008). Interestingly, our chromatin 

IP experiments using the triple HMT TG mice showed that all three H3 K4/9/27me3 

marks were increased in the Wnt4 promoter region, suggesting that Wnt4 expression 
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might be decreased in the microenvironment (Figure 4.10c). These epigenetic pattern 

modifications in the Wnt4 promoter region agree with our observed hair germ 

activation delay. Therefore, how Wnt signaling is coupled with BMP signaling on the 

epigenetic level requires further examination.  

During punch wound regeneration in the skin, HFSCs can migrate to the 

epidermis to trans-differentiate to skin (Aragona et al., 2017; Ito et al., 2005; Jaks et 

al., 2008; Levy et al., 2007; Mascre et al., 2012). Our findings using the triple HMT 

TG mice show that skin regeneration was delayed through epithelial cell migration 

and differentiation defects when H3 K4/9/27me3 levels were modified. Previous 

studies showed that when BMP signaling was increased in the epidermis, punch 

wound skin regeneration was impaired (Botchkarev, 2003; Lewis et al., 2014). 

Moreover, when BMP4 was overexpressed in the retina pigment epithelial cells in vivo, 

blood vessel recruitment and vascularization were inhibited after laser injury (Xu et al., 

2012). These results agree with our hypothesis that increased BMP4 expression in the 

triple HMT TG mice is causing the defects in skin regeneration. Although our data 

seems to explain the relationship between the H3 K4/9/27me3 levels and BMP4 

expression during the regeneration, it is possible that other genes are also affecting the 

regeneration process. For instance, previous functional study of epidermal Notch1 

signaling showed that in induces the wound regeneration process after the punch 

wound (Li et al., 2016). Moreover, the other previous study showed that multiple 

genes are regulated by the “wound-epicenter” during the regeneration process (Ge et 

al., 2017). Thus, how these histone methylation marks are affecting these genomic 

regions or genes needs to be further pursued.  
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Finally, in addition to our mouse genetic studies, experiments with demethylase 

inhibitors show similar results as in the triple HMT TG mice (Chapter 3 and 4). This 

suggests that the H3 K4/9/27me3 levels in the HFSCs are directly associated with the 

cell fate decisions during their regeneration, which opens the possibility of translating 

our results to clinical applications. Indeed, there are chemical inhibitors for HMTs 

which can be further examined in normal homeostasis and skin injuries to increase 

their regeneration rate (Zagni et al., 2013). Furthermore, using the large wound which 

mimics human acute skin wound closer than the punch wound model (Takeo et al., 

2015), we show that skin regeneration is also delayed after inducing the three histone 

methylases similar with the punch wound model. Although, more work needs to be 

done, this suggests that during large wound healing, global histone methylation levels 

of H3 K4/9/27me3 might work in a similar fashion as our results in punch wound 

regeneration. Thus, our findings can also be applied in human skin injury repair 

process. 

 

4.11 Materials and Methods 

Mice, histone demethylase inhibitor administration. 

All mice were treated according to Cornell University Institutional Animal Care 

and Use Committee protocols. Both males and females of the mice were used for all of 

the experiments. The sex of the mice were matched for Control and experimental 

groups. For applying demethylase inhibitors, GSK J1 (#4593, TOCRIS) and JIB 04 

(#4972, TOCRIS) were dissolved in dimethylsulphoxide at 100 mM. Then they were 

diluted in 100% acetone to the final concentration of 500 μM. Hair in the back skin of 



 

164 

wild type mice from CD1 × FVB littermates were shaved and 100 μl of inhibitors 

were topically applied on the shaved regions every 12 hrs for the indicated time points. 

Control mice were applied with the same amount of dimethylsulphoxide in acetone. 

 

Construction and cell culture testing of the pTRE Grainbow 

Brainbow 1.1 cassette was modified to generate pTRE-Grainbow construct 

harboring a tetracycline response element driving Flag-Ezh2, Myc- Suv39h2 and HA- 

Setd1b (Fig. 1a) by gene synthesis (GenScript USA Inc, NJ). Notably, pTRE grainbow 

construct was initially generated without HA-Setd1b sequence. This was generated in 

the pUC vector separately with the homology arm (2) due to the length of the whole 

sequence for gene synthesis. Unique recombination sites LoxN, Lox2272, LoxP and 

multiple cloning sites (Figure 4.1a), and antibiotic gene that combines a prokaryotic 

promoter (gb2) for expression of kanamycin resistance in E.coli with a eukaryotic 

promoter (PGK) for expression of neomycin resistance in mammalian cells were 

inserted (sequence from Gene Bridges, Heidelberg, Germany). Homology arm (1) 

sequence targeting ROSA locus was inserted to allow BAC recombineering. Finally, 

pTRE-Grainbow construct targeting Rosa26 locus, was created by sequential BAC 

recombineering (Tsyrulnyk and Moriggl, 2008). First, bacterial artificial chromosome 

(BAC) RP24-204J8 and the synthesized pTRE grainbow (without HA-Sedt1b) were 

recombined as previously described in the competent cells using the homology arm (1). 

Next, the recombined construct and the pUC-HA-Setd1b construct were recombined 

using the homology arm (2). Primers used for verifying the construct are listed in 

Table 4.2. 
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Table 4. 2 Primers for verifying the Grainbow construct using PCR 
 
CFP Forward 5’- caagatccgccacaacatcg -3’ 
CFP Reverse 5’- atgtgatcgcgcttctcgtt -3’ 
5’ Junction Forward 5’- gaagccaatcagcgacgagacg -3’ 
5’ Junction Reverse 5’- ctcgactttcacttttctctatca -3’ 
pTRE Forward 5’- gggtcgaggtaggcgtgta -3’ 
pTRE Reverse 5’- tcccggtgtcttctatggag -3’ 
Ezh2 Forward 5’- gcatggtgacagagaatgtgg -3’ 
Ezh2 Reverse 5’- tacatcctcagtgggaacag -3’ 
Suv39h2 Forward 5’- gtgaagccacctttgcatgt -3’ 
Suv39h2 Reverse 5’- agggtttttacaccccaacc -3’ 
Setd1b Forward 5’- gcctcttgtcctccttcacc -3’ 
Setd1b Reverse 5’- gtttctccctcatgtccgca -3’ 
3’ Junction Forward 5’- gggcaaataaggaaaatgggagga -3’ 
3’ Junction Reverse 5’- agagcttggcggcgaatgg -3’ 
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To confirm the recombination of the construct into the BAC clone4 was sheared 

and ran using the Illumina HiSeq2500 which was performed by Cornell University 

Genomics Core Facility.  

To test the functionality of the constructs, keratinocytes (passages 4-7) which 

were from K14-rtTA new born mouse skin was used as previously described (Lee et 

al., 2014). Cells were grown to 80% confluency and they were transfected with the 

Grainbow construct using Lipofectamine 2000 (#11668027, Invitrogen) according to 

the manufacturer’s protocol. Then the adenovirus harboring the Cre expressing 

construct (gift from Dr. Nikitin) was delivered into the cells to recombinate three 

distinct Lox sites. Doxycycline (1 μg ml-1) was added to the culture media to express 

all three HMTs. Cells were harvested after 3 days of doxycycline induction and 

analyzed by Western blot. 

 

Germline transition of the confetti mice 

The R26R-Confetti male (#017492, Jackson Laboratory) was used to test the 

germline transmission of the confetti construct. The males were injected with 10 

μg μl−1 of tamoxifen (200 μg g−1) at PD28 and crossed with CAGG-CreER (#004682, 

Jackson Laboratory) females after 4 weeks. The image of the seminiferous tubules of 

the confetti mouse male and the skin of the new born pups were taken using the 

confocal microscopy (LSM710, Zeiss) at the Cornell University Imaging Facility. 

 

Generating the Grainbow TG mice 

Mouse ES cells were electroporated with 10 μg of the Grainbow DNA construct  
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Table 4. 3 Primers for gene copy number screening using qPCR and dPCR 
 
Ezh2 Forward 5’- aaagcacaatgcaacaccaa -3’ 
Ezh2 Reverse 5’- ctttttagagccccgctga -3’ 
Suv39h2 Forward 5’- gtgaagccacctttgcatgt -3’ 
Suv39h2 Reverse 5’- agggtttttacaccccaacc -3’ 
Setd1b Forward 5’- cctgtgatgcaggtggacat -3’ 
Setd1b Reverse 5’- ccacctctaccatcttgcgg-3’ 
GAPDH Forward 5’- gccaaaagggtcatcatctc -3’ 
GAPDH Reverse 5’- ccttccacaatgccaaagtt -3’ 
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by the Cornell Transgenic Core Facility. To screen the copy number of the integrated 

constructs, we used qPCR with the primers to verify the construct. The primers that 

were used are listed in Table 4.3. After screening the mouse ES cells bearing 3 copies 

of the construct, their proliferation rate was compared with the normal mouse ES cells. 

Using the mouse ES cell clone E7 bearing 3 copies of the Grainbow construct, Cornell 

Mouse Transgenic Core Facility injected cells into wild type blastocysts and generated 

mouse chimeras. For germline transmission of these constructs the chimera males 

were crossed with CAGG-CreER females and the offspring was verified by 

genotyping with qPCR. Double positive males were injected with 10 μg μl−1 of 

tamoxifen (200 μg g−1) at PD28. After 4 weeks, these males were crossed with K14-

rtTA females which were describe previously (Lee et al., 2014). Finally, the offspring 

litters were genotyped by qPCR and induced with doxycycline (1mg/KG chow) at 

PD28 for 2weeks followed by Western blot and IF staining to verify the different 

HMT expression.  

 

Digital qPCR and Grainbow tail DNA PCR 

For droplet digital qPCR (Bio-Rad QX200), genomic tail snip DNA from the 

pups were used. 30 ng of DNA was used for each reaction and it was conducted by the 

Cornell Genomic Core Facility. The primers that were used is listed in Table 4.3. For 

the conventional PCR of the different combination of the three HMT TG mice, the 

primes are listed in Table 4.4. 

 

Western blot 
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Table 4. 4 Primers for identifying the recombination site 
 
Ezh2 Forward 5’- gagacgccatccacgctgtt -3’ 
Ezh2 Reverse 5’- gtacattataggcaccgaggcga -3’ 
Suv39h2 Forward 5’- taggcgtgtacggtgggagg -3’ 
Suv39h2 Reverse 5’- ggagctggcctgtactcgtt -3’’ 
Setd1b Forward 1 5’- taggcgtgtacggtgggagg -3’ 
Setd1b Reverse 5’- aatggtggttcctcctctcg -3’ 
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For protein detection, we used either keratinocytes or total skin of the mice. 

Total skin was harvested, snap frozen in liquid nitrogen and grated in the mortar. All 

of the samples were lysed in RIPA buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 1% 

Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1mM PMSF). 

The protein was detected using antibodies-H3 (1:5000, ab1791, Abcam), H3K4me3 

(1:5000, #39159, ActiveMotif), H3K9me3 (1:5000, ab8898, Abcam), H3K27me3 

(1:5000, #07-449, Millipore), β-actin (1:2000, MAB1501MI, Millipore), HA (1:1000, 

ab18181, Abcam), c-myc (1:1000, ab56, Abcam) and FLAG (1:1000, #8146S, Cell 

Signaling). ImageJ (http://imagej.nih.gov/ij/) was used for quantification of the blot 

intensity. 

 

Immunofluorescence staining 

The tissue immunofluorescence staining method has been described previously 

(Lee et al., 2016). Antibodies of H3K4me3 (1:1000, #39159, ActiveMotif), H3K9me3 

(1:2000, ab8898, Abcam), H3K27me3 (1:2000, #07-449, Millipore), HA (1:100, 

ab18181, Abcam), CD34 (1:200, #553731, BD Bioscience), rabbit α-K14 (1:500, 

PRB-155P, Covance), mouse α-K14 (1:100, ab7800, Abcam), Ki67 (1:500, ab15580, 

Abcam), AE13 (1:50, IQ292, Immuquest), BMP4 (1:200, ab39973, Abcam), K1 

(1:200, PRB165P, Covance), K10 (1:100, PRB159P, Covance), CD31 (1:200, 

#550274, BD Bioscience), Tenascin (1:500, AB19013 Millipore) and Vimentin 

(1:1000, gift from Dr. Lammerding) were used. BrdU (1:200, ab6326, Abcam) were 

used in the ex vivo skin explant staining. 
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Quantitative RT-PCR and Fluorescence-activated cell sorting  

For FACS sorting of HFSCs, the protocol has been previously described (Lee et 

al., 2016). Briefly, triple HMT TG mice were fed with doxycycline PD28-PD42 to 

induce HMT expression. The back skin was dissociated into single cells through 

trypsin digestion. The cell suspensions were labelled with α-CD34-Biotin (1:50, #13-

0341-85, eBiosciences), α-Streptavidin-APC (1:100, #554067, BD Bioscience) and 

α6-integrin-PE (1:40, CD49f, #555736, BD Bioscience) to isolate HFSCs. Propidium 

iodide (1:1,250–1:2,500 of 1 mg ml−1 stock, S7109, Sigma) was used to eliminate the 

dead cells. The HFSCs were isolated with BD FACS Aria located in the Flow 

Cytometry Core at Cornell University. 

For gene expression analysis, RNA was extracted from either 1 cm2 of total skin using 

the RNeasy fibrous tissue mini kit (#74704, Qiagen) or the FACS sorted HFSCs using 

the mirVana miRNA isolation kit (AM1591, Ambion) according to the manufacturer’s 

protocols. These cDNA were synthesized using iScript (#1708841, Bio-rad) cDNA 

synthesis kit according to the manufacturer’s protocol. With these cDNA, gene 

expression was analyzed by qRT-PCR. The primers that we used for gene expression 

analysis is listed in Table 4.5. 

 

Chromatin IP 

For ChIP analysis, we used 1 cm2 of the triple HMT TG mice total skin. The 

method is described previously (Lee et al., 2016) and 2 μg of each H3 (ab1791, 

Abcam), H3K4me3 (#39159, ActiveMotif), H3K9me3 (ab8898, Abcam), H3K27me3 

(#07-449, Millipore) and IgG (ab18413, Abcam) were used for immunoprecipitation.  
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Table 4. 5 Primers for gene expression analysis using qRT-PCR 
 
Ezh2 Forward 5’- agtgacttggattttccagcac -3’ 
Ezh2 Reverse 5’- tcaccatgcacttttccatcat -3’ 
Suv39h2 Forward 5’- ctgcccaggatagcattgttc -3’ 
Suv39h2 Reverse 5’- caagtctcggctccacatttac -3’ 
Setd1b Forward 5’- tcctcaagctccgacaaggat -3’ 
Setd1b Reverse 5’- cgtcgatgtctgaatcaatctgg -3’ 
BMP4 Forward 5’- tggacacctcatcacacgac -3’ 
BMP4 Reverse 5’- ttctgcgggtcaaggtatgg -3’ 
GAPDH Forward 5’- gtggtgaagcaggcatctgag -3’ 
GAPDH Reverse 5’- ttactccttggaggccatgtag -3’ 
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Purified DNA samples were analyzed by qRT-PCR with BMP4 and Wnt4 promoter 

targeting primers. The primers are listed in Table 4.6. 

 

Punch wound biopsy, ex vivo biopsy culture experiments 

For all punch wound biopsies, 4 mm of disposable biopsy punches (#33-34, 

Integra Miltex) were used in mice at PD49. Hair of the back skin was shaved and 

punch wounds were given as previously described49. The wounded tissues were 

harvested and analyzed at different time points. After the punch biopsy, the tissue was 

cultured on the cover glass (#CLS284518, corning) with low Ca E media with 10% 

FBS (#S11650, Atlanta biologicals) in DMEM/F-12 (3:1) (Gibco) for 20 days.  

 

Statistical analysis 

All values were shown as mean ± s.d.. The sample size of the experiments 

varied depending on the experiments and at least 3 mice (n > 100 cells) were taken 

from each group for significant test (e.g., Student’s t-test) where p < 0.05 was 

considered significant. 

 

 

 

 

 

 

 



 

174 

 

 

 

 

 

 

 

 

 

Table 4. 6 Primers for ChIP-qPCR 
 
BMP4 promoter 1 Forward 5’- tcccgtgtcatgatgaagtc -3’ 
BMP4 promoter 1 Reverse 5’- gcatgcacccagggtaacta -3’ 
BMP4 promoter 2 Forward 5’- ggccaaaggaaagtcttgtc -3’ 
BMP4 promoter 2 Reverse 5’- ggctcccaagttatcagatg -3’’ 
Wnt4 promoter Forward1 5’- caattcccagcaccaaaagt -3’ 
Wnt4 promoter Reverse1 5’- tccaaataaggtaggtacccaaag -3’ 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

5.1 Epigenetic regulation of cell fates in hair follicle stem cells 

Tissue is maintained by multiple types of cells and tissue regeneration therapy is 

a major endeavour in current therapeutics. Its success depends upon our ability to 

control cell fate decisions of adult tissue stem cells since they can differentiate to their 

lineages and maintain their pool for any tissue damage response. The review discussed 

in chapter 2 suggests that tissue stem cell fate choice can be regulated by modifying 

their genome plasticity and their crosstalk with the environment. Especially, specific 

epigenetic states throughout the genome and global levels of histone methylation 

marks appear to control stem cell fates in development, adult tissue homeostasis, and 

injury repair. Due to their importance, many tissue stem cells are protected in their 

niche as a quiescent state, avoiding further replication stress of possible genomic 

damage.  

Interestingly, there has been reports on various tissue systems that global 

histone methylation levels decrease during their quiescence (hypomethylation), 

suggesting its importance in maintaining the cellular plasticity (Baxter et al., 2004; 

Lee et al., 2016; Lien et al., 2011; Liu et al., 2013). Hair follicle stem cell quiescence 

starts from catagen where they are deactivated from the anagen HFSCs. Catagen 

HFSCs start to lose their epigenetic identity in which they possess high cell fate 
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plasticity, where they can self-renew in their niche or differentiate to become the 

progenitor cells (Lee et al., 2014; Zhang et al., 2010).  

The work presented in chapter 3 and 4 using both chemical inhibitors and our 

novel transgenic mice, suggest that hypomethylation is functionally relevant in hair 

follicle stem cell (HFSC) quiescence by crosstalking with the microenvironmental 

BMP signaling during hair follicle homeostasis and wound repair. The significance of 

this hypomethylation is that this seems to give catagen HFSCs advantage to write the 

epigenetic marks to become any type of cells in their lineage based on the tissue needs. 

Along with our new transgenic tool with tissue specific CreER mice, our findings can 

be expanded to other tissue types such as the hematopoietic stem cells and the muscle 

stem cells where hypomethylation of these tissue stem cells is also reported. 

The functional studies presented in previous chapters along with our previous 

ChIP-Seq results on BMP4 promoter show that inhibition of hypomethylation 

increases BMP4 expression through elevating the transcription active mark H3 K4me3 

in the bulge during quiescence. This is a reverse scenario where BMP signal is the 

upstream factor of hypomethylation during the deactivation phase of the HFSCs (Lee 

et al., 2016). Thus, this suggests a two-step feedback mechanism of epigenetic 

regulation of HFSCs; 1) BMP signaling from the dermal portion of the skin modulates 

the expression of histone modifiers for hypomethylation at the beginning of HFSC 

deactivation, 2) Remaining H3 K4me3 mark with erased repressive marks on BMP4 

promoter expresses BMP4 to augment BMP signaling during quiescence to maintain 

HFSCs in a quiescent state. Nevertheless, there are various signaling molecules that 

are in action during the hair cycle besides BMP signaling. Therefore, further 
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understanding of other signaling pathways need to be investigated. Unfortunately, in 

our previous study, H3 K4/9/27me3 level changes during HFSC deactivation did not 

correspond with the mRNA level changes in the expected pattern (Lee et al., 2016). 

This triggers an interesting question if active transcription is actually correlated with 

hypomethylation during HFSC deactivation. 

 

5.2 Epigenetic regulation of cell fates during skin wound healing 

Acute skin wound repair process is extremely sophisticated and complex which 

is orchestrated by various cell types in the skin. The work discussed in previous 

chapters focus on the proliferation phase where epithelial cells proliferate and migrate 

to close the wound. I show that by treating demethylase inhibitors on skin and 

inducing expression of triple histone methylases in the epithelial cells, punch wound 

regeneration is delayed through skin differentiation, epithelial cell migration and 

angiogenesis defects. Moreover, using Lgr5-CreER transgenic mice, I also 

demonstrated that HFSC fate conversion is also inhibited after blocking the 

hypomethylation using demethylase inhibitors. This observation is an additional 

evidence suggesting that hypomethylation is highly associated with the HFSC 

plasticity. Similar with my demethylase inhibitors and the triple histone methylase 

transgenic mice experiments, it is possible that the epigenetic identity is locked in the 

hypomethylation inhibited HFSCs so that they are more prone to keep their identity as 

HFSCs during the healing process.  

Similar to the HFSCs, epidermal stem cells seem to have the ability to convert 

their cell fates to HFSCs. With the Aspm-CreER transgenic mice, I showed that Aspm 
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marked cells migrate to the hair follicular region, where this was slightly inhibited by 

demethylase inhibitor treatment. This is an interesting observation, since the exact 

mechanism of de novo hair regeneration in mouse skin wounding was unknown 

(Plikus et al., 2015). This was partially due to lack of genetic tools to solely isolate the 

epidermal stem cell from the epithelial cells. Using this tool, we can now investigate 

how these cell behave during the skin wound healing. Moreover, interfollicular 

epidermis contains fast and slow cycling cells where Aspm and Dlx1 were highly 

expressed, respectively (Sada et al., 2016). Thus, it would be interesting to investigate 

how Dlx1 marked cells behave during the punch wound or to see if they migrate much 

less to the follicular region after the demethylase inhibitor treatment, since they are 

also slow cycling cells as HFSCs.  

In contrast to the skin punch wound model, large wound model gives more 

advantage in mimicking human acute skin wounds (Takeo et al., 2015). I show that 

after inducing the tree histone methylases, the injury repair was also delayed similar 

with the punch wound experiment. Although thorough investigation is needed to fully 

dissect the exact mechanism how epigenetic states of the epithelial cells regulate the 

repair process in the large wound case, this opens a possibility that the founding 

describe here can be applied in human skin wound therapeutics.  

Hairless scar or fibrosis formation is one of the complications during the skin 

wound repair process in human. This is thought by prolonged presence and activation 

of immune cells in the wounded dermis, excessive production of extracellular matrix 

and miscommunication between the epidermal and the dermal cells (Canedo-Dorantes 

and Canedo-Ayala, 2019). A great amount of studies have unveiled the key signaling 
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pathways during the scar formation and many agents have been developed to target 

these pathways which are in clinical trials (Marshall et al., 2018; Wynn and 

Ramalingam, 2012). However, most of these drugs are designed to target the signaling 

pathways in the dermis. Thus, the work describe here can be expended to future 

broader clinical implementation of epigenetic targeting drugs for wound healing where 

many small-molecules targeting the epigenetic modifiers are currently in clinical trials 

for cancer treatment (Yan et al., 2016). 

 

5.3 Future directions 

As I described earlier in chapter 4, Grainbow mice can produce multiple 

combinations of transgenic mice from a single litter. While my work focused on the 

Ezh2, Suv39h2 and Setd1b triple transgenic mice, it will be valuable to investigate 

which combination of these histone methylases show delay of hair cycle, hair 

differentiation and skin injury defects. To check these phenotypes, punch wounding in 

these different combination of transgenic mice should be done. As I observed in 

chapter 3, punch wound in the mice back skin triggers hair cycle activation nearby the 

wounded site. Thus, it is possible to examine both the hair cycle and the injury repair 

phenotypes and to sort out with combination of the histone methylases are significant 

during hair homeostasis and injury repair. I suspect that Setd1b containing transgenic 

mice will show all of these phenotypes, since BMP4 expression was elevated by H3 

K4me3 mark in the triple transgenic mice. The other possible outcome is that only the 

Ezh2 transgene expressing mice will show skin injury defects, since H3 K27me3 mark 

is hypomethylated at the edge of the wound (Shaw and Martin, 2009). Analyzing all of 
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these combination of the transgenic mice will broaden our knowledge regarding the 

function of each histone methylation marks during hair regeneration. 

To examine which other signaling pathways are altered after hypomethylation 

inhibition, analyzing the transcriptome of HFSCs from the doxycycline chow fed 

triple histone methylase transgenic mice needs to be further pursued. Since blocking 

the hypomethylation increases H3 K4/9/27me3 marks in the Wnt4 promoter region 

(Figure 3.11E and 4.10C), it is possible that Wnt signaling might be inhibited during 

the hair cycle. Indeed, HFSC microenvironmental Wnt signaling is increased during 

the activation phase of the HFSCs (Kandyba et al., 2013). Thus, hair cycle delay after 

blocking hypomethylation might also be due to decreased Wnt signaling in its 

microenvironment. 

As I discussed in chapter 3, epidermal Aspm marked cells migrate to the bulge 

in the follicular region. With lineage tracing experiments, they seem to migrate 

randomly to the differentiated layers of the inner bulge as well as the HFSCs in the 

outer region of the bulge. Migration of these cells to become the CD34 positive cells is 

very interesting, since they might have the potential to give rise to a whole hair follicle. 

If global histone methylation levels are also significant in Aspm positive epidermal 

stem cells as the HFSCs, I suspect that the demethylase inhibitor treated Aspm marked 

cells might survive less since their epigenetic identity will be more prone to be the 

epidermal cells. Thus, it is important to first examine if these migrated cells survive in 

the bulge long-term and if so, further investigate whether they eventually give rise to a 

whole hair follicle for de novo hair generation from the wounds.  
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