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Preface

Living organisms are protected from the external environment by an integument 
that forms the outer body surface and permits both survival and adaptation to envi-
ronmental challenges. In mammals, the integument is formed by the skin and its 
appendages, including feathers, hairs, and glands, and displays a high degree of 
evolutionary, anatomical and environmentally dependent-variability.

Mammalian skin is one of the largest organs of the body. It serves a number of 
critical roles, including protecting the organism from external insults, maintaining 
body temperature and water balance, and transmitting sensory information. To effi-
ciently fulfill these complex functions, the skin has developed the capacity to pro-
vide a high degree of plasticity in response to changing environmental conditions, 
while maintaining its structural integrity. In postnatal life, the epithelial outer layer 
of the skin, known as the epidermis, continuously regenerates due to the ability of 
epithelial stem cells in its basal layer to supply progeny capable of forming all of the 
epidermal cell layers and generating a functional barrier. Unlike the continuously 
regenerating epidermis, hair follicles undergo cyclical transitions between active 
growth, involution, and resting phases. After skin injury, stem cells in both epithelial 
and underlying mesenchymal components of the skin contribute to skin regenera-
tion, supplying progeny that repair the wounded area.

During the last two decades, tremendous progress has been made in understand-
ing the molecular mechanisms that underlie skin development, regeneration, and 
both rare and common diseases. Genome-wide association studies and comparative 
genome analyses have provided invaluable insights into the physiological role of 
genetic information. Nevertheless, how the genomes of diverse populations of epi-
thelial and mesenchymal skin cells are organized beyond their linear sequence, and 
the mechanisms regulating lineage-specific responsiveness of distinct genomic 
regions to external signals in healthy and diseased skin, remain to be clarified.

It is now widely accepted that in addition to their regulation by signaling/tran-
scription factor-mediated mechanisms, lineage-specific gene expression programs 
are also controlled epigenetically by covalent DNA and histone modifications, as 
well as via higher-order chromatin remodeling and topological arrangement of 
genes and their distal regulatory elements in 3D nuclear space. Epigenetic 
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 mechanisms play important roles in controlling cellular functions in living  organisms 
and are considered to be a driving force of phenotypic plasticity and evolutionary 
adaptation. Variability in epigenetic status helps explain the relationships between 
an individual’s genetic background and the effects of the environment on suscepti-
bility to different diseases.

As an important and accessible source of epithelial, mesenchymal, pigmentary, 
and neuronal stem cells, the skin serves as an excellent model for studying how 
extrinsic signals coordinate gene expression by directing the activity and distribu-
tion of distinct epigenetic regulators and orchestrating the execution of lineage- 
specific gene expression programs and their adaptation to environmental cues.

This volume presents and summarizes recent major findings that shed light on 
the roles of critical components of the epigenetic regulatory machinery in the con-
trol of skin development and regeneration. Chapter 1 outlines how signaling/tran-
scription factor-mediated and epigenetic mechanisms operate in concert to regulate 
skin development and regeneration, and highlights the role of the cell nucleus as a 
command center integrating signals received from the external environment and 
transforming them into distinct transcriptional outcomes.

Chapter 2 focuses on the importance of DNA methylation as a keeper of epigen-
etic memory in the control of skin development and physiological regeneration. 
Chapters 3, 4, and 5 discuss the impact of distinct post-translational histone modifi-
cations and their corresponding epigenetic regulators, including Polycomb and 
Trithorax genes and histone deacetylases, in the control of transcriptional silencing 
and activation in epithelial cells of the developing and adult skin. In Chapter 6, the 
role of ATP-dependent chromatin remodeling in the control of gene expression in 
the epidermis is discussed.

Chapters 7 and 8 highlight the roles of noncoding and micro-RNAs in regulating 
keratinocyte differentiation, while Chapter 9 is devoted to the emerging roles of 
RNA modifications in the control of epithelial stem cell activity.

Chapter 10 discusses the mechanisms coordinating three-dimensional organiza-
tion of epidermal genes and their regulatory elements (enhancers) in the nucleus, 
while Chapter 11 describes the role of the nuclear lamina in transmitting signals 
from the external environment to the genome and in controlling lineage-specific 
differentiation programs in normal skin. Finally, Chapter 12 summarizes recent data 
on the functions of distinct components of the epigenetic machinery in skin regen-
eration after injury and during wound healing.

This collection of work offers a brief introduction to this exciting and rapidly 
developing area of research and provides readers with an understanding of the 
experimental underpinnings of current models that will aid in critical evaluation of 
new literature in the field. The exhilarating pace of discovery will undoubtedly 
ensure that significant new developments and unexpected findings will be revealed 
before this book is widely available.

In summary, we believe that this volume provides a useful introduction to skin 
epigenetics for many categories of researchers. Our hope is that this work will serve 
as a platform and inspiration for future research in this field that is necessary to 
bridge the gap between our knowledge of basic epigenetic mechanisms and clinical 
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practice. Progress in this direction will ultimately permit the development of novel 
approaches for modulating the epigenome and epitranscriptome to protect the skin 
against aging and environmental stressors, as well as in the treatment of skin 
disorders.

Bradford, UK Vladimir A. Botchkarev
Philadelphia, PA, USA Sarah E. Millar

Preface
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Chapter 1
All Roads Go to the Nucleus:  
Integration of Signaling/Transcription 
Factor- Mediated and Epigenetic 
Regulatory Mechanisms in the Control 
of Skin Development and Regeneration

Vladimir A. Botchkarev, Andrey A. Sharov, and Michael Y. Fessing

Abbreviations

KC keratinocyte

1.1  Introduction

Living organisms interact with the external world via their integument or outermost 
body surface that transmits signals between the external environment and internal 
milieu and provides conditions for survival. The complexity of the integument’s 
organization varies greatly among the species and depends on their position in the 
“evolutional tree”, as well as on the environment in which they live [1]. In mam-
mals, the integument is formed by the skin and its appendages, which can include 
hairs, nails and a variety of glands. These structures show a large degree of evolu-
tionary, anatomical, and environmentally-dependent variability [2].
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Mammalian skin fulfills a large number of functions, the most important of 
which are the protection of the organism against environmental (physical, chemical, 
biological) stressors; maintenance of body temperature and water balance; and a 
transmission of sensory information. As one of the largest organs in mammals, the 
skin also possesses endocrine and immune functions and represents an important 
source of the growth factors, cytokines and hormones [3, 4]. In contributing to 
visual appearance, the skin is critically important for establishing contacts with the 
external environment, psycho-social communications and mimicry [1].

To efficiently fulfill its complex functions, the skin develops as an organ that is 
capable of both maintaining its structural integrity, and providing a high degree of 
plasticity in response to changing environmental conditions. The skin is formed 
from two embryologically distinct tissue compartments: the outer layer or epider-
mis, which arises from the surface ectoderm; and the inner layer or dermis, which 
has mesenchymal or mesodermal developmental origins that vary according to ana-
tomical location [5–7]. Molecular interactions between the two skin layers, as well 
as between cells migrating into or invading the skin, such as endothelial cells, neu-
rons, melanocytes, and immune cells, play fundamental roles in development of the 
skin as an organ that can operate efficiently as an interface between the organism 
and its environment.

Skin morphogenesis is a complex process characterized by precise spatial and 
temporal coordination of several developmental programs, leading to the formation 
of the epidermis, dermis, cutaneous appendages, skin microvasculature, innerva-
tion, immune and pigmentary system [5, 8–10]. In postnatal life, the epidermis con-
tinuously regenerates due to the ability of epithelial stem cells to supply progeny 
that form all of the epidermal cell layers; by contrast, hair follicles undergo cyclical 
transitions between active growth (anagen), involution (catagen) and resting (telo-
gen) phases [11, 12]. After skin injury, both epidermal and hair follicle stem cells 
contribute to skin regeneration, supplying progeny that form the epithelial layer 
covering the wound area [13].

Over the last two decades, significant progress has been achieved in defining the 
molecular organization of the skin and delineating signaling pathways that are 
involved in the development of each skin component. Fundamental discoveries on 
the roles of keratin intermediate filaments, collagens, adhesion molecules, growth 
factors and their signaling components, and transcriptional regulators in the mainte-
nance of structural skin integrity have provided a molecular basis for the develop-
ment of novel therapeutic approaches to treat many skin diseases [14–19].

Molecular control of skin development and regeneration is based on integration 
of at least three distinct layers of regulation:

 1. Extracellular mechanisms including secreted regulatory molecules (e.g., growth 
factors and their modulators/inhibitors), components of extracellular matrix and 
adhesion molecules that help to establish proper cell-cell and/or cell-matrix 
signaling and communication [20–24].

V. A. Botchkarev et al.
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 2. Intracellular (cytoplasmic) mechanisms that include regulatory molecules capa-
ble of modulating the activity of signaling pathways and transcription factors 
that transmit signals from cytoplasm to the nucleus, as well as microRNA/mRNA 
interactions that modulate transcriptional outcomes [22, 24–29].

 3. Intranuclear regulatory mechanisms including the activity of lineage-specific 
transcription factors; and epigenetic machinery that controls covalent DNA and 
histone modifications, higher-order chromatin remodeling, and nuclear compart-
mentalization of specific sets of genes, enhancer elements and transcriptional 
machinery. Together, these mechanisms modulate the responsiveness of the dis-
tinct genomic regions to external signals [30–32].

Increasing evidence indicates that signaling/transcription factor-mediated and 
epigenetic regulatory mechanisms operate in concert to control gene expression in 
skin epithelial cells. The genetic program of epithelial cell differentiation in the skin 
includes stage- and lineage-specific activation of gene expression at keratinocyte- 
specific gene loci including the Epidermal Differentiation Complex [EDC], and 
Keratin type I/II loci, that are located on mouse chromosomes 3, 11 and 15, respec-
tively [33, 34]. In developing and regenerating skin, key signaling pathways includ-
ing Wnt,  BMP/TGF-beta, EDA/EDAR/NFκB, EGF/FGF/MAPK, Hedgehog, 
HIF, Notch, and SCF/c-kit, lineage-specific transcription factors such as p63 and 
MITF, and epigenetic regulators including DNA- and histone modifying enzymes, 
higher- order chromatin remodelers, long non-coding (Lnc) RNAs, and microRNAs 
(miRNAs), regulate gene expression at these and other loci in a highly integrated 
manner [30, 35–37].

Epigenetic mechanisms play an important role in the control of cellular functions 
in living organisms and are considered to be a driving force of phenotypic plasticity 
and evolutionary adaptation [38]. Variability in epigenetic status helps to explain the 
relationships between an individual’s genetic background and the effects of the 
environment on susceptibility to different diseases [39]. As an important source of 
epithelial, mesenchymal, pigmentary and neuronal stem cells, the skin serves as an 
excellent model to study how extrinsic signals coordinate gene expression by direct-
ing the activity and distribution of distinct epigenetic regulators to orchestrate the 
execution of lineage-specific gene expression programs and their adaptation to envi-
ronmental cues.

In this Chapter, we describe how signaling/transcription factor-mediated and epi-
genetic mechanisms operate in concert to regulate skin development and regenera-
tion. We review the mechanisms regulating the development of the epidermis and its 
appendages and emphasize the role of the cell nucleus as a command center inte-
grating the signals received from external environment and transforming them into 
distinct transcriptional outcomes. We also summarize existing data on how specific 
epigenetic signatures confer responsiveness to extrinsic cues at discrete regions of 
the keratinocyte genome.

1 All Roads Go to the Nucleus: Integration of Signaling/Transcription…
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1.2  Development of the Epidermis and Skin Appendages: 
Transition from Single-Layered Epithelium 
to Multicellular Mini-Organs

Epidermal Development Development of the epidermis occurs as a multi-focused 
program to create a self-renewing layer of cells that is capable of establishing an 
effective barrier to prevent the influx of harmful agents from the outside and limit 
water loss from the inside, as well as to sense and generate appropriate adaptive tis-
sue responses to environmental challenges. This program is achieved by tightly 
coordinated interactions in the epidermal cellular ensemble that includes keratino-
cytes, melanocytes, Langerhans cells, gamma-delta-T-cells, Merkel cells and intra- 
epidermal nerve fibers.

In mouse embryos, the epidermal-specific gene expression program is initiated 
at about day 8.5 of embryonic development (E8.5), when cells of the embryonic 
ectoderm expressing epithelial keratins K8 and K18 become committed to an epi-
dermal fate and begin to express the key epidermal transcription factor p63. This is 
followed at E9.5 by onset of expression of the basal epidermal keratins K5/K14 [25, 
26, 40] (Fig. 1.1a). Between E9.5 and E12.5, K5/K14-positive epidermal progeni-
tors expand laterally via symmetric cell division to cover the rapidly growing 
embryo [41, 42]. Nuclei in basal epidermal progenitor cells are oriented vertically 
and contain multiple nucleoli indicating their active metabolic state [42–44]. These 

Establishment 
of epidermal

barrier

Onset of epidermal
stra�fica�on

Commitment to
epidermal fate

E9.5 E12.5-14.5
E18.5

Basal layer: Kera�ns 5/14, E-cadherin,
Desmosomalproteins, Cell prolifera�on

Spinous layer: Onset of terminal 
differen�a�on, Kera�ns 1/10   

Granular layer:Involucrin, Loricrin, 
Filaggrin, Cornifin, Transglutaminases  

A

B

Dark cells

Clear cells

Myoepithelial 
cells

Sweat glandHair follicle
Outer root 

sheath

Inner root 
sheath

Hair sha�

Follicular
papilla

Epidermal progenitors

Hair follicles
Nails

Mammary glands
Sweat glands

Meibomian glands

Fig. 1.1 Development of the epidermis and skin appendages. (a) Schematic showing major stages 
of epidermal development in the mouse embryo and selected markers expressed in distinct epider-
mal layers. (b) Schematic showing the fates of epidermal progenitor cells differentiating into dis-
tinct types of skin appendage (left). Distinct cell lineages occurring as a result of differentiation of 
epidermal progenitor cells into hair follicle keratinocytes or sweat gland epithelial cells, as well as 
images illustrating morphology of the hair follicle (central panel) and sweat gland (right panel) are 
shown

V. A. Botchkarev et al.
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basal cells retain their multi-potent properties, and at later stages of skin develop-
ment give rise to several lineage-committed progenitor populations that form the 
periderm; epidermal appendages such as mammary glands, hair follicles, sweat 
glands and nail; and specialized sensory Merkel cells (see below).

During this period, epidermal progenitor cells also establish adhesive connec-
tions with each other via formation of desmosomes, and connect to the underlying 
basement membrane via hemidesmosomes [45]. Cytoplasmic K5/K14 intermediate 
filaments provide mechanical support to epidermal progenitor cells, and connect 
desmosomes and hemidesmosomes to the cell nucleus via interactions with proteins 
such as nesprins and plectin that are located at the outer nuclear membrane [45]. 
Keratin filaments also participate in regulation of cell signaling, translation and pro-
tein synthesis, providing a scaffold for many processes associated with epidermal 
stratification and barrier formation [46, 47].

The onset of epidermal stratification occurs at about E12.5 of mouse embryogen-
esis, when basal keratinocytes undergo asymmetric cell division to form an interme-
diate epidermal layer between the basal layer and the periderm [48] (Fig. 1.1a). The 
intermediate layer subsequently develops into the spinous layer [40], in which 
nuclei are oriented mostly horizontally. Spinous layer cells are smaller than basal 
epidermal cells, and display fewer nucleoli [42–44]. At E13.5-E14.5, intermediate/
spinous layer cells occasionally proliferate, but terminate expression of K5/K14, 
instead beginning to express the suprabasal keratins K1/K10 [40]. K1/K10 play an 
important roles in maintaining the mechanical integrity of the cytoplasm and 
nucleus, and in positioning desmosomes in keratinocytes of the intermediate layer 
[49]. These cells are also connected to each other via adherens junctions, tight junc-
tions and gap junctions [45, 50]. Cells in the upper spinous layer start to accumulate 
lamellar granules that are enriched for lipids and lipid-processing enzymes, essen-
tial components of the epidermal barrier [51].

By day E14.5-E15.5 of mouse embryonic development the granule-containing 
keratinocytes of the upper spinous layer form the granular epidermal layer [52], that 
displays smaller and flattened nuclei. Nucleoli in these cells are fused and concen-
trated at the nuclear interior, while heterochromatin becomes spread all over the 
nucleus, suggesting cessation of metabolic activity [43, 44]. Cells of the granular 
epidermal layer remain connected to each other via tight junctions and desmosomes 
[45]. A characteristic feature of these cells is the accumulation of keratohyalin gran-
ules, that are composed of keratin intermediate filaments and proteins encoded by 
genes that lie within the Epidermal Differentiation Complex (EDC) locus located on 
chromosome 3 [53]. These proteins, including filaggrin, involucrin, loricirin, try-
chohyalin, small proline-rich and late cornified cell envelope proteins, promote 
aggregation of keratin filaments into thick bundles. After transglutaminase- mediated 
cross-linking, these proteins complex with intracellular lipids released from the 
lamellar granules to form a scaffold just beneath the plasma membrane [51]. 
Formation of the cornified layer is the final step in the differentiation of epidermal 
cells. In mouse embryos, this takes place between E17.5-E18.5 [52] (Fig.  1.1a). 
Cornification represents a unique form of cell death and includes formation of the 
cytoplasmic cornified envelope, a submembranous structure in which intermediate 
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filaments, proteins, lipids, fragments of the degraded organelles and nuclear rem-
nants are cross-linked [45]. The process of cornified envelope formation is regulated 
by enzymes including Caspase-14 that is involved in pro(fillagrin) processing, and 
transglutaminases that regulate protein cross-linking [45, 51, 54]. Transglutaminases 
are also involved in cross-linking of proteins with desmosomes to form corneo- 
desmosomes. These structures play key roles in attaching the cornified envelope to 
the plasma membrane and in binding cornified cells together [45, 51]. Cornified 
cells are surrounded by a continuous extracellular lipid matrix, forming a multi- 
layered barrier structure that prevents penetration of harmful organisms and chemi-
cals and protects the organism from water loss [53]. The uppermost cornified cells 
are shed continuously from the epidermal surface and are replaced by terminally 
differentiating granular layer cells. This process is driven by gradual degradation of 
the corneo-desmosomes in the upper corneal layers [53].

The epidermis of newborn mice is composed of a basal layer, one to two layers 
of spinous cells, three or four layers of granular cells, and about twenty layers of 
cornified cells [55]. This relatively thick epidermis is maintained in postnatal life 
only in foot-pad and plantar skin, while in hairy skin the epidermis becomes pro-
gressively thinner from about P10. By the time mice reach weaning age at approxi-
mately P21, their hair follicles are synchronized at the telogen stage of the hair 
follicle growth cycle, and the interfollicular epidermis consists of only a few kerati-
nocyte layers [55, 56]. Several mechanisms contribute to the decrease in epidermal 
thickness of postnatal hairy skin, including lower rates of epidermal proliferation, 
increased keratinocyte apoptosis, and phagocytosis of cell fragments by neighbor-
ing keratinocytes [55, 57, 58].

Molecular Control of Epidermal Development, Self-Renewal and 
Differentiation Establishment of a functional epidermal barrier is one of the major 
goals of the epidermal differentiation program, which includes a tightly regulated 
progression of keratinocyte proliferation, terminal differentiation, apoptosis and 
shedding. This program is regulated at several levels including extracellular ligand/
receptor signaling pathways, lineage-specific transcription factors, and epigenetic 
regulators. Together, these mechanisms establish a sequential and well-coordinated 
process of transformation of keratinocyte progenitor cells from a proliferative, met-
abolically active state to a fully keratinized cellular end product of terminal 
differentiation.

The transcription factor p63 operates as master regulator of this program, induc-
ing expression of multiple sets of genes important for epidermal differentiation, 
including those encoding essential components of the cytoskeleton, such as keratins 
5 and 14; cell adhesion molecules including P-cadherin, integrin-α3, Perp, and dys-
tonin; cell matrix regulators such as Fras-1; the transcription factors AP-2γ, IKKα, 
and IRF6; and the epigenetic regulators Satb1, Brg1, Cbx4 [25, 30, 59–61].

Genetic ablation of p63 in mice results in failure of stratification of the epidermis 
and other squamous epithelia, lack of the formation of epidermal appendages 
including hair follicles, sweat glands, and teeth, and severe abnormalities in the 
development of limbs and external genitalia [62–64]. In line with the phenotypes of 
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mouse mutants, heterozygous mutations in the human p63 gene underlie several 
ectodermal dysplasia syndromes that are characterized by abnormalities in the 
development of digits, teeth, hairs, nails and sweat glands (reviewed in [65, 66]).

p63 encodes two classes of isoforms, TAp63 isoforms and ΔNp63 isoforms, 
which are characterized, respectively, by the presence or absence for an N-terminal 
transactivation domain. Each isoform class consists of C-terminal variants known as 
α, β and γ. The TAp63 and ΔNp63 isoforms show distinct, although partially over-
lapping roles in the control of epidermal differentiation and stratification [25, 59]. 
ΔNp63α dominates in the epidermis compared with TAp63 isoforms, is strongly 
expressed in basal epidermal keratinocytes and is markedly downregulated in the 
spinous layer [67]. ΔNp63α plays a major role in mediating the effects of p63 in 
epidermal development, whereas TAp63 protects keratinocytes from senescence 
and suppress tumorigenesis in postnatal epidermis [67, 68].

Cell proliferation in the epidermis is an essential prerequisite of its self-renewal 
capacity and is normally restricted to the basal epidermal keratinocytes [58]. 
Approximately 35–45% of basal epidermal cells in newborn mice are positive for 
the proliferation marker Ki-67; this decreases to approximately 20–25% in adult 
mice [57, 69]. Keratinocyte proliferation is stringently controlled by autocrine, jux-
tacrine and paracrine mechanisms. These involve stimulatory and inhibitory signals 
arising from epidermal cells, intra-epidermal nerve endings, underlying dermal 
cells, and immune cells, as well as circulating factors such as hormones (reviewed 
in [22]).

Keratinocytes produce and secrete multiple ligands including epidermal growth 
factor (EGF), nerve growth factor (NGF), granulocyte-macrophage colony stimu-
lating factor (GM-CSF) and endothelins that interact with their corresponding cell 
membrane receptors and stimulate cell proliferation in an autocrine manner [70]. 
Growth factor receptors on the surface of basal epidermal cells interact with adhe-
sion molecules and other receptors; for example, signaling through EGFR can be 
activated by G-protein-coupled receptors that promote shedding of EGFR ligands 
from the cell surface by activation of metalloproteinases, whereas integrins that 
connect basal epidermal cells with the underlying basement membrane trigger 
ligand-independent EGFR activation [45, 70]. Keratinocyte proliferation is also 
stimulated in a paracrine manner by ligands of the fibroblast growth factor (FGF), 
hepatocyte growth factor (HGF) and insulin growth factor (IGF) families that are 
predominantly secreted by dermal cells in the skin (reviewed in [22, 71, 72]. In 
addition, neuropeptides, such as substance P, CGRP, and VIP released from sensory 
nerve endings in the epidermis or dermis, and POMC-derived peptides, such as 
beta-endorphin that are released from melanocytes, stimulate keratinocyte prolifer-
ation (reviewed in [73, 74]).

Cell proliferation in the basal epidermis is positively regulated by several tran-
scription factors, including c-Myc and ΔNp63 [26, 75]. c-Myc stimulates keratino-
cyte proliferation by controlling expression of the cell cycle regulators Cdk4 and 
CdkN2B, while ΔNp63 maintains the progenitor status of basal epidermal keratino-
cytes by stimulating expression of the FGF receptors Fgfr2/3, as well as by directly 
repressing the expression of anti-proliferative target genes, including 14-3-3σ,  p16/
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Ink4a, p19/Arf and p21 [75–78]. A number of epigenetic regulators including DNA 
methyltransferase DNMT1, histone deacetylases HDAC1/2, and the Polycomb 
components Cbx4, Bmi1, and Ezh1/2, stimulate proliferation of basal epidermal 
progenitors via repression of cell cycle inhibitory genes (reviewed in [30]). p63 
interacts with HDAC1/2 at the p16/Ink4a promoter to repress gene transcription, 
suggesting that HDAC1/2 plays an important role in mediating repressive p63 func-
tions [79].

Stimulatory effects on cell proliferation in the epidermis are counter-balanced by 
numerous inhibitory mechanisms that involve a variety of signaling molecules and 
transcriptional and epigenetic regulators. Signaling molecules that inhibit keratino-
cyte proliferation include transforming growth factor-beta/bone morphogenetic pro-
tein (TGF-β/BMP) and Notch ligands, vitamin D3 and interferon-gamma, which 
interact with their corresponding receptors on keratinocytes [22]. TGF-β/BMP and 
Notch pathways suppress proliferation in part by stimulating the expression of 
cyclin-dependent kinase inhibitor p21, which in turn inhibits the expression of cell 
cycle-associated genes and mediates keratinocyte exit from the cell cycle [80–83].

Transcription factors inhibit proliferation in the basal epidermis via diverse 
mechanisms. For instance, the transcription factor AP-2α inhibits keratinocyte pro-
liferation via repression of EGFR [84], whereas ΔNp63α, besides its repressive 
effects on the expression of cell cycle inhibitors (see above), stimulates expression 
of IKKα, an important component of the NF-κB signaling pathway which is required 
for cell cycle withdrawal [85]. ΔNp63α also positively regulates expression of the 
transcription factor IRF6, which, in turn, induces proteasome-mediated ΔNp63α 
degradation and exit of keratinocytes from the cell cycle [86]. Expression of p63 is 
inhibited by miR-203 expressed in suprabasal epidermal cells, which provides a 
negative regulatory loop allowing keratinocytes to exit the cell cycle and limiting 
their proliferative capacity [87].

Terminal differentiation of keratinocytes is initiated by asymmetric cell division, 
which causes one or more daughter cells to lose adhesion to the basement mem-
brane and move into the suprabasal layer [26, 45]. Asymmetric cell division of basal 
cells is controlled by the LGN, NuMA and dynactin (Dctn1) proteins, which are 
concentrated in the apex of keratinocytes during mitosis [42, 88]. Notch signaling 
operates downstream of these proteins [88], and, similar to its role in intestinal stem 
cells, serves as a target for protein kinase aPKC, a component of the Par complex 
that interacts with the mitotic spindle machinery to align spindle orientation along 
the apico-basal axis [89]. aPKC activity enhances Delta/Notch signaling in daughter 
cells and induces terminal differentiation [89].

Signaling through Notch receptors in suprabasal epidermal cells is induced by 
Notch ligands expressed in basal cells and helps to initiate an early differentiation 
program that stimulates expression of keratin 1 (K1), a marker of spinous layer 
keratinocytes [90, 91]. Notch signaling operates in parallel with AP-2α/γ transcrip-
tion factors, which, by stimulating the expression of C/EBPα/β transcription factors, 
also mediate the switch in expression from basal (K5/K14) to suprabasal (K1/K10) 
keratins [40, 91]. This process is additionally promoted by the transcription factor 
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FOXN1 [92]. p63 contributes to this process indirectly, via TAp63α-mediated 
induction of AP-2γ expression [93].

The transition of keratinocytes from the spinous to granular layer is associated 
with onset of expression of late differentiation genes that both contribute to the 
formation of the cornified cell envelope (for example, EDC genes and transgluta-
minase genes), and regulate lipid synthesis and promote formation of the lipid- 
containing lamellar bodies [94]. The expression of EDC genes encoding the 
filaggrin, involucrin, loricirin, trychohyalin, small proline-rich and late cornified 
cell envelope proteins is controlled by numerous transcription factors including 
AP1, AP2, ARNT, FOXN1, GATA3, Grainyhead-like 3, KLF4, NRF2, m-OVO, 
PPAR-α, Sp1, Sp3, and TALE homeobox factors in a distinct and partially overlap-
ping manner (reviewed in [95, 96]). Many of these factors operate as both stimula-
tors and repressors of transcription, depending on the target gene and on their 
interactions with specifics sets of epigenetic regulators to form distinct transcrip-
tional complexes.The coordinated involvement of these factors helps to fine-tune 
expression of different terminal-differentiation-associated genes during epidermal 
barrier formation. Some of these transcription factors, such as KLF4, also operate in 
concert with corticosteroids and regulate expression of common target genes in 
keratinocytes [97].

p63 contributes to the control of terminal keratinocyte differentiation indirectly, 
via modulating the expression of the transcription factor ZNF750, which, in turn, 
positively regulates expression of Klf4 and some of its target genes [98]. In addi-
tion, p63 regulates expression of the higher-order chromatin remodeler SATB1 and 
promotes establishment of a specific three-dimensional chromatin structure at the 
central EDC domain, which is required for coordinated regulation of gene expres-
sion [69]. The ATP-dependent chromatin remodelers Brg1 and Mi-2β, and the his-
tone demethylase JMJD3, also act to enhance expression of terminal 
differentiation-associated genes involved in epidermal barrier formation [99–101].

Transcription of EDC genes is modulated by a number of inhibitory factors 
including the epigenetic regulators DNA methyltransferase 1, HDAC1/2, and com-
ponents of the Polycomb complex (Cbx4, Ezh1/2 and Bmi1), which promote for-
mation of a repressive chromatin structure and inhibit premature activation of 
terminal differentiation-associated genes [102–106]. The Polycomb component 
Cbx4 also acts to inhibit expression of non-keratinocyte lineage (neuronal) genes in 
the epidermis [61]. In addition, epigenetic regulators can control expression of tran-
scription factors in keratinocytes via formation of active or repressive local chroma-
tin structures at their promoter regions; for instance, p63 expression in keratinocytes 
is inhibited by the histone methyltransferase Setd8 and the histone deacetylase 
HDAC1/2 [79, 107].

Cellular and Molecular Mechanisms Regulating the Development of Skin 
Appendages In mice, formation of distinct types of epidermal appendages is initi-
ated at different time-points in embryogenesis: mammary gland morphogenesis 
begins at E10.5, vibrissa follicles are initiated at E12.5, pelage hair follicles are 
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induced between E14.5 and E18.5, while development of the claws and sweat 
glands begins at E14.5 and E16.5, respectively [108–111].

The fates of ectodermal cells and their capacity to differentiate into distinct types 
of appendage is linked to their topology and depends on interactions with the under-
lying mesoderm or mesenchyme [2, 112, 113]. Progenitor cells in the surface ecto-
derm differentiate into keratinized cells that serve as essential components of the 
epidermis, hairs and nails, and also form the epithelial compartments of ectodermal 
glands including mammary, sweat, and sebaceous glands, where subsets of these 
cells assume a secretory phenotype (Fig. 1.1b) [113, 114]. Gene expression pro-
grams activated in keratinizing and secretory epithelial cells are markedly different 
[115, 116]. It has been proposed that ectodermal progenitors are intrinsically pro-
grammed to form keratinized differentiation products such as hair shaft and nail, 
while their differentiation towards a glandular/secretory phenotype requires inhibi-
tion of this basic program [113, 117].

Several lines of evidence support this model. For instance, in mice hair follicles 
are present almost all over the body surface, while ectodermal glands develop in 
restricted areas of the skin: mammary glands form only in the ventro-lateral part of 
the trunk; sweat glands develop in the foot pads; and Meibomian glands form only 
in the eyelid area. In those skin areas that show presence of both principal types of 
appendages, such as mammary glands and hair follicles in the ventral skin, the pro-
cesses of the their initiation during embryogenesis are separated by at least 3 days, 
thus suggesting that, at least in mice, appendageal glandular and keratinizing pro-
grams are not initiated simultaneously in the same anatomical regions [113, 117]. 
Furthermore, heterotypic epidermal-dermal recombination studies [113, 118] 
showed that the ability of mesenchyme to induce glandular differentiation is much 
more restricted both spatially and temporarily  than the mesenchymal capacity to 
promote hair follicle cell fate [119]. Finally, in those skin areas that show presence 
of only glands (for example, foot pads) and where hair follicle cell fate is intrinsi-
cally inhibited, hair follicle development can be re-activated by injection of follicu-
lar papilla cells or via overexpression of the BMP antagonist Noggin [120, 121].

Despite the remarkable differences in the morphology and functions of the dis-
tinct ectodermal appendages, their development occurs through several common 
stages (Fig. 1.2):

 (i). Pre-placode/placode stage: characterized by a specific molecular signature 
of a group of epidermal progenitors that are committed to form the distinct 
type of epidermal appendage. Focal thickening of the epidermis is a character-
istic feature of placode formation and occurs via centripetal migration of the 
basal epidermal cells and their compaction [122]. This stage is also character-
ized by changes in the spatial organization of the mesenchymal cells underly-
ing the placode.

 (ii). Bud stage: characterized by downgrowth of the epithelial cells into the mes-
enchyme, which undergoes significant remodeling in areas closely opposed to 
the invading bud.
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 (iii). Differentiating stage: includes several sub-stages characterized by the devel-
opment of distinct appendage-specific morphological features, such as branch-
ing into the fat pad mesenchyme in developing mammary glands, formation of 
the hair bulb engulfing the dermal papilla in the hair follicle, or coiling of the 
epithelial portion of the developing sweat gland.

 (iv). Fully differentiated stage: characterized by complete differentiation of the 
appendage-specific cell lineages and full functional capacity of skin append-
ages, such as production of the hair shaft, sebum, milk or sweat [109–112, 
123, 124].

Despite many differences in the molecular controls of the development of dis-
tinct skin appendages, regulation of the initial stage of their development includes 
key common mechanisms. These appear to include Turing’s reaction-diffusion 
interactions between the activators and inhibitors that specify sites of the appendage 
formation [20, 125, 126]. Similarly to neural tube induction, the initiation stages of 
mammary gland and hair follicle development occur via interactions between Wnt 
and BMP ligands and their secreted antagonists that establish gradients of activity 
of the corresponding signaling pathways in both embryonic ectoderm and mesen-
chyme [125, 127–129]. The Wnt signaling pathway promotes placode formation, 
while BMP signaling inhibits this process and, together with the Wnt inhibitors 
Dkk1/2/4 promotes inter-placode cell fate in epidermal progenitors [125, 127–129]. 
Inhibition of BMP signaling by BMP antagonists such as Noggin enhances forma-
tion of hair follicle placodes, and Noggin overexpression induces ectopic hair fol-
licle formation in mouse footpads and eyelids at expense of formation of sweat or 
Meibomian glands, respectively [121, 128, 130, 131].

Fibroblast Growth Factor (FGF) and Ectodysplasin receptor (EDAR) signaling 
pathways operate as essential stimulators of the formation of both glandular and 
follicular epidermal placodes (reviewed in [112, 132]). The FGF and EDAR path-
ways promote placode fate at least in part by inhibiting BMP signaling [133, 134]. 
EDAR also signals via the NF-κB pathway to stimulate expression of BMP 

Placode stage                                  Bud stage                            Differentiating stage                 Differentiated stage

Epidermis

Dermis

Hair shaft

Inner root sheath

Outer root sheath

Arrector pili
muscle

Follicular papilla

Fig. 1.2 Stages of skin appendage development. Schematic drawings illustrating the stages of hair 
follicle morphogenesis. Distinct compartments in the fully mature hair follicle are shown (right 
panel) [110]
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 antagonists such as Ctgf and Follistatin [135]. During hair follicle placode forma-
tion, EDAR serves as a downstream effector of Wnt signaling, which is initially 
activated in pre-placodes independently of EDAR/NF-κB activity, while EDAR sig-
naling at later stages is required to refine the pattern of Wnt/β-catenin activity by 
stimulating expression of Wnt10b in placode progenitor cells [136]. In addition, 
EDAR signaling promotes hair follicle placode formation by enhancing expression 
of Sonic hedgehog (Shh) [137], which operates as a potent stimulator of keratino-
cyte proliferation and lateral expansion of developing hair follicles [138, 139].

Recent data reveal that hair follicles are specified when mesenchymal BMP sig-
naling is blocked, permitting Shh production, while sweat glands are specified by 
mesenchymal-derived BMPs and FGFs that signal to epithelial buds and suppress 
epithelial-derived Shh production [140]. Similarly, Shh signaling is inactive in 
mammary gland placodes [141]. Thus, the presence or absence of Shh activity pro-
vides an important molecular predictor of hair follicle vesus glandular fate.

Hair follicle and sweat gland placodes also show differences in expression of a 
number of transcription factors that contribute to cell fate specification and organ 
development: hair follicle placodes express LHX2, MSX2, and SOX9 transcription 
factors, while sweat gland placodes are characterized by their low expression [140, 
142, 143]. At later stages of development, hair follicles and sweat glands also show 
appendage-specific differences in the transcriptome signatures underlying the pro-
duction of keratinized hair fiber or sweat secretion [115, 116].

The hair shaft differentiation program is characterized by expression of hair- 
specific keratins (Krt31-37, Krt81-86) and keratin-associated proteins in hair pro-
genitor cells [144, 145], while these genes are not expressed in sweat gland epithelia 
[116]. The hair shaft-specific program is regulated by coordinated involvement of 
BMP, EDAR, FGF, Hedgehog, IGF, Notch and Wnt signaling pathways, as well as 
by a number of transcription factors including DLX3, FOXN1, HOXC13, KROX20, 
and MSX2 (reviewed in [12, 24]). These transcription factors regulate target genes 
involved in the control of cell proliferation and differentiation of hair matrix pro-
genitors, including direct regulation of hair keratin or keratin-associated protein 
genes by FOXN1, LEF1 and HOXC13 [12, 24].

Differentiation of the inner root sheath in the hair follicle that provides mechani-
cal support for growing hair fiber is regulated by mechanisms distinct from those 
that promote hair shaft formation [11]. Epidermal growth factor receptor and its 
ligand TGF-α, as well as enzymes involved in the TGF-α ectodomain shedding 
(TNFα-converting enzyme and Lysophosphatidic acid producing enzyme 
PA-PLAα1α) prevent premature keratinization of inner root sheath cells, and their 
deficiency leads to the formation of curly hair [146–149]. The BMP and Notch sig-
naling pathways, and the transcription factors CUTL1, DLX3, GATA3, and MSX2 
are also involved in the control of inner root sheath differentiation [150–155].

In sweat gland epithelial cells, a FOXA1-BEST2 cascade regulates sodium/
potassium/chloride exchange and Ca2+, which are required for sweat production 
[156]. In addition, the FOXC1 transcription factor plays an important role in the 
control of sweat gland-specific differentiation by inhibiting expression of epidermal 
keratinocyte-specific genes, such as Sprr2a [157].
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1.3  Distinct Classes of Skin Stem Cells as Sources 
for Postnatal Skin Regeneration

During early postnatal development, distinct populations of epithelial, melanocyte, 
and mesenchymal stem cells establish their niches in micro-anatomical skin com-
partments including the epidermis, skin appendages and dermis [158–162]. Each 
population of skin stem cells derives from distinct classes of progenitor cells that 
enter into a relatively quiescent state shortly after formation of the corresponding 
skin compartments or structures and contribute to their maintenance and/or self- 
renewal during postnatal life [163, 164]. Skin stem cells contribute to skin regenera-
tion after injury, and are capable of generating multiple classes of progenitor cells 
upon removal from the skin and culture ex vivo [165, 166].

Epithelial stem cells in the skin are localized in the epidermis and in skin append-
ages. In the epidermis, the basal cell population includes slow-cycling Keratin 
5/14+ stem cells that express high levels of α2 and β1 integrins, and a more rapidly 
replicating population of Keratin 5-negative committed progenitor cells displaying 
intermediate levels of α2 and β1 integrins [167]. Both populations contribute to 
epidermal self-renewal and differentiate into suprabasal cells via asymmetric cell 
division in a stochastic manner [167]. However, only the stem cell population is 
capable of actively suppling progenitor cells during epidermal injury, while contri-
bution of the committed progenitor cells to wound repair appears to be minimal 
[167].

In the hair follicle, several populations of epithelial stem cells exist in the bulge, 
isthmus and infundibulum [159]. The hair follicle bulge is formed during the first 
few days of postnatal development and contains a population of rarely cycling kera-
tinocytes expressing CD34, Keratin 15, NFATc1, TCF3, SOX9 and LHX2 [142, 
143, 168–172]. Bulge cells also express nephronectin, which is deposited into the 
hair follicle connective tissue sheath where it serves as a receptor for α8β1 integrin, 
inducing mesenchymal cells to form the insertion site for the arrector pili muscle 
[163].

In parallel to the specification of bulge stem cells in early postnatal hair follicles, 
niches are established for CD34/Keratin 15-negative stem cell populations in the 
upper regions of the follicle. These include LGR6- and MTS24-expressing stem 
cells in the isthmus, and an LRIG1+ stem cell population in the infundibulum [173–
175]. BLIMP1-expressing cells become specified at the sebaceous gland mouth in 
early postnatal follicles and are postulated to serve as a source of stem cells for the 
sebaceous gland [176]. During progression of hair follicles through the catagen 
regression phase (P17-P20 in mouse dorsal skin), an LGR5+ stem cell population 
that expresses P-cadherin, LHX2, SOX9, and TCF3 is specified in the secondary 
hair germ [177, 178].

The distinct populations of follicular epithelial stem cells differentially contrib-
ute to physiological epidermal and hair follicle regeneration. During activation of 
the hair follicle growth phase (anagen), LGR5+/P-cadherin+ cells of the secondary 
hair germ participate in the initial phase of hair follicle regeneration, while  CD34+/
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Keratin 15+ bulge cells maintain later stages of anagen [177–181]. LGR6+ cells 
located in the isthmus only infrequently contribute to hair follicle regeneration and 
more actively supply progenitor cells for the interfollicular epidermis and seba-
ceous glands [175]. LRIG1+ stem cells located in the infundibulum are involved in 
maintenance of this hair follicle compartment, and can also contribute to regenera-
tion of the epidermis [174, 182].

In adult epithelial stem cells in the skin, actively transcribed genes that maintain 
stemness display H3K4me3 and H3K79me2 histone marks, while repressed non- 
epidermal genes and genes activated during cell differentiation are enriched by 
H3K27me3 [183]. Stem cell transition towards hair follicle-specific differentiation 
is accompanied by loss of H3K27me3 and appearance of H3K4me3 and H3K79me2 
marks in the chromatin of those genes (Lef1, Bmp4, Wnt5a, Msx1, etc.) that become 
active, whereas the chromatin of key stemness genes (e.g. Cd34, Sox9, Nfatc1) that 
become repressed in transient-amplifying cells shows loss of H3K4me3/H3K79me2 
and appearance of H3K27me3 [183]. Interestingly, the chromatin of cell cycle- 
associated genes that are repressed in stem cells does not contain H3K27me3 and 
instead is decorated with H3K4me3, while their activation in transient amplifying 
cells is accompanied, in addition to H3K4me3, by the appearance of H3K79me2 
[183]. These data suggest that complex regulatory mechanisms are involved in the 
control of repression of cell cycle-associated genes in stem cells; these may include 
the activity of anti-proliferative signaling pathways, and lack of pro-proliferative 
signaling molecules.

Recent data demonstrate that levels of both active (H3K4me3) and repressive 
(H3K9/K27me3) methylation are reduced in hair follicle stem cells during the telo-
gen resting stage of the hair cycle, which corresponds to G0 quiescence [184]. 
Inhibition of BMP signaling in vivo promoted histone H3 methylation followed by 
cell proliferation onset and hair cycle progression. Similarly, addition of BMP4 
caused reduced levels of histone methylases and increased transcription of demeth-
ylase mRNAs in cultured skin epithelial cells. Thus, BMP signaling couples hair 
follicle stem cell quiescence with reduced H3 K4/K9/K27me3 levels [184].

While skin stem cells have generally restricted fates in homeostasis, during 
wound induced skin regeneration essentially all of these populations are mobilized 
from the hair follicles to supply progenitor cells to the epidermis [143, 175, 181, 
185, 186]. The switch between hair follicle versus epidermal cell fate in bulge stem 
cells during wound healing is regulated by the transcription factor LHX2, which 
promotes differentiation of bulge progenitors towards an epidermal phenotype by 
stimulating Sox9 and inhibiting Lgr5 expression [186].

Distinct populations of epithelial stem cells are also established in developing 
mammary and sweat glands [116, 187]. In mammary glands, two lineage-restricted 
stem cell populations expressing either Keratins 5/14 or Keratins 8/18 contribute to 
maintenance of the myoepithelial and luminal cells, respectively [116, 187]. In 
sweat glands, myoepithelial stem cells express Keratins 5/14 and smooth muscle 
actin and can generate both myoepithelial and luminal cells, while luminal stem 
cells express Keratins 18/19 and 15 and appear to be unipotent [116]. Additionally, 
a stem cell population expressing Keratins 5/14/18 and residing in the sweat gland 
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duct contributes to regeneration of the epidermis in close vicinity to the sweat gland 
duct orifice after injury [116].

A melanocyte stem cell population is established in mouse skin within the first few 
days of postnatal development [164]. Melanocyte stem cells are located in the bulge 
of developing hair follicles, express dopachrome tautomerase (Trp2), and contribute 
to regeneration of the hair follicle pigmentary unit during hair cycle [188–190]. 
Melanocyte stem cells are located close to the epithelial stem cells in the bulge and 
secondary hair germ, and their attachment to extracellular matrix is maintained via 
Col17a1 produced by epithelial stem cells in the niche [191]. TGF-beta signaling 
promotes a quiescent state in melanocyte stem cells via suppression of MITF 
expression [192], while Wnt and SCF/c-kit signaling activate the stem cells and 
promote their proliferation during anagen [188, 193]. Following epidermal injury or 
UVB irradiation, melanocyte stem cells are capable of migrating into the epidermis 
in an MC1R-dependent manner [194].

Mesenchymal stem cells are located in distinct compartments of the skin including 
the dermal papilla of the hair follicle, and the hair follicle connective tissue sheath 
[165, 195, 196]. Dermal papilla fibroblasts possess hair-inductive properties in cul-
ture and after transplantation into non-hair bearing skin [120, 197, 198]. Interestingly, 
these cells are also capable of generating progenitor cells for erythroid and myeloid 
cell lineages in vitro and can reconstitute a hematopoetic system in vivo [199]. 
Furthermore, SOX2+ dermal papilla cells of the hair follicles are capable of gener-
ating neurons and Schwann cells in culture and possess a higher capacity for repro-
gramming towardsinduced pluripotent stem cells than non-follicular dermal 
fibroblasts [198, 200–202]. SOX2+ dermal papilla cells also contribute to regenera-
tion of the dermis during wound healing [198].

Mesenchymal cells residing in the hair follicle connective tissue sheath can also 
generate non-follicular cells including adipocyte and osteoblast lineages and mast 
cells in vitro [203, 204]. During active hair growth in vivo, progenitor cells residing 
in the connective tissue sheath migrate into the dermal papilla and are involved in 
maintenance of anagen [205]. These cells also serve as a source of dermal progeni-
tors for repair of connective tissue during wound healing [206, 207].

1.4  The Nucleus as a Hub Transforming Signaling 
Information into Lineage- and Differentiation Stage- 
Specific Transcriptional Outcomes

The cell nucleus integrates signals from the extracellular space and transforms them 
into specific gene expression programs that underly cell differentiation programs, 
and permit cells to adapt to external stimuli and changes in the microenvironment. 
After entering the nucleus, transcription factors interact with DNA in a sequence- 
specific fashion to either increase or decrease gene transcription [208]. Interaction 
of transcription factors with DNA is a complex process dependent on the chromatin 
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status (active or repressed) at the target gene promoter. Certain transcription factors 
serve as pioneer factors that possess the ability to target DNA in nucleosomes and 
elicit chromatin opening, allowing other transcription factors to bind DNA and 
regulate gene expression [209]. Recent data reveal that transcription factors are also 
capable of binding non-coding genomic regions, regulating the activity of enhancer 
elements and enhancer-promoter interactions in 3D nuclear space [210].

The cell nucleus is a highly complex organelle that consists of the nuclear mem-
brane, individual chromosomes occupying distinct territories, and a number of 
nuclear bodies such as nucleoli, Cajal bodies, promyelocytic leukaemia (PML) bod-
ies, nuclear speckles, and Polycomb bodies. Together, these components facilitate 
execution of gene expression programs and other nuclear functions [211–215] 
(Fig. 1.3).

During terminal differentiation of keratinocytes in the epidermis and hair follicle, 
the nucleus undergoes programmed transformation from a highly active status, 
associated with execution of the genetic programs for epidermal barrier or hair fiber 
formation, to fully a inactive condition, and finally is lost as cells keratinize to form 
the cornified epidermal layer or hair shaft. In epidermal keratinocytes, the transition 
from proliferation to differentiation is accompanied by marked remodeling of the 
3D nuclear organization and micro-anatomy including changes in the spatial 
arrangement of lineage-specific genes, nuclear bodies and heterochromatin [216].

Nuclear Envelope The nucleus is separated from the cytoplasm by the nuclear 
envelope that consists of outer and inner membranes, nuclear pore complexes, and 
a lamina located beneath the inner nuclear membrane (reviewed in [217–219] 
(Fig. 1.3a). The nuclear envelope provides sites for anchoring cytoskeletal compo-
nents and chromatin to the outer and inner nuclear membranes, respectively, and 
plays crucial roles in regulating mechanical stability and positioning of the nucleus, 
nucleo-cytoplasmic transport, chromatin organization, and gene expression [218]. 
The nuclear envelope is completely disintegrated during mitosis, and is formed 
again at interphase, when it re-establishes its functions in separating the nucleus and 
cytoplasm [218].

The outer and inner membranes of the nuclear envelope are comprised of over 
one hundred proteins that fall into at least four distinct functional groups:

 (i). Nucleoporins form the nuclear pore complexes, the sites of bidirectional 
exchange of proteins, RNA and ribonucleoprotein complexes between the 
nucleus and the cytoplasm [218]. Certain nucleoporins, such as Sec13 and 
Nup98, are also capable of modulating the expression of developmentally- 
regulated genes, suggesting that they contribute to transcription control 
[220, 221].

 (ii). Proteins localized at the outer nuclear membrane, such as Nesprins, interact 
directly with distinct components of the cytoskeleton including actin, dynein, 
and plectin, and contribute to regulation of nuclear positioning in the cyto-
plasm, which is essential for cell polarity and migration, among other func-
tions. (Fig. 1.3a). These proteins also interact with SUN1/2 proteins located at 
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the inner membrane, forming “bridges” that link the outer and inner mem-
branes and establishing physical connections between the cytoskeleton and 
chromatin. These functions are thought to be important for regulation of 
higher-order chromatin remodeling, transcription, DNA replication and DNA 
repair [218]. In addition, Nesprin-2 forms complexes with α-catenin, emerin 
and β-catenin, regulating the bio-availability of the latter and thus modulating 
activity of the Wnt signaling pathway [222].

 (iii). Proteins localized at the inner nuclear membrane interact with lamins and 
chromatin and play roles in the control of chromatin organization and gene 
expression. These proteins include lamin B receptor, lamina-associated 
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 polypeptides 1/2 or LAP1/2, emerin, MAN1, and SUN1/2. LAP1/2, emerin 
and MAN1 share a common LEM domain that binds the chromatin protein 
BAF, which in turn interacts with histones and tethers chromatin to the nuclear 
lamina [219]. MAN1 can also interact with DNA directly, while LAP2 binds 
HDAC3 and lamin B receptor binds heterochromatin protein 1a, thus forming 
a complex network involved in anchoring chromatin to the nuclear lamina 
[218]. Some of these factors can also interact with distinct components of the 
Wnt, Tgf-beta/BMP and Rb signaling pathways, modulating their activity (see 
below) [219] (Fig. 1.3a).

 (iv). Lamins are intermediate filaments that form an inter-connected meshwork 
(lamina) underlying the inner nuclear membrane. The lamina is critical for 
nuclear stability and regulation of gene expression. Lamins A and B interact 
with proteins located at the inner nuclear membrane (see above), as well as 
with numerous other proteins and play important roles in the control of DNA 
replication, transcription and chromatin organization [223].

The expression of lamins and lamin-associated proteins shows developmental 
stage- and tissue-specific variability: undifferentiated mouse and human embryonic 
stem cells express lamins B1/B2, while expression of lamin A/C is activated during 
cell differentiation [224]. In mouse skin, lamins A/C show broad patterns of expres-
sion in the basal and suprabasal layers of the epidermis, hair follicle, sebaceous 
gland and dermis [225]. In the testis, ablation of the B1 lamin LamDm(o) results in 
detachment of testis-specific gene clusters from the nuclear envelope and their 
selective transcriptional up-regulation in somatic cells, thus suggesting involvement 
of lamins in the control of tissue-specific gene expression programs [226]. In line 
with this, the nuclear envelope-associated proteins Emerin and MAN1 regulate sig-
nal transduction by interacting with β-catenin and R-Smads and interfering with the 
activity of Wnt and Tgf-beta/Bmp signaling pathways during development and tis-
sue regeneration [227, 228].

The biological relevance of lamins and lamin-associated proteins is also evident 
from a number of human diseases, known as “laminopathies”, that are linked to 
mutations in the genes encoding these proteins [229]. Most laminopathies are 
caused by mutations in the LMNA gene, encoding lamin A/C, and result in diverse 
pathological conditions including muscular dystrophy, lipodystrophy, neuropathy, 
and progeroid syndromes [230]. Prelamin Hutchinson-Gilford progeria syndrome is 
caused by point mutation in LMNA that results in expression of a truncated prela-
min A (progerin) protein and accelerated aging [229]. Cells from patients with pro-
geria syndrome show abnormal nuclear shapes, altered chromatin structure and 
increased DNA damage [231].

Progerin transcripts are expressed at low levels in normal human skin of all ages, 
while protein is accumulated in dermal fibroblasts and selected terminally differen-
tiated keratinocytes of aged individuals [232]. In human mesenchymal stem cells, 
progerin activates downstream effectors of the Notch signaling pathway and alters 
their molecular signature and differentiation potential [233]. Transgenic mice 
expressing progerin in the epidermis under the control of a Keratin 14 promoter 
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show abnormalities in the morphology of keratinocyte nuclei, including nuclear 
envelope lobulation [234]. However, epidermal morphology, dynamics of the hair 
follicle cycling and wound healing were apparently normal in these mice [234]. In 
contrast to K14-progerin mice, inducible overexpression of the human mutant 
LMNA gene under the control of a Keratin 5 promoter results in the development of 
foci of epidermal hyperproliferation, hair thinning, sebaceous gland hypoplasia and 
dermal fibrosis [235]. These data suggest that a proper balance between different 
lamin A isoforms is required for the control of gene expression programs in 
keratinocytes.

Recent data reveal that in mice lacking the p63 transcription factor, epidermal 
progenitor cells of the developing skin display alterations in nuclear shape accom-
panied by a marked decrease in expression of several nuclear envelope-associated 
components including Lamin B1, Lamin A/C, SUN1, Nesprin-3, and Plectin, com-
pared with controls [236]. Furthermore, ChIP-qPCR assays revealed enrichment of 
p63 at the Sun1, Syne3 and Plec promoters, suggesting these as direct p63 targets. 
Alterations in nuclear shape and in the expression of nuclear envelope-associated 
proteins were accompanied by altered distribution patterns of the repressive histone 
marks H3K27me3, H3K9me3 and heterochromatin protein 1- alpha in p63-null 
keratinocytes. These changes were also associated with downregulation of tran-
scriptional activity and relocation of keratinocyte-specific gene loci away from sites 
of active transcription and towards heterochromatin-enriched repressive nuclear 
compartments in p63-null cells. These data demonstrate functional links between 
nuclear envelope organization, chromatin architecture and gene expression in kera-
tinocytes and suggest nuclear envelope-associated genes as important targets medi-
ating p63-regulated gene expression programs in the epidermis [236].

The nucleolus is the largest nuclear body, and serves as a site for ribosomal DNA 
(rDNA) transcription, rRNA maturation and ribosome production, as well as fulfill-
ing a number of non-canonical functions [237–239]. Ribosomal RNA genes are 
clustered in the genome at nucleolar organizer regions (NORs) located on human 
chromosomes 13–15, 21 and 22 and on mouse chromosomes 12, 15, 16, 17, 18 and 
19 (reviewed in [238]). The nucleolus is formed around the NOR-bearing chromo-
somes at the end of telophase. At this point in the cell cycle, rDNA begins to be 
transcribed by RNA polymerase I resulting in appearance of the primary transcripts, 
which are subsequently processed into mature 18S, 5.8S and 28S rRNA [237, 238].

At the ultrastructural level, nucleoli consist of fibrillar centers, whererDNA is 
localized, surrounded by electron-dense fibrillar and granular components [240–
242] (Fig.  1.3d). Transcription of rRNA occurs at the fibrillarin-enriched border 
between the fibrillar centers and dense fibrillar components. rRNA is further pro-
cessed at these sites, and is prepared for subsequent assembly into pre-ribosomal 
subunits in the granular component of the nucleoli [215].

Epidermal keratinocytes contain several nucleoli, as determined by immunofluo-
rescent visualization of the nucleolus marker nucleophosmin B23. During terminal 
keratinocyte differentiation in human epidermis, the shape of the nucleolus changes, 
and its size and the quantities of the granular component decrease in granular layer 
compared with basal and spinous layer cells [243, 244]. These alterations are 
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 associated with cessation of protein synthesis and are accompanied by accumula-
tion of heterochromatin around nucleoli in terminally-differentiated cells [244].

Together with its essential role in ribosome production, the nucleolus fulfills 
multiple non-canonical functions (reviewed in [239, 242]). Nucleolus-associated 
domains (NADs) contain over 700 genes, and, in addition to rDNA, include several 
other gene families including zinc-finger (ZNF), olfactory receptor family, immu-
noglobulin, defensin and T-cell receptor genes [245]. NADs are also enriched by 
multiple repressive histone marks, while markers of active chromatin are depleted 
here, suggesting that these domains may represent sites of gene silencing [245].

The nucleolus also serves as a site of accumulation of over four thousand pro-
teins. The majority of these are implicated in the control of cellular functions beyond 
ribosome production, such as stress response, cell cycle control, viral infection, and 
apoptosis [239]. For instance, the nucleolus plays an important role in regulating the 
levels and activity of p53 protein, which accumulates in the intra-nucleolar cavities 
and is activated in response to nucleolar stress and reduction of ribosomal biogen-
esis [239]. Some nucleolar proteins, such as Rpl11, can bind MDM2 and promote 
p53 stabilization, cell cycle arrest and apoptosis [246]. In keratinocytes, the nucleo-
lus contains retinoblastoma protein, which is markedly downregulated after UV 
irradiation, contributing to the control of cell proliferation [247, 248]. The nucleolus 
also serves as a site of concentration of papilloma viruses in epidermal keratino-
cytes [249, 250].

The nucleolus is surrounded by perinucleolar heterochromatin, a compact com-
partment containing satellite DNA and silent rDNA domains [215]. Perinucleolar 
heterochromatin represents the sites of gene silencing for many chromosomes in the 
nucleus [215]. The periphery of the nucleolus contains the perinucleolar compart-
ment, a subnuclear body enriched by RNA-binding proteins and pol III RNA [251]. 
The perinucleolar body is associated with malignancy both in vitro and in vivo and 
its presence positively correlates with metastatic capacity, making it a potential can-
cer marker [251].

Nuclear speckles have irregular shapes and can be visualized as Interchromatin 
Granule Clusters (IGC) under electron microscopy. Nuclear speckles can be visual-
ized under light microscopy by immunostaining with antibody to the SC-35 antigen, 
and are located in regions of the nucleoplasm that contain little or no DNA [252]. 
Nuclear speckles contain important constituents of the pre-mRNA processing 
machinery, such as polyadenylation and splicing factors including small nuclear 
ribonuclear proteins (snRNPs), as well as poly-A+ RNA and other splicing-related 
proteins [253]. Many of these factors are either recruited to transcription sites from 
the speckles or are involved in mRNA processing within the speckles [252, 253]. 
Normally, 25–50 speckles with size from a half to several micrometers can be 
observed in interphase nuclei, occupying approximately 5–10% of the nucleoplas-
mic volume [253].

Speckles are frequently seen close to actively transcribed genes (Fig. 1.3b): for 
instance, in erythroid cells highly expressed genes show a tendency to cluster around 
speckles [254]. Speckles are present in epidermal keratinocytes, and the Epidermal 
Differentiation Complex locus, which contains a large number of genes activated 
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during terminal differentiation, is frequently associated with speckles. It was 
recently demonstrated that the protein SON operates as a scaffolding factor for 
components of the RNA processing machinery, and its depletion results in severe 
disorganization of snRNP and splicing factors in nuclear speckles [255]. However, 
the significance of other proteins found to be enriched in speckles, including tran-
scription factors (such as hepatocyte nuclear factors 1α/4α) and chromatin- 
remodeling factors (such as BAF53A/BAF57), for organization of the RNA 
processing machinery and expression of highly active genes associated with speck-
les remains to be defined [256].

Cajal and Histone Locus Bodies The Cajal Body and Histone Locus Body are 
nuclear sub-compartments, recognized by immunostaining for coilin and contain-
ing important components of the RNA processing machinery [215, 257]. Cajal 
Bodies are enriched in proteins and RNAs that control processing of small nuclear 
RNPs (snRNPs) and show association with genes encoding snRNAs [257, 258]. 
The Histone Locus Body is associated with genes encoding histones and plays a 
role in the processing of histone pre-mRNAs [257]. Cajal Bodies are very numerous 
during early stages of embryogenesis, while their numbers decrease at later devel-
opmental stages. In the developing zebrafish epidermis two or three Cajal Bodies 
are detected in each cell [259].

In addition to their role in RNA processing, Cajal Bodies are proposed to serve 
as sites of telomerase maturation, storage and assembly in human cells [215, 257, 
260]. In cancer cells, telomerase-containing Cajal Bodies are associated with telo-
meres during S-phase of the cell cycle, indicating a possible role in the control of 
telomere elongation [260, 261]. Studies with Fluorescence Recovery after 
Photobleaching (FRAP) revealed that many components of Cajal Bodies, such as 
coilin, fibrillarin and snRNPs, show rapid exchange between the nucleoplasm and 
Cajal bodies, suggesting their possible roles in nuclear metabolism [257, 258]. 
Thus, Cajal Bodies represent interesting and dynamic nuclear structures, but their 
precise roles in the control of RNA processing and telomere metabolism in kerati-
nocytes requires further investigation.

Promyelocytic Leukaemia (PML) Bodies PML bodies are nuclear domains of 
about 0.1–1 μm in diameter, containing several dozens of proteins including PML 
protein [262]. PML protein is a product of the PML gene that shows chromosomal 
translocation in acute promyelocytic leukemia and plays a key role in organizing 
PML bodies, which are absent in PML−/− cells [263]. PML protein constitutes a 
scaffold component, interacting with a large number of other proteins present in the 
PML bodies. In addition, PML possesses SUMO ligase activity and is itself 
sumoylated by SUMO1/2/3 ligases [264] (Fig. 1.3c).

High-resolution confocal microscopy revealed that PML bodies consist of an 
outer spherical shell stabilized by interactions between PML and Sp100, and an 
inner component enriched by poly-SUMO2/3 chains and other proteins [265]. 
Proteins that are present in PML bodies can be divided into two groups: “transient” 
factors that accumulate upon distinct conditions such as DNA damage,  environmental 
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stress, and viral infection, and “constitutive” proteins that are localized in PML bod-
ies rather permanently [266].

PML bodies are involved in the control of many key cellular processes such as 
storage and post-translational modification of proteins, and regulation of transcrip-
tion and chromatin organization, and additionally contribute to cellular senescence, 
DNA damage/apoptosis and responses to viral infections [262]. It is not clear 
whether there is any heterogeneity in the involvement of PML bodies in the control 
of such diverse functions, which may depend on their position relative to other 
nuclear compartments, or on their distinct biochemical composition [264].

PML bodies are increased in number and size in an ATM- and ATR-dependent 
manner during the DNA damage response, and co-localize with sites of single- 
stranded DNA and DNA repair in the nucleus [267]. In addition, PML bodies con-
tain many components of the DNA repair machinery, such as ATR and CHK2 
kinases, and, after DNA damage, accumulate ATM, WRN helicase, BRCA1 and 
H2AX [267]. PML bodies are also involved in the control of apoptosis: PML pro-
tein promotes p53 acetylation and phosphorylation and is also capable of binding to 
and inhibiting MDM2 [264]. PML bodies serve as storage sites for DAXX protein, 
which sensitizes cells to Fas-dependent apoptosis and can participate in numerous 
cellular functions as a mediator of protein interactions [266].

PML bodies are present in keratinocytes, and transgenic mice expressing a PML/
RARalpha fusion gene under the control of a human MRP8 promoter recapitulated 
the phenotype of acute promyelocytic leukemia and developed multiple squamous 
papillomas [268]. Conversely, PML overexpression under the control of a K5 pro-
moter resulted in hair loss, increased resistance of mice to chemically-induced car-
cinogenesis, and premature senescence of cultured keratinocytes associated with 
upregulation of p16 and Rb, but not p19 and p53 [269]. Thus, PML protein operates 
as tumor suppressor in keratinocytes, and local interruption of PML and RARalpha 
signaling in the skin, together with systemic retinoid deficiency, promotes forma-
tion of epidermal tumors in a Ras-independent manner [268].

Chromosomes and Chromosomal Territories Chromosomes are the largest units 
of genome organization, occupying distinct territories in the interphase nucleus 
[270–272] (Fig. 1.3). DNA is compacted in chromosomes up to several thousand 
fold and is organized into a DNA-protein complex (chromatin) that allows the 
genome to be transcribed, replicated and repaired [35, 273, 274]. Each chromosome 
contains a centromer (pericentromeric chromatin enriched in α-satellite repetitive 
sequences); chromosome arms containing gene-rich and gene-poor domains 
enriched in GC- and AT-sequences, respectively, and visualized as light and dark 
bands by Gimsa staining; and telomeres [275]. Chromosomes can be visualized by 
the three-dimensional fluorescence hybridization (3D-FISH) technique with spe-
cific paints that allow their positions in the nucleus to be defined [276, 277].

The term “chromosomal territory” was first introduced by Theodor Boveri in 
1909 (reviewed in [278, 279]). Research in Thomas Cremer’s laboratory performed 
during the last three decades has brought tremendous progress in our understanding 
of the spatial organization of genes and chromosomes in the interphase nucleus (for 

V. A. Botchkarev et al.



23

reviews, see [271, 272, 276]). Confocal microscopic analyses of tissue sections or 
isolated cells using whole chromosome 3D-FISH probes demonstrated that in inter-
phase nuclei the relative positioning of chromosomes within the 3D nuclear space is 
not random and depends on many factors including cell type, differentiation stage, 
chromosome size and gene-rich or gene-poor status [280]. Data obtained from 
mouse skin in situ show that in basal epidermal keratinocytes, chromosome 3 har-
boring the Epidermal Differentiation Complex (EDC) locus is always located at the 
nuclear periphery: its positioning does not change during embryonic or post-natal 
development, or during terminal differentiation and keratinocyte transition to the 
spinous and granular epidermal layers [60, 69, 216]. However, chromosomes 11 and 
15, harboring Keratin type I and type II loci, respectively, occupy predominantly 
central positions in keratinocyte nuclei [30].

In the interphase nucleus, positioning of chromosomes is controlled through 
several mechanisms that include interactions between specialized lamina-associ-
ated domains (LADs) and the nuclear lamina, as well as through association of 
chromosomes bearing nucleolar-organizing region domains with nucleoli 
(reviewed in [212, 237, 281, 282]). Distinct chromosomes may be arranged in 
the nuclei of differentiated cells in a cell lineage-specific manner, which may 
explain the increased frequency of translocations between distinct chromosomal 
parts in the corresponding tumors [283–286]. However, it is unclear whether 
genes from neighboring chromosomes may share common regulatory mecha-
nisms required for their transcription [271].

The introduction of super-resolution confocal microscopy has allowed improved 
resolution of fluorescence images up to 20–100 nm and has served as an important 
next step in analyses of nuclear architecture [272, 287]. Super-resolution confocal 
microscopy revealed that each chromosome territory resembles a sponge-like struc-
ture and consists of chromatin domains permeated by interchromatin channels, and 
connected with a network of larger channels and lacunas separating distinct chro-
mosomes and harboring a number of nuclear bodies [288]. Inter-chromatin chan-
nels serve as a reservoir for macromolecular complexes, transcription factors, 
regulators of splicing, replication, and repair, as well as for exporting mRNA- 
containing ribonucleoprotein complexes [272]. The network of interchromatin 
channels starts at nuclear pores and expands throughout the nuclear space, while 
chromatin domains in each territory are separated from the interchromatin channels 
by a 100–200-nm layer of decondensed chromatin, called perichromatin and 
enriched by nascent DNA and RNA, RNA polymerase II (RNA Pol II), and by the 
H3K4me3 histone modification which is specific for transcriptionally active chro-
matin [272, 288].

These observations were further developed into a model that suggests the pres-
ence of active and inactive nuclear compartments inside each chromosome territory 
that harbor transcriptionally active or inactive genes, respectively [272] (Fig. 1.3b). 
This model also suggests a large degree of flexibility in the positioning of distinct 
chromatin domains inside each chromosome territory, which is in line with the 
observation that some gene loci, such as IFN-γ and TH2 cytokine loci in TH lympho-
cytes, globin genes in erythroid cells, and the Nanog locus in iPS cells, can change 
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their positioning relative to other loci or to chromosomal territories associated with 
either gene activation or silencing [60, 289].

During epidermal morphogenesis and differentiation of basal epidermal progeni-
tor cells, the lineage-specific EDC locus shows marked remodeling of its higher- 
order chromatin structure and relocates away from the peripheral part of the 
chromosomal territory 3 towards its internal part. This repositioning is associated 
with an increase in the transcriptional activity of genes involved in the control of 
terminal keratinocyte differentiation and epidermal barrier formation [60]. Such 
developmentally-regulated relocation of the EDC towards the nuclear interior is a 
keratinocyte-specific event, which does not occur in dermal cells, and it is main-
tained during adulthood despite the many cycles of cell division that occur in this 
rapidly proliferating and self-renewing epithelial tissue [60] (Fig. 1.4a).

These data are generally consistent with previous observations showing looping 
out from chromosome territory 1 of the EDC locus in cultured human keratinocytes, 
which suggests that positioning of this genomic domain within the nucleus is quite 
flexible [290]. Developmentally regulated relocation of the EDC locus into the 
nuclear interior is associated with an increase in the number of SC-35 nuclear 
speckles present within the vicinity of the EDC, suggesting that this nuclear com-
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Fig. 1.4 Changes in spatial organization of the keratinocyte nucleus during epidermal develop-
ment and differentiation. (a) 3D-FISH image of the nucleus of a murine basal epidermal keratino-
cyte showing chromosome territory 3 (CT3, yellow) with the EDC locus located at the internal part 
of the CT3 (red) (courtesy of I. Malashchuk). (b) Schematic illustrating remodeling of 3D nuclear 
organization during terminal keratinocyte differentiation in the epidermis [216]. (c) Organization 
of TADs at the EDC locus and neighboring regions in mouse keratinocytes. A heatmap represent-
ing 5C data after normalization and binning (bin size 150 kb, step size 15 kb) is shown. The posi-
tions of TAD border midpoints (average for the midpoints calculated based on the insulation index 
analysis in two replicates independently) are identified by green lines under the heatmaps
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partment may provide a permissive environment for efficient transcription and 
maintenance of high expression levels of genes activated during keratinocyte dif-
ferentiation [60]. However, the impact of distinct speckle components in the control 
of gene expression within the EDC and other keratinocyte-specific gene loci remains 
to be further determined.

Systematic analyses of the remodeling of nuclear architecture during terminal 
keratinocyte differentiation in the mouse epidermis has demonstrated that termi-
nally differentiated keratinocytes show marked differences in micro-anatomical 
organization of the nucleus compared to basal epidermal cells, including: (i) 
decrease in nuclear volume; (ii) decrease in expression of markers of transcriptionally- 
active chromatin; (iii) internalization and decrease in the number of nucleoli; (iv) 
increased numbers of pericentromeric heterochromatic clusters; and (v) increased 
frequency of associations between nucleoli, pericentromeric clusters and chromo-
somal territory 3 [216]. These changes are likely to contribute to the global changes 
in the transcriptional landscape in terminally differentiating keratinocytes and tran-
sition of the keratinocyte nucleus from a metabolically active status to an inactive 
condition [216]. These data also suggest the nucleoli and pericentromeric clusters as 
important elements of the nuclear architecture which may control the local tran-
scriptional micro-environment of distinct chromatin domains by modulating chro-
mosome tethering, positioning, folding and/or orientation (Fig. 1.4b).

Spatial proximity of the genes and chromosomes in the nucleus plays an impor-
tant role in the occurrence of chromosomal translocations during neoplastic trans-
formation: neighboring chromosomes show higher frequencies of translocations 
compared to distal chromosomes, and translocations are formed predominantly 
between proximal chromosome breaks [291]. In a subset of basal cell carcinoma, 
the SHH gene is translocated between chromosomes 7 and Y, which may contribute 
to its abnormal activation in the absence of the PTCH1 and SMO mutations [292]. 
Thus, it appears to be important to carefully dissect how topological organization of 
the genome in keratinocytes is changed in pathological skin conditions including 
epidermal tumors, and disorders of epidermal differentiation such as psoriasis, and 
how such changes may contribute to alterations in the transcriptional landscape 
that contribute to these diseases.

Three-Dimensional Genome Organization and Enhancer-Promoter 
Interactions Chromosome conformation capture technologies (3C and its varia-
tions 4C, 5C and Hi-C) were developed by Job Dekker and his laboratory [293] and 
are based on formaldehyde-mediated cross-linking of closely located chromatin 
domains and multi-protein complexes followed by DNA digestion with restriction 
enzymes and ligation at high dilution to facilitate the formation of intra-molecular 
but not inter-molecular products [294, 295]. These techniques have allowed investi-
gator to define chromatin interactions between two distinct genomic sites (3C or 
“one-versus-one”) or between a genomic site of interest and the genome globally 
(4C or “one-versus-all”), as well as assessing the complex interactions within a 
distinct genomic locus (5C or “many-versus-many”) or global interactions within 
the whole genome (Hi-C or “all-versus-all”) [296].
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Hi-C analyses of global chromatin interactions revealed that genes and chroma-
tin domains from the same chromosomes show a higher frequency of interaction 
with each other than with genes from other chromosomes, confirming the presence 
of chromosome territories at the molecular level [297]. Furthermore, these analyses 
demonstrated the existence of at least two types of sub-chromosomal compart-
ments, which respectively segregate actively transcribed and transcriptionally 
silenced chromatin domains [297]. Such sub-chromosomal compartments were 
subsequently confirmed using 3D structural illumination microscopy that revealed 
presence of active and inactive sub-chromosomal compartments enriched either by 
the elongating form of PolII and H3K4me3 or by H3K9me3 histone modifications, 
respectively [298].

Most importantly, Hi-C analyses also revealed the existence of another level of 
chromatin folding and the presence of Topologically Associating Domains (TADs) 
on each interphase chromosome. TADs range in size from several hundred Kb to 
1–2  Mb [299], and are characterized by much higher interaction frequencies 
between the distinct elements within a TAD (intra-TAD interactions) compared to 
the interactions between different TADs (inter-TAD interactions) [299]. Interestingly, 
the borders of TADs are conserved between humans and mice and are not altered 
during cell differentiation, while TADs are lost within the inactive X-chromosome, 
and during mitosis [300–302].

TAD borders in the mammalian genome are enriched in binding sites for a num-
ber of architectural proteins including CTCF and cohesin [301, 303]. CTCF and 
cohesin binding sites also exist within TADs, and CTCF is involved in organizing 
smaller-sized (100–200  kb) intra-TAD chromatin loops [304] and in mediating 
enhancer-promoter contacts [299]. SATB1 is another chromatin architectural pro-
tein that binds specialized DNA regions with an ATC-sequence context and folds 
chromatin into loops involving tissue-specific gene loci, including at the TH2- 
cytokine, MHC class I, and globin loci [305–307]. SATB1 also targets chromatin 
remodelers and transcription factors to specific gene targets and plays a unique role 
in the execution of lineage-specific gene expression programs by integrating high- 
order chromatin organization with the regulation of gene expression [307, 308].

5C technology has been applied to characterize the spatial chromatin interaction 
network of the EDC locus and its flanking regions in epidermal keratinocytes. These 
experiments showed that the EDC locus is organized into four different TADs dis-
playing distinct chromatin interaction networks and spatial compartmentalization 
patterns based on their gene-rich or gene-poor status (Fig. 1.4c) [309]. Comparison 
of ChIP-seq and 5C data revealed that the spatial chromatin interactome of gene-
rich TADs at the EDC locus in keratinocytes involves extensive intra- and inter-
TAD networks connecting gene promoters and enhancers. These promoter-enhancer 
interaction sites are enriched for binding of the chromatin architectural proteins 
CTCF and Rad21, and the chromatin remodeler Brg1. In contrast to gene-rich 
TADs, gene-poor TADs show preferential spatial contacts with each other, do not 
contain active enhancers, and display decreased binding of CTCF, Rad21 and Brg1. 
Thus, spatial interactions involving gene promoters and enhancers at the multi-TAD 
EDC locus in skin epithelial cells are not restricted by the TAD boundaries and 
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involve, together with intra-TAD interactions, extensive contacts between different 
gene-rich TADs, forming a framework for lineage-specific transcription [309].

Data from chromosome conformation capture analyses have helped to identify 
enhancer-promoter interactions as a major driving force facilitating execution of 
lineage-specific differentiation programs [310]. Enhancers are mostly present in 
non-coding regions of the genome, and may be located far from their target genes or 
even on different chromosomes [311]. In normal differentiating cells, interactions 
between gene promoters and their enhancers occur via chromatin looping and are 
critical for the execution of lineage-specific gene expression programs [310, 311]. 
For example, in keratinocytes, an epidermal-specific regulatory enhancer desig-
nated as 923 is present within the EDC locus and interacts with multiple EDC gene 
promoters; a subset of these interactions is regulated by the AP-1 transcription fac-
tor [312]. Furthermore, calcium stimulation in differentiating keratinocytes results 
in increased physical proximity of the enhancer and the promoter regions of the 
peptidylarginine deiminase 3 gene that controls filaggrin processing [313]. However, 
the roles of CTCF, cohesin, SATB1 and other chromatin architectural proteins in 
regulation of enhancer-promoter interactions during establishment and maintenance 
of the epidermal differentiation program in keratinocytes remain to be clarified.

1.5  Integration of Signaling/Transcription Factor-Mediated 
and Epigenetic Regulatory Mechanisms in the Control 
of Keratinocyte Differentiation and Stem Cell Activity

The program of epidermal differentiation and barrier formation is tightly controlled 
by a number of transcription regulators including p63, c-Myc, AP-2, KLF4, GRLH3, 
PPAR-alpha, and m-Ovo [26, 314–316]. In keratinocytes, these transcription factors 
regulate a large number of genes that encode distinct adhesion/signaling molecules, 
transcription factors, and cell cycle-associated proteins, as well as tissue-specific 
proteins, such as keratins, involucrin, and loricrin (reviewed in [316, 317]. 
Transcription factors operate in concert with various classes of epigenetic regulators 
to precisely control gene activation and silencing [37, 318]. Cross-talk between 
transcription factors and distinct groups of epigenetic regulators in the nucleus is 
mediated by diverse mechanisms, including the following (Fig. 1.5):

 1. Transcription factors directly regulate expression of distinct components of 
epigenetic machinery to achieve proper execution of gene expression programs. 
For example, the p63 transcription factor, a master regulator of epidermal devel-
opment, controls the expression of at least three important components of the 
epigenetic machinery: the ATP-dependent chromatin remodeler Brg1, the 
genome organizer Satb1, and the Polycomb group member Cbx4 [60, 69, 319]. 
Brg1 and Satb1 are direct targets of p63, and promote chromatin mobility/higher 
order folding and coordinated gene activity at the keratinocyte-specific EDC 
locus during terminal differentiation in the epidermis, while Cbx4 maintains 
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epithelial identity by repressing non-keratinocyte (neuronal and mesodermal) 
genes in keratinocytes [60, 61, 69]. These findings are consistent with recent 
ChIP-seq data demonstrating that p63 targets over 60 distinct components of the 
epigenetic machinery in keratinocytes including Dnmt3a, Dnmt3b, Hdac9, 
Jarid2, Ring1, and Suv39H1 [320].

 2. Epigenetic regulators play important roles in controlling the expression of tran-
scription factors. For instance, p63 expression in keratinocytes is regulated by 
the histone methyltrasferase Setd8, which, in turn, is a target of the c-Myc tran-
scription factor and mediates the effects of c-Myc on epidermal differentiation 
[107]. c-Myc is an important regulator of epidermal homeostasis and promotes 
keratinocyte proliferation and differentiation into epidermal and sebaceous gland 
lineages [321–323]. In addition to direct involvement in the control of expression 
of epidermal-specific genes, c-Myc also exhibits potent activity as a modulator 
of local chromatin structure: it regulates expression of the histone acetyltransfer-
ase Gcn5 and promotes histone acetylation [324, 325].

 3. Transcription factors directly interact with chromatin remodeling factors and tar-
get them to gene promoters: for instance, c-Myc targets histone acetyltransfer-
ases Gcn5 to chromatin and promotes global euchromatisation [325], and 
NFATc1 transcription factor forms a complex with the ATP-dependent chroma-
tin remodeler Brg1 and stimulates formation of DNAse1 hypersensitive sites and 
recruitment of other transcription factors to target genes [326, 327]. Similar 
mechanisms involving interactions of pioneer transcription factors, such as 
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higher-order 
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Fig. 1.5 Model illustrating cross-talk between p63 transcription factor and epigenetic regulators 
in the control of gene expression in keratinocytes. In addition to direct regulation of tissue-specific 
genes, p63 transcription factor directly regulates expression of distinct epigenetic regulators, inter-
acts with epigenetic regulators at gene promoters, and regulates enhancer-promoter interactions. 
Setd8 histone methyltransferase positively regulates p63 gene expression
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FOXA1 and GATA1, with ATP-dependent chromatin remodeling factors play 
important roles in opening closed chromatin regions and making them accessible 
to secondary factors [328].

Transcription factors can also operate as transcriptional repressors by inter-
acting with HDACs and targeting repressive complexes to gene promoters. For 
instance, the transcriptional repressor NFX1 interacts with mSin3A/HDAC and 
recruits the repression complex to the hTERT promoter in keratinocytes, while 
p53 inhibits expression of its target genes during the DNA damage response by 
interacting with the Sin3B/HDAC complex and targeting it to promoters [329, 
330]. HDAC1/2 also serve as important epigenetic regulators by interacting with 
p63 and mediating its repression of the p16/Ink4a gene [79].

 4. Transcription factors regulate expression of microRNAs and RNA-modifying 
enzymes that establish feedback loops balancing gene expression programs at 
the post-transcriptional level. For instance, BMP signaling inhibits expression of 
miR21 in keratinocytes; miR21, in turn, is capable of inhibiting Smad7 activity 
at posttranscriptional level, thus providing a regulatory loop that limits BMP 
signaling [331, 332]. As another example, c-Myc regulates expression of the 
RNA methyltransferase Misu, which modulates c-Myc’s effects on cell prolif-
eration and differentiation [333, 334].

 5. Transcription factors are capable of binding enhancer elements and regulating 
enhancer-promoter interactions. Recent data revealed that in human keratino-
cytes, approximately 50% of p63’s binding sites display the H3K27ac histone 
modification that is specific for active enhancers [335]. Similar data were 
obtained using mouse keratinocytes [320], suggesting that p63-mediated regula-
tion of the epidermal differentiation program is far more complex than previ-
ously appreciated and includes the control of enhancer-promoter interactions at 
p63 target genes [336]. This view is consistent with recent data demonstrating 
the role of the transcription factor SOX9 in assembling super-enhancers in hair 
follicle bulge stem cells [337], as well as with substantial reorganization of 
super-enhancer profiles in squamous cell carcinomas compared to normal kera-
tinocytes [37].

Thus, chromatin remodeling factors operate as an integral part of the genetic 
programs governed by transcription factors, and modulate their effects on local and 
global chromatin structure. Below, we review data demonstrating interactions 
between transcription factors mediating the effects of the Wnt and BMP signaling 
pathways and the chromatin remodeling machinery in hair follicle epithelial stem 
cells during their quiescence and hair cycle-associated activation in adult skin. Wnt 
and BMP pathways act antagonistically in bulge stem cells during quiescence, while 
in differentiating hair matrix keratinocytes these signals promote execution of 
lineage- specific differentiation programs towards hair shaft- or inner root sheath- 
specific lineages, respectively [338–341].

The canonical Wnt signaling pathway operates via its downstream effector 
β-catenin, which acts as a bipartite transcription co-factor for the LEF1, TCF1, 
TCF3 and TCF4 DNA-binding proteins [342]. The transcriptional outcomes of Wnt 
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signaling (activation or repression) depend on the combination of proteins bound to 
the promoters of target genes. In quiescent hair follicle stem cells, TCF3, TCF4 and 
transcriptional repressor TLE (Groucho) bind coordinately with histone deacetylase 
HDAC1 and transcriptionally repress Wnt target genes [343]. However, when 
TCF3/TCF4 levels are decreased or levels of β-catenin are increased, the repressive 
activities of TCF3/TCF4/TLE/HADC1 are outweighed by those of the Wnt/β- -
catenin/LEF1 complex, which promotes transcription of β-catenin target genes, 
leading to stem cell activation [343].

Analyses of direct Wnt target genes in hair follicle epithelial stem cells revealed 
that Cbx8, a component of the Polycomb repressive complex, is strongly upregu-
lated upon β-catenin ablation, which prevents stem cell activation [343]. These find-
ings correspond well with previous data demonstrating that stem cell transition 
towards hair follicle-specific differentiation is accompanied by loss of the repres-
sive H3K27me3 mark, and suggest that downregulation of Polycomb activi-
ties might play a role in β-catenin-mediated stem cell activation and hair follicle 
growth.

The BMP/Smad signaling pathway exerts inhibitory effects on the activity of 
bulge epithelial stem cells and promotes differentiation of inner root sheath progeni-
tors in the hair matrix via binding of Smad1/Smad4 or Smad5/Smad4 complexes to 
DNA [338–341]. Quiescent hair follicle stem cells show reduced levels of both 
active and repressive histone H3 methylation marks (H3K4me3 and H3K9/K27me3, 
respectively), and BMP4 treatment reduces histone methylases and increases 
demethylases mRNA levels in cultured skin epithelial cells [184]. Interestingly, 
comparison of these data with ChIP-seq analyses of Smad1/5 target genes in hair 
follicle stem cells did not reveal the histone methyltransferases Ezh2, Suv39h2 and 
Setd1b among the direct pSmad1/5 targets [344]. These data suggest that other 
mechanisms including indirect effects of the BMP/Smad pathway on the activities 
of histone methylation enzymes need to be considered to substantiate the links 
between the BMP signaling and low histone methylation status in quiescent stem 
cells.

ChIP-seq analyses of Smad1/5 target genes in quiescent hair follicle stem cells 
and differentiating transient amplifying hair matrix cells demonstrated an enrich-
ment of the genes showing both H3K4me3 and H3K27me3 histone modifications 
that correspond to the bivalent or poised genes [344]. Because entry of hair follicles 
into the anagen growth stage is accompanied by both gene activation and silencing, 
these data suggest possible involvement of BMP/Smad signaling in control of the 
transitional chromatin state in hair follicle stem cells and their differentiating prog-
eny [344].

ChiP-seq analyses of pSmad1/5 targets revealed that many epigenetic regulators 
including Cbx4, Cbx8, Dnmt3a, Hdac5, Hdac7, Kdm6b, Mll1, and Smarcd2/3 are 
potential direct transcriptional targets of BMP signaling in hair follicle stem cells 
and differentiating hair matrix cells [344]. These epigenetic regulators may contrib-
ute to the opening or closing of distinct chromatin regions to allow for transcrip-
tional regulation during inner root sheath-specific differentiation of hair follicle 
stem cells [344].
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Over 50% of pSmad1/5 binding sites in hair follicle stem cells are located out-
side gene promoters and are associated with enhancer elements [344]. These data 
are consistent with ChIP-seq analyses of p63 target genes, which demonstrated that 
in human and mouse keratinocytes approximately 50% of p63’s binding sites are 
co-localized with the H3K27ac histone modification that is specific for active 
enhancers [320, 335]. Together with data showing that in human epidermal stem 
cells p63 interacts with Dnmt3a to maintain high levels of DNA hydroxymethyl-
ation at the center of enhancers in a Tet2-dependent manner [345], binding of 
pSmad1/5 to enhancers suggests that these factors control enhancer activities and 
gene regulation by modulating enhancer/promoter interactions. However, it remains 
to be determined which coactivators and corepressors interact with pSmad1/5 [346] 
in hair follicle stem cells and their differentiating progeny to modulate chromatin 
structure and enhancer activity.

Spatial chromatin interactions in the nucleus involving gene promoters and distal 
regulatory elements located in the non-coding genomic domains are thought to pro-
vide a major force that drives evolution of the mammalian genome [311]. 
Furthermore, genome-wide association studies (GWAS) have demonstrated that 
many human diseases are associated with single nucleotide polymorphisms (SNPs) 
in intergenic regions, suggesting that these mutations might perturb normal gene 
expression programs by affecting the activity of distal gene regulatory elements 
[347]. The global chromatin landscape and spatial arrangements between genes and 
their regulatory elements are also substantially re-organized in malignant cells, and 
are functionally important for their growth [308, 312, 348]. Thus, further research 
aimed at establishing enhancer-promoter regulatory network maps in healthy and 
diseased skin is important for a full understanding of human skin evolution and both 
genetic and sporadic skin diseases.

1.6  Conclusions

In summary, the current state of research shows that cross-talk between signaling/
transcription factor-mediated and epigenetic mechanisms is of key importance for 
the execution of tissue-specific programs of gene activation and silencing in the skin 
during development, regeneration and adaptation to environmental factors. However, 
additional efforts are required to fully understand how the keratinocyte genome is 
organized at multiple levels to achieve a proper balance between cell proliferation 
and differentiation, as well as to interpret macro-/micro-environmental changes and 
to respond to diverse stimuli.

Recent advances in pharmaco-epigenomics have resulted in the development of 
a number of molecules that are capable of modulating distinct epigenetic regulatory 
mechanisms, and some of these are already FDA approved, or are being tested in 
clinical trials (reviewed in [349]). In combination with modulators of signaling 
pathway activity, epigenetic drugs may prove useful in the management of skin 
disorders. Future research in this area will help to bridge the gap between our cur-
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rent knowledge of signaling/transcription factor-mediated and epigenetic mecha-
nisms and potential applications of signaling pathway and epigenetic modulators, 
and has the potential to identify a new generation of therapeutic agents for treatment 
of skin disorders, protection of the skin against environmental stressors, and com-
bating the effects of skin aging.
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2.1  Introduction

2.1.1  Skin as a Model for Epigenetic Regulation of Organ 
Development and Regeneration

The skin is the largest organ in the body. It covers the whole body surface and 
 consists of three layers: the epidermis, dermis, and hypodermis or subcutaneous 
tissue. The skin provides three major functions for individuals: (1) it prevents dehy-
dration and serves as a protective barrier against mechanical impacts and stresses, 
microbes and chemical elements; (2) it regulates physiological homeostasis such as 
body temperature and peripheral circulation; (3) the skin also harbors sensory nerve 
endings that detect and relay changes in the environment.

During embryonic development, the overall framework of the whole skin struc-
ture is formed. After birth, the skin is renewed by physiological regeneration that 
takes place throughout life. The skin also can repair and regenerate in response to 
injury. The skin’s accessibility and life-long regenerative ability make it a model 
system that is well-suited for the study of organ development and regeneration. 
Physiologically, the interfollicular epidermis (IFE) undergoes continuous regen-
eration to replenish the outermost cutaneous layer, whereas the follicular epider-
mis of the hair follicle (HF) undergoes cyclic regeneration during hair cycling. The 
skin is located on the body surface and can be induced to regenerate after micro-
trauma injuries such as hair plucking or macro-trauma injuries such as wounding. 
The recent emergence of molecular markers to track the development of specific 
skin lineages has facilitated regenerative studies enabling us to visualize the step-
wise progression of skin specification in a systematic manner. Combined with the 
properties of easy-access, short-term regenerative cycles, and mature culture and 
transplantation technologies, the skin has emerged as an excellent tool for funda-
mental studies of organ development and regeneration.

The skin model is also a reliable system in which to study the indispensable roles 
of epigenetic regulation in organizing global changes of gene expression during 
organ development and regeneration. In brief, genes were previously thought to be 
regulated solely by their local promoter regions. However, it was later found that 
accessibility of chromatin to the transcriptional machinery is controlled through a 
number of DNA and histone modifications which affect chromatin micro- and 
macro-conformations. To date, three major epigenetic mechanisms have been iden-
tified: DNA methylation; post-translational modifications of core histone proteins, 
also called histone modifications; and higher-order chromatin looping. These events 
occur as cells undergo dramatic cell fate changes such as differentiation, de- 
differentiation, and trans-differentiation. Hypothetically, epigenetic machineries 
globally re-organize cell nuclei and shape tissue-specific profiles of gene expression 
during cellular differentiation. On the other hand, maintenance of epigenetic marks 
permits inheritance of specific cell identities, also known as epigenetic memory. 
Among the three major epigenetic modifications, DNA methylation is considered to 
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be relatively stable and serves as an epigenetic memory keeper for cells. During 
organ development and regeneration, maintaining stem cell identity and controlling 
commitments to different cell fates are critical. Here we use the skin system as a 
model and specifically explore roles of DNA methylation in skin development and 
regeneration.

2.1.2  Principles of DNA Methylation

DNA methylation is a biochemical process. In vertebrate animals, some lower 
eukaryotes and plants, a methyl group (CH3) can be covalently attached to DNA at 
the fifth position of a cytosine base in the dinucleotide sequence CpG, forming 
5-methylcytosine (5mC). This modification is conducted by the de novo methylat-
ing enzymes DNA methyltransferase 3a and 3b (Dnmt3a and Dnmt3b), and is main-
tained by DNA methyltransferase 1 (Dnmt1) when cell divide [29, 40, 47]. Among 
the three Dnmts, Dnmt1 preferentially methylates hemimethylated DNA during 
DNA replication, resulting in faithful mitotic inheritance of genomic methylation 
profiles (reviewed in [12]).

DNA methylation is reversible by either active or passive DNA demethylation 
pathways. In active Tet-mediated DNA demethylation, the Ten-eleven translocation 
methylcytosine dioxygenase (Tet) protein family oxidizes 5mC to generate 
5-hydroxymethylcytosine (5hmC) and to further form 5-formylcytosine (5fC) and/
or 5-carboxylcytosine (5caC), which induces the base excision repair machinery to 
remove a modified cytosine. On the other hand, in replication-dependent passive 
DNA demethylation, the absence of maintenance DNA methyltransferase (Dnmt1) 
or loss of the maintenance enzyme activity results in a gradual loss of DNA meth-
ylation after rounds of cellular replication [29, 47].

DNA methylation is one of the most prominently studied epigenetic modifica-
tions and is involved in various biological processes including maintenance of cel-
lular memory [46], regulation of gene expression, X-chromosome inactivation [38], 
silencing of transposons, and genomic imprinting [18, 21].

DNA methylation relies on two molecular actions to repress gene transcription: 
1) direct interference with transcription factor binding; and 2) recruitment of 
methyl-CpG binding proteins and repressor complexes. These two actions on target 
promoters lead to transcriptional repression of target genes. In addition, although 
DNA methyltransferases generally methylate DNA at CpG sites, there are regions 
containing clusters of CpG sequences called CpG islands that are DNA methylation- 
free [29]. In studying mechanisms of embryonic development, it is of interest to 
identify regions termed differentially methylated regions (DMRs), which represent 
DNA sequences in the genome that have different DNA methylation patterns across 
different cell types [41]. In this chapter, we focus on our current understanding of 
how DNA methylation participates in embryonic skin development and adult skin 
regeneration.

2 DNA Methylation as an Epigenetic Memory Keeper during Skin Development…
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2.2  DNA Methylation in Skin Development

2.2.1  Dynamic DNA Methylation in the Early Embryo

Previous studies have shown that DNA methylation is indispensable in develop-
ment since genetic depletion of Dnmt1, Dnmt3a, or Dnmt3b causes embryonic 
lethality [30, 40]. During early development, the genome undergoes dynamic 
changes in DNA methylation [36] as shown in Fig. 2.1 After fertilization, the first 
global DNA demethylation occurs in both the paternal and maternal genome until 
the blastocyst stage begins at 3 days of mouse embryonic development (E3.5) [42]. 
Subsequently, gradual de novo methylation takes place, ceasing at E6.5 with the 
formation of three lineages: the trophoblast, hypoblast and epiblast. Among these, 
the epiblast is the source of embryonic stem (ES) cells that will give rise to the 
whole fetus. Around the time of gastrulation after E6.5, the epiblast genome under-
goes de novo DNA methylation while differentiating into three primary germ lay-
ers: endoderm, mesoderm, and ectoderm. The mesoderm will form the future 
dermis among other tissues while the neural plate and ectoderm will form the epi-
dermis [4, 27].

2.2.2  DNA Methylation Fixes Skin Lineage Commitments 
during Embryonic Development

DNA methylation plays key roles during the lineage commitment process from ES 
cells to the three primary germ layers [23]. Isagawa et al. traced genome-wide DNA 
methylation patterns and showed that most promoter regions remain hypomethyl-
ated during ES cell differentiation, while only a small number of gene promoters 
such as germ cell-specific promoters are de novo methylated. These results indicate 
that DNA methylation is important to fix lineage commitments by repressing the 
transcription of germ cell-specific genes.

DNA methylation is also crucial in patterning the commitment of skin cells 
derived from different germ layer origins [34]. After gastrulation, a single layer of 
surface ectoderm (SE) will develop into the future skin epidermis, and mesoderm- 
derived dermal fibroblasts will form the skin dermis. Lowdon et  al. performed 
whole-genome bisulfite sequencing (WGBS) and compared global DNA methyla-
tion patterns across SE-derived keratinocytes and mesoderm-derived dermal fibro-
blasts. Their results indicate that lineage specific DMRs of the genome enable 
expression in one cell lineage while suppressing it in others. For example, the 
SE-DMR is hypomethylated in skin keratinocytes but hypermethylated in fibro-
blasts and melanocytes. During skin development, these DMRs serve as an epigen-
etic switch controlling cell type-specific expression networks to set cells on the right 
path for their respective fates (Fig. 2.1).

The above studies show that DNA methylation profiles restrict skin lineage com-
mitments from ES cells to germ cell-derived skin cells; however, the factors that 

Y.-C. Liang et al.



61

control the establishment of each skin cell type-specific DMR remain elusive. The 
roles of DNA methylation at later stages of embryonic skin morphogenesis including 
stratification of the epidermis and hair follicle development remain to be studied.

2.3  DNA Methylation in Epidermal Renewal and Hair 
Cycling

2.3.1  Maintenance of DNA Methylation Keeps the Identity 
of Epidermal Progenitor Cells in the Interfollicular 
Epidermis

Cell identity describes the ability of a cell to preserve its cell type and properties 
after division. Epigenetic regulation, especially DNA methylation, is essential to 
establish and maintain the blueprint of cell identity [7], generating a comprehensive 
gene expression profile for each specific cell type [2, 6, 33, 39].

Fig. 2.1 DNA Methylation differentially marks skin lineage and non-skin lineage DMRs during 
embryonic development. After fertilization, DNA is globally de-methylated. As cells differentiate 
from the epiblast (embryonic stem cells, ESCs) to ectoderm which gives rise to the future skin 
epithelium, DNA methylation is gradually re-established on other germ-specific promoters to 
silence those paths and allow expression from only skin-specific promoters. The skin is composed 
of cells from different lineages such as keratinocytes, dermal fibroblasts, melanocytes etc. As cells 
become committed to each skin lineage, differentially methylated regions (DMRs) further restricts 
gene expression. For example, DMRs in surface ectoderm (SE)-derived keratinocytes remain un- 
methylated, but these regions are methylated in other skin lineages such as neural crest-derived 
melanocytes and mesoderm-derived dermal fibroblasts

2 DNA Methylation as an Epigenetic Memory Keeper during Skin Development…
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Maintaining cell identity is crucial especially in self-renewing cells, such as stem 
cells and progenitor cells, as these cells have to maintain their multipotent or unipo-
tent states throughout life [3, 46]. In the IFE, epidermal progenitor cells residing in 
the basal layer are capable of both self-renewal, and differentiation into spinous and 
granular keratinocytes, which are displaced upward and ultimately terminally dif-
ferentiate to generate the outermost cutaneous permeability barrier [19].

During this process, DNMT1 is essential for the epidermal progenitors to main-
tain their abilities of self-renewal and proper differentiation (Fig. 2.2). As we men-
tioned above, Dnmt1 mediates faithful mitotic inheritance of genomic methylation 
profiles. In adult skin, DNMT1 is expressed in the basal layer of the epidermis and 
its expression level decreases upon differentiation [31, 45]. Sen et al. used primary 
human keratinocytes expressing DNMT1 shRNAs to generate human DNMT1- 
knockdown epidermis in a xenograft model. They showed that decreased DNMT1 
expression causes loss of the epidermal progenitor population and precocious dif-
ferentiation of the basal layer. Moreover, using in vitro differentiation studies and 
methylated DNA immunoprecipitation (MeDIP) followed by hybridization on a 
human promoter tiling array, Sen et al. found that DNA methylation sustains the 
epidermal progenitor state by inducing silencing of the differentiation program, 
while the DNA demethylation machinery functions to promote differentiation [45]. 
This study provides insight into how DNA methylation / demethylation coordinate 
the renewal and differentiation of human epidermal progenitors in vitro.

Fig. 2.2 DNA methylation maintains epidermal progenitor cell identity in the interfollicular epi-
dermis (IFE). (a) To maintain epidermal progenitor fate, DNA methylation occurs on differentia-
tion gene promoters to repress their gene expression. (b) When an epidermal progenitor cell 
commits to differentiate, it is crucial for early differentiation gene promoters, especially GADD45A 
and GADD45B, to lose their DNA methylation so other differentiation gene promoters, such as 
LCE3D, POU2F3, and S100P also can be de-methylated, resulting in up-regulation of their tran-
scription and initiation of cell differentiation
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However, the results on the roles of Dnmt1 obtained from in vivo are different. Li 
et al. used an in vivo approach to study the importance of Dnmt1 in regulating epider-
mal progenitor homeostasis in the epidermis and hair follicles. These authors gener-
ated mice with a conditional knockout of Dnmt1 in the K14- expressing epidermis, 
and showed that the mutant mice exhibit uneven thickness, abnormal expression of 
differentiation markers, and hyperproliferation of the IFE [31]. Because K14 is 
expressed in the mitotically active basal layer [1], these results indicated that Dnmt1 
knockout in the basal layer causes dysregulation of the progenitor cells in both self-
renewal and differentiation processes. The distinct pathologic phenotypes between 
the in vivo and in vitro studies are likely to be due to the different experimental mod-
els. In the in vitro model, a new homeostasis condition is established using human 
keratinocytes [45] without feedback signals from adjacent niche or dermis. In the in 
vivo genetic model, compensatory mechanisms may have developed to adjust epider-
mal homeostasis (Fig. 2.4b). However, both of these studies suggest that DNMT1 is 
important to maintain epidermal progenitor functions in the IFE (Fig. 2.4b). Further 
investigations will be required to reveal the downstream targets of DNMT1 and their 
biological pathways.

Fig. 2.3 DNA methylation orchestrates hierarchies of skin lineages. (a) The illustration summa-
rizes DNA methylation and gene expression levels of regulatory elements in skin and non-skin 
lineages during differentiation. (b) DNA methylation orchestrates skin lineage hierarchies. Bock 
et al. performed reduced representation bisulfite sequencing to map global DNA methylation pro-
files across seven skin lineages and found that patterns of DNA methylation reflect strict hierar-
chies of skin lineages corresponding to their differentiation stages. CLDC, companion layer 
differentiated cells. This panel is adapted from [6]

2 DNA Methylation as an Epigenetic Memory Keeper during Skin Development…
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Fig. 2.4 Role of DNA methylation in the homeostasis of hair follicule (HF) epithelia and inter- 
follicular epidermis. (a) Dnmt1 is involved in regulating DNA methylation which maintains 
homoeostasis of cycling hair follicles (HFs). In telogen, Dnmt1 is expressed in quiescent hair fol-
licle stem cells (qHF-SCs) and the hair germ, whereas in anagen it is expressed in active hair fol-
licle stem cells (aHF-SCs), transient amplifying cells (TACs), and the outer root sheath. Based on 
the progressive alopecia phenotype in K14 mediated knock down of Dnmt1 mice, we propose 
Dnmt1 is involved in activation of bulge stem cells and maintenance of proliferation of matrix TA 
cells. Thus, Dnmt1 may control hair follicle homoeostasis by directly regulating activation, quies-
cence, or proliferation states of each cell. (b) Dynamic DNA methylation in regulating the homeo-
stasis of inter-follicular epidermis. Here we summarize four different studies, showing the different 
roles of maintenance methylation (Dnmt1) and de novo methylation (Dnmt3). Different results 
obtained from in vitro and in vivo studies involving depletion of DNA methylation-associated fac-
tors in the skin. The in vitro condition might lack epidermal niches and signals from the supporting 
environment while the in vivo condition might be compensated by other factors or mechanisms. 
Panel A is from [31]
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2.3.2  Roles of de novo DNA Methyltransferases in Epidermal 
Homeostasis

The functions of de novo DNA methyltransferases, DNMT3A and DNMT3B, in 
epidermal homeostasis are also controversial. Rinaldi, et al. used in vitro cultured 
primary human keratinocytes as a model to study the roles of DNMT3A and 
DNMT3B in epidermis. They found both DNMT3A and DNMT3B were highly 
expressed in keratinocyte progenitors. DNMT3A is increased during differentiation 
while DNMT3B is diminished at the onset of differentiation. Through omics and 
virus-mediated shRNA knockdown approaches, they found that DNMT3A and 
DNMT3B are located at active typical and clustered enhancers (H3K4me1 and 
H3K27ac) through their H3K36me3-binding domains. Whereas DNMT3A targets 
specifically at the center, DNMT3B occupied the center and body of their target 
enhancers. They further demonstrated that DNMT3A works with Tet2 to maintain 
5-hmC at the enhancers while DNMT3B promotes 5-mC methylation along the 
enhancers. Loss of either DNMT3A or DNMT3B decreases enhancer activity. 
These results suggest that, during keratinocyte differentiation, de novo DNA meth-
ylation is required to control proper enhancer activity which leads to expression of 
enhancer RNAs and ectoderm lineage genes.

Using an in vivo competition assay, Rinaldi, et  al. transplanted DNMT3A- or 
DNMT3B-depleted primary human keratinocytes into immunocompromised mice. 
They found that cells depleted of either DNMT3A or DNMT3B could not be detected 
in the basal layers after 4 weeks, and also exhibited impaired colony forming ability 
in culture. The authors concluded that DNMT3A and DNMT3B are required for 
homeostasis of human keratinocyte progenitors, whereas DNMT3A is also required 
for further differentiation [44].

The same group published a subsequent paper claiming that loss of Dnmt3a and 
Dnmt3b does not affect epidermal homeostasis but promotes tumorigenesis in vivo 
[43]. In this study, they generated epidermal-specific conditional knockout (cKO) 
mice by crossing Keratin14 (K14)-Cre-ROSA26-YFP mice with Dnmt3a fl/fl or 
Dnmt3b fl/fl mice. They didn’t observe any epidermal phenotypic differences in IFE 
nor in hair follicle cycling, so they concluded that epidermal deletion of Dnmt3a 
in  vivo does not affect epidermal homeostasis under physiological conditions. 
Nevertheless, Rinaldi et al. found that epidermal-depletion of Dnmt3a and Dnmt3b 
promoted carcinogen-induced tumorigenesis. Interestingly, they found K14- 
mediated depletion of Dnmt3a resulted in up-regulation of genes involved in lipid 
metabolism. Their omics results were consistent with these findings and showed 
that Dnmt3a binds and methylates promoters of genes that regulate cell prolifera-
tion and lipid metabolism. Among these genes, the master regulator of lipid metabo-
lism, PPARγ, proved to be controlled by DNA methylation. Deletion of Dnmt3a 
promoted squamous transformation mediated by activation of PPARγ [43].

Taken together (Fig. 2.4b), the above two works lead to different interpretations 
regarding the roles of Dnmt3a and Dnmt3b in maintaining epidermal homeostasis 
under physiological conditions. Similar to the studies of Dnmt1 described above, 
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these reports highlight the different results one may obtain using in vitro and in vivo 
models. The in vitro condition might lack epidermal niches and signals from the 
supporting environment while the in vivo condition might be compensated by other 
factors or mechanisms. Thus, the role of de novo DNA methylation hasn’t been 
proved in vivo remains to be elucidated. Further studies on the molecular targets of 
Dnmts in specific cell populations will help to clarify their functions.

2.3.3  DNA Methylation Maintains Hair Follicle Homeostasis

At approximately E9 of mouse embryonic development, the surface ectoderm starts 
to form a stratified epithelium, which eventually develops into the adult IFE. At 
E14.5, the ectoderm forms periodically arrayed hair placodes, which progress to 
form primary hair follicles (HFs). Hair placode cells adopt a fate that is clearly dis-
tinct from that of the IFE. They progress to form hair follicle stem cells, proliferat-
ing transit amplifying cells (TACs), and differentiating cells that produce hair 
filaments [4, 15]. The roles of DNA methylation during the specification of HF 
placodes remain to be investigated. The following studies bring the functions of 
DNA methylation in adult hair follicle regeneration to light.

Unlike the IFE, which can continuously regenerate to replenish the shed cutane-
ous layer, hair follicles undergo cyclic regeneration throughout life, requiring the 
period activation of hair follicle stem cells (HF-SCs). In each hair cycle, quiescent 
HF-SCs (qHF-SCs) residing in the bulge region are stimulated to become active 
HF-SCs (aHF-SCs). These aHF-SCs interact with the dermal papilla, and give rise 
to TACs in the matrix, which proliferate and further differentiate into seven hair fol-
licle lineages [19]. Dnmt1 is essential for this cyclic regeneration of normal hair 
follicles as epidermal deletion of Dnmt1 results in progressive hair loss in mice [31]. 
Li et  al. generated K14-Cre Dnmt1fl/fl mice in which Dnmt1 was conditionally 
depleted in the epidermal basal layer and in K14-positive hair follicle progenitors. 
These progenitor cells generate HF-SCs, hair germs, outer root sheath (ORS) as 
well as TACs [5, 17, 34]. Dnmt1 was detected in the anagen ORS and hair matrix, 
and in the telogen hair germ [31]. The results of K14-Cre-mediated deletion of 
Dnmt1 implied that Dnmt1 is not only involved in regulating the activation of hair 
stem cells, but also the proliferation of hair matrix cells and their differentiation into 
mature hair follicle components.

Interestingly, in vivo, the phenotypes caused by Dnmt1 deletion become more 
severe as the mice age. Hair loss is first apparent at approximately 4-months, and 
becomes more prominent in aged mice. Dnmt1 and Dnmt2 are likely to be involved 
in activation of HF-SC, and Dnmt1 deficiency leads to a lower probability of suc-
cessful HF-SC activation. As hairs cycle many times, the probability of successful 
hair growth becomes progressively lower. Apoptosis also occurs, reducing the size 
of the hair stem cell population.

In young K14-Cre Dnmt1fl/fl mice, the hair bulge stem cell population does not 
differ from that found in wild type mice during early anagen stages, but is decreased 
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by 50% in one-year-old mutant mice as determined by long-term label-retention 
[31]. Since the aging of an individual entails the comprehensive outcome of global 
cellular senescence which blocks both self-renewal and differentiation processes to 
keep cells in a quiescent state (van [9]), it is likely that Dnmt1 maintains HF-SC 
populations by inhibiting cellular senescence and sustaining their identity as occurs 
in epidermal progenitor cells. This could explain why mice with depletion of Dnmt1 
exhibited prolonged telogen and delayed HF regeneration after hair plucking in old 
mice. Loss of Dnmt1 may induce permanent senescence and a gradually decreased 
HF-SC population as mice age, resulting in insufficient activation of HF-SCs and 
resultant delayed anagen re-entry. Although there are other mechanisms that might 
delay HF regeneration, such as a slower morphogenesis process and weaker activa-
tion signals generated from the other Dnmt1-depleted HF lineages, regulation of 
Dnmt1  in senescence appears to be the most straightforward explanation for the 
observed progressive alopecia. However, direct evidence connecting Dnmt1 and 
cellular senescence in hair follicle lineages remains to be obtained. Currently, we 
can only conclude that Dnmt1 is required for normal HF regeneration during aging.

In addition to controlling the onset of HF regeneration, Dnmt1 also regulates the 
cellular composition of follicular epithelia. One-year-old K14-Cre Dnmt1fl/fl mice 
showed high variability in the size of hair follicles and reduced hair fiber thickness, 
indicating abnormal follicular morphogenesis [31]. In examining how Dnmt1 con-
trols HF morphogenesis, Li et al. further identified reduced proliferation, accumu-
lated DNA damage, and increased apoptosis of TACs in aged anagen HFs. These 
results demonstrated that, although the basic hair architecture remained similar, the 
cellular composition of aged mutant HFs was abnormal. Taken together, the role of 
DNA methylation in follicular epithelia is to maintain the homeostasis of hair fol-
licle lineages (Fig. 2.4a).

A recent study showed that alopecia in aging mice is caused by both intrinsic 
changes in hair follicle stem cells and extrinsic changes in the stem cell environment 
[28]. Hair follicle aging is manifest as the miniaturization of hair follicles, loss of 
dermal papillae, loss of hair bulge stem cells, and eventually loss of hair follicles 
[35]. K14 mediated-depletion of DNMT 1 leads to a similar progression except for 
the loss of the dermal papilla. This may reflect that DNMT1 deficient hair stem cells 
exhibit defective intrinsic properties, leading them to age faster.

2.3.4  DNA Methylation Orchestrates Hierarchies of Skin 
Lineages

While genetic depletion studies greatly impact functional understanding of Dnmt1 
in skin regeneration, genome-wide DNA methylation profiling further illustrates the 
underlying regulatory networks. Bock et  al. performed reduced representation 
bisulfite sequencing (RRBS) to map global DNA methylation profiles across seven 
skin lineages, including qHF-SCs, aHF-SCs, TACs, companion layer differentiated 
cells, epidermal progenitor cells, and epidermal differentiated cells, in vivo [6]. 
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Their results indicated that patterns of DNA methylation reflect strict hierarchies of 
skin lineages corresponding to their differentiation stages. Moreover, this DNA 
methylation hierarchy correlates with the transcriptome hierarchy of skin lineages, 
although the transcriptome hierarchy is looser in distinguishing between- lineage 
differences, suggesting that DNA methylation functions upstream of gene transcrip-
tion (Fig. 2.3).

Comparison of genome-wide DNA methylation and gene expression profiles has 
also identified key regulatory factors. For example, Keratin genes such as Krt5, 
Krt15, Krt27, and Krt35 as well as the transcription factors, Cebpb, Gata3, and 
Hoxa5, have been identified as lineage-specific markers or regulators in skin dif-
ferentiation. By contrast, Hoxc6, Sox9, Tcf7I2, and Runx1 have been identified as 
putative skin stem cell specific genes [6]. However, the precise roles of these factors 
in either skin stemness or differentiation remain to be further clarified.

2.4  DNA Methylation in Skin Wound Healing

Wound healing is an important topic in regenerative medicine. There are two types 
of wound healing, reparative wound healing by which injured skin is replaced by 
scar tissue which lacks normal appearance and functions, and regenerative wound 
healing which can re-construct dermis and re-epithelialize epidermis with func-
tional skin appendages [8]. Three concurrent phases are involved in regenerative 
wound healing, including inflammatory, tissue regenerative, and tissue remodeling 
phases. However, little is known about how DNA methylation participates in these 
processes.

This topic is currently challenging to study because of the heterogeneity of heal-
ing tissues and lack of knowledge of the origins of the cells that contribute to regen-
erative wound healing. During wound re-epithelialization, suprabasal epidermal 
cells are found to contribute the re-establishment of IFE. However, the origin of the 
cells that contribute to wound-induced HF neogenesis is still controversial [24]. 
Without clear identification of the origins and fates of the cells that contribute to HF 
neogenesis, it is premature to address the functions of DNA methylation in this 
process.

2.5  Crosstalk between DNA Methylation and Histone 
Modifications in Skin

A key question in the epigenetic field concerns how different epigenetic modula-
tions coordinate with each other, or crosstalk, to regulate transcription and other 
chromatin events. DNA methylation factors interact with histone modifiers that 
deposit marks such as histone H3 lysine 9 tri-methylation (H3K9me3) and histone 
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H3 lysine 4 methylation, as well as with ATP-dependent nucleosome remodelers 
[11]. Although no report to date provides direct evidence of crosstalk between DNA 
methylation and other epigenetic modifications in the skin, we can gain some 
insights from genetic depletion studies involving epigenetic processes.

Epithelial-specific deletion of Hdac1 [20], Setd8 [10], Ezh1/2 [14], Brg1 [22], or 
Mi-2β [25] causes abnormalities in epidermal morphogenesis and defects in HF 
regeneration, suggesting that histone acetylation, histone H4K20 mono-methylation 
(H4K20me1), histone H3K27 tri-methylation (H3K27me3), ATP-dependent chro-
matin remodeling, and other epigenetic processes are involved in these processes. 
Notably, epidermal deletion of Jarid2 (H3K27me3 demethylase) does not affect 
epidermal and hair follicle morphogenesis, but delays onset of the first hair follicle 
growth cycle [37]. Similarly, loss of histone acetylation in K14-Cre Hdac1cKO/cKO 
mice causes a defect in onset of the first hair cycle. Moreover, in Ezh2- deficient 
basal cells Ink4A/4B is de-repressed and transcription factor AP1 aberrantly targets 
terminal differentiation gene promoters, causing cell-cycle arrest and premature 
epidermal terminal differentiation [13]. These effects are similar to the pathological 
phenotypes observed when cells are depleted for DNMT1 [45]. Based on these stud-
ies, one might speculate that DNA methylation crosstalks with histone acetylation 
and H3K27me3 to control the onset of HF regeneration.

In addition, genome-wide profiling of H3K4me3 and H3K27me3 coupled with 
microarray analysis identified possible key genes during the telogen-anagen transi-
tion. Sox9, Nfatc1, Hoxa7/8, Pknox2, Tbx1, and Nfia were suggested to be possible 
key regulators in HF regeneration [14]. By comparing the candidate target lists 
between DNA methylation and other histone modifications, it may be possible to 
identify novel regulatory factors and delineate possible epigenetic networks during 
hair regeneration.

2.6  Potential for Future Applications

Abnormal genomic methylation has long been linked to tumorigenesis [32], and 
DNA methylation contributes to the pathogenesis of many skin disorders, including 
cancer and chronic inflammation. In skin cancer, hypermethylation of promoter 
CpG islands is found in many cases [32]. Lauss et al. compared genome-wide DNA 
methylation profiles of 50 stage IV melanoma cases as well as normal melanocytes, 
keratinocytes, and dermal fibroblasts, and found promoter hypermethylation of the 
microphthalmia-associated transcription factor (MITF) and its co-regulated differ-
entiation pathway genes in melanoma [26]. Using the concept of cancer-specific 
DNA hypermethylation, Gao et al. characterized melanoma-specific hypermethyl-
ation of genes such as CLDN11, CDH11, PPP1R3C, MAPK13, and GNMT, which 
can be used as epigenetic biomarkers for identifying progressive stages of this dis-
ease [16].

Zhang et al. conducted MeDIP-Seq to examine whole-genome DNA methylation 
profiles in clinical samples of psoriasis, a chronic inflammatory skin disorder [48]. 
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Their results indicate abnormal hypermethylated DMRs in several different onto-
logical domains such as the immune system, cell cycle regulation, and apoptosis. 
These authors also provided evidence that the PDCD5 and TIMP2 genes could play 
important roles in psoriasis. This study provides a classical workflow to identify 
possible regulatory factors by comparing alterations in DNA methylation patterns in 
autoimmune diseases. Furthermore, there are several agents in clinical use for can-
cer treatments that change DNA methylation patterns. Although currently there are 
no reports describing the use of anti-DNA methylation agents to specifically treat 
skin cancer, this therapeutic strategy is a possible option to be explored in the future. 
In summary, aberrant DNA methylation in diseases can serve as a biomarker for 
diagnosis, a predictor for candidate regulators, and a potential therapeutic target. 
Profiling of the DNA methylome in skin diseases may therefore be a promising 
means to develop novel and personalized clinical approaches.

2.7  Concluding Remarks

The skin possesses numerous properties enabling it to serve as a model in studying 
organ development and regeneration: (1) it undergoes rounds of physiological regen-
eration; (2) it is experimentally accessible; (3) its lineages are well- characterized; and 
(4) hair follicles have a relatively short regenerative cycle time. In studies of epigen-
etic roles during skin development and regeneration, we focused on DNA methyla-
tion and discovered that DNA methylation functions as an epigenetic memory keeper. 
In embryonic development, DNA methylation serves as an epigenetic switch that 
controls cell type-specific expression networks and sets cells on the right path for 
their respective fates. In adult skin regeneration, DNA methylation maintains tissue 
homeostasis by sustaining the identity of epidermal progenitor cells and hair follicle 
stem cells. The demethylation machinery is carefully coordinated as cells progress 
toward their specific fates. DNA methylation may also participate in the regulation of 
cellular senescence during skin regeneration, although detailed mechanisms remain 
to be further clarified. While studies of DNA methylation in regenerative wound 
healing are still limited due to a lack of understanding of the key cellular components 
in this process, we speculate that this mechanism plays key roles in regenerating skin 
Furthermore, based on current studies of DNA methylation in skin diseases, DNA 
methylation could serve as a biomarker for cancer diagnosis, a predictor for candi-
date regulators, and a potential therapeutic target in the future.
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3.1  Introduction

Development and homeostasis of multicellular organisms rely on the ability to exe-
cute cell-specific gene expression programs. In recent years, the field of epigenetics 
has expanded and gained much recognition due to its importance in this context. In 
particular, many studies have focused on Polycomb complexes. These epigenetic 
chromatin regulators act as key developmental regulators controlling stem cell (SC) 
identity and gene expression during development in higher eukaryotes [95, 185].

Polycomb activity is provided by two main multi-subunit complexes called 
Polycomb repressive complex 1 (PRC1) and PRC2. These complexes exert a repres-
sive function by directing histone-specific modifications and chromatin compaction 
(reviewed in [182]). For more than a decade now, the main dogma of Polycomb-
mediated gene repression has been described as a strict hierarchical recruitment 
model. In this model, PRC2-mediated trimethylation of histone H3 at lysine (K) 27 
(H3K27me3) leads to the recruitment of PRC1, which catalyzes histone H2A 
monoubiquitylation of K119 (H2AK119ub1) and compacts chromatin, resulting in 
transcriptional repression [28, 129, 200, 201].

Strikingly, recent findings have revolutionized our understanding of Polycomb, 
suggesting complex mechanisms behind its functions. These include a reversed 
PRC1/PRC2 chromatin recruitment model governed by variant PRC1 complexes, 
evidence for Polycomb binding to active genes, and dynamic complex composition 
and function (reviewed in [11]).

While there are seemingly infinite potential targets of Polycomb, one locus has 
been shown to be a target in many different cell types. The Ink4b/Ink4a/Arf locus is 
known to be a regulator of cell cycling and apoptosis (reviewed in [179]; reviewed 
in [180]). The locus encodes three separate proteins: p16/Ink4a [174] and p15/Ink4b 
[71], which are both inhibitors of the G1-S transition during the cell cycle, and ARF 
[153], an apoptotic regulator (reviewed in [179, 180]). Importantly, it has been 
shown that this locus is a target of Polycomb in various systems, including mouse 
and human bone marrow cells [18], murine pancreatic beta cells [31], and murine 
skin [5, 40, 48, 49].

The importance of Polycomb complexes is highlighted by their crucial role in 
early embryonic development, and accumulating evidence indicates the involve-
ment of different Polycomb subunits in various human diseases, including cancers 
[64, 95, 167]. Thus, it is important to investigate the roles of Polycomb in mamma-
lian tissue-specific SCs in both developmental and homeostatic contexts. One tissue 
system in which Polycomb has proven to be important in both of these contexts is 
the skin. Importantly, genetic studies have revealed key roles for Polycomb in epi-
dermal progenitor fate, self-renewal, and differentiation [5, 40, 48, 49, 113, 118].

In this review, we will focus on the importance of Polycomb proteins in the skin. 
First, we will review the discovery of Polycomb, and describe the functions of its 
various subunits. Next, we will highlight the importance of Polycomb proteins to 
the development of the three distinct epidermal lineages. Finally, we will discuss 
what is known about Polycomb in skin cancers, aging, and the common skin disease 
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psoriasis. Importantly, while many studies have been performed to elucidate 
Polycomb’s roles in all of these biological phenomena, much work still remains to 
be completed if we are to fully understand how Polycomb works, and how this 
knowledge can eventually be translated for therapeutic uses. The field of Polycomb 
research remains, therefore, an exciting field of study with the potential for medical 
applications.

3.2  Polycomb Discovery and Mechanistic Overview

Polycomb Group (PcG) genes were originally identified in screens for homeotic 
mutant phenotypes in Drosophila melanogaster. The PRC1 component Polycomb 
(Pc) was first discovered in the fly, where it was named for the multiple sex combs 
that develop on the legs of mutants [65, 103, 165]. Similar genetic screens subse-
quently identified other Polycomb genes. PcG genes Enhancer of Zeste (E(z)) [82] 
and Suppressor of Zeste (Su(z)12) [9] were found to enhance or suppress the pheno-
types of zeste mutant flies, respectively [65]. Flies mutant for E(z) display homeotic 
transformations that result in improper leg formation, as phenotypically anterior 
legs are patterned more towards the posterior [62, 82]. Similarly to the homeotic 
mutants that result from mutation of E(z), flies with mutant Su(z)12 show homeotic 
transformations, indicating that Su(z)12 normally functions to suppress these trans-
formations in the fly [9].

It was subsequently found that in combination with Esc, E(z) protein has histone 
methyltransferase activity due to its SET domain, and that this functions to methyl-
ate histone H3 on lysines 9 and 27 [38, 135]. Finally, it was also discovered that the 
original Pc protein recognizes H3K27me3, allowing recruitment of Polycomb [129, 
201]. These findings combined with the similar homeotic transformations observed 
when knocking out PRC1 or PRC2 subunits in Drosophila led to the proposal of the 
classical hierarchical recruitment model prevalent in the field for many years.

3.2.1  Mammalian PRC1 Complexes

Mammalian PRC1 complexes are highly conserved throughout evolution, yet 
exhibit far greater diversity than the complexes seen in Drosophila [58, 112, 132]. 
Generally, PRC1 complexes are divided into two main groups: canonical and vari-
ant PRC1 complexes. At their central core, all PRC1 complexes contain an E3 
ligase, Ring1a or Ring1b, and a Pcgf protein (Fig. 3.1). The six Pcgf proteins form 
distinct PRC1 families that differ in both composition and genomic distribution 
(Fig. 3.1; [58]). Although all PRC1 complexes are capable of catalyzing histone 
H2AK119ub1, the extent of the complexes’ catalytic activity varies based on its 
additional subunits [10, 58]. Canonical PRC1 complexes contain Pcgf2 or Pcgf4 
and are further defined by the presence of chromodomain-containing proteins (Cbx) 
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and Polyhomeotic-like (Phc) proteins. In non-canonical or variant PRC1 complexes, 
Cbx proteins (and Phc) are replaced by the YY1-binding proteins, Rybp or Yaf2, 
together with additional accessory proteins ([58]; reviewed in [182]).

3.2.2  PRC1 Recruitment and Function

In line with the canonical hierarchical recruitment model, canonical PRC1 com-
plexes can bind to the PRC2-mediated H3K27me3 mark via the chromodomain of 
the Cbx subunit and facilitate PRC1 recruitment to repress target genes [129, 201]. 
However, while the PRC1-dependent H2AK119ub1 histone mark largely overlaps 
with PRC2 distribution, canonical PRC1 catalytic activity towards H2AK119ub1 
deposition is very limited [10, 58]. Instead, canonical PRC1 complexes seem to 
exert their repressive functions by non-enzymatic chromatin compaction [11, 79]. 
Compelling evidence for a non-enzymatic repressive function of PRC1 is provided 
by several studies on Polycomb control of Hox genes. The Hox locus harbors a 
cluster of Polycomb-regulated homeodomain-containing transcription factors that 

Fig. 3.1 Schematic representation of Polycomb repressive complexes. Polycomb complexes are 
divided into two principal complexes, PRC1 (A) and PRC2 (B). Both complexes have core sub-
units essential for complex stability and function, and accessory subunits that regulate the recruit-
ment of the complex or modulate its activity. (a) Polycomb repressive complex 1 (PRC1) complexes 
are divided into two groups: canonical and variant (non-canonical). At their core, canonical PRC1 
complexes each contain an E3 ligase – either Ring1a or Ring1b – which catalyzes the deposition 
of the H2AK119ub1 mark – and either Pcgf2 or Pcgf4. The additions of a chromodomain-contain-
ing protein (Cbx) and Phc protein define a canonical PRC1 complex that can recognize the PRC2-
mediated H3K27me3 histone mark. In variant PRC1 complexes, Cbx and Phc proteins are replaced 
by Rybp/Yaf2 proteins. (b) PRC2 complexes contain three main core components. The activity of 
the complex is carried out by a histone methyltransferase – either Ezh1 or Ezh2 – which catalyzes 
the deposition of the H3K27me3 mark. Additional core proteins Suz12 and Eed support the func-
tion of Ezh1/2. Main accessory subunits include Rbbp4 or Rbbp7 proteins, which bind to Suz12 to 
enhance the activity of the complex. Other accessory subunits include Polycomb-like proteins 
(Phf1, Mtf2, Phf19), Jarid2, Aebp2, C17orf96, and Trim37, which allow for different functional 
effects
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regulate axial patterning [145]. Loss of either Ring1b (PRC1) or Eed (PRC2) leads 
to decompaction of the Hox locus and transcriptional derepression [46]. 
Interestingly, functional studies demonstrated that catalytically inactive forms of 
Sce or Ring1b (Drosophila I48A or mammalian I53A mutants, respectively) are 
sufficient to maintain chromatin compaction and Hox gene repression in Drosophila 
Sce-null and mouse Ring1b-null embryonic SC (ESC) models [46, 147]. A recent 
study using a mouse model of Ring1b I53A mutants demonstrated that the E3 ubiq-
uitin ligase activity of Ring1b is not essential for the early stages of mouse develop-
ment [77]. Surprisingly, while Ring1b KO mice were reported to exhibit early 
embryonic lethality around embryonic day (E) E10.5 [198], the Ring1b I53A 
mutant progresses through early development without marked morphological 
abnormalities at E12.5, yet demonstrates several fully-penetrant or partially-pene-
trant developmental defects at E15.5. No homozygous mutants are born alive [77]. 
Of note, further transcriptional profiling of Ring1b I53A ESCs identified minimal 
transcriptional alterations when compared to control cells, in contrast to Ring1b-
null ESCs, which exhibited marked transcriptional alterations [77]. These observa-
tions support the notion of H2AK119ub1-independent transcriptional repression by 
canonical-PRC1 complexes. Recent evidence further suggests that H2AK119ub1-
independent chromatin compaction and transcriptional repression might involve 
the functions of the Phc canonical PRC1 subunit. In this regard, Phc2 is able to 
auto-polymerize via its sterile alpha motif (SAM), and this activity is essential for 
PRC1 repression and chromatin compaction [79]. This is likely due to the estab-
lishment of PRC1 clustering at target genes and the stabilization of PRC1-PRC2 
interactions.

The existence of variant PRC1 complexes was first evident in biochemical stud-
ies in Drosophila that defined the core PRC1 complex and indicated additional 
interacting components [175]. Later, it was shown that a distinct Kdm2-containing 
PRC1 complex, termed dRAF, can promote H2A ubiquitination [93]. Similarly, 
mammalian Ring1b-Bmi1 core PRC1 (described by [26]) was later found to be 
replaced by another Ring1-containing complex, termed BCOR, which can catalyze 
H2AK119ub1 [59]. Additional biochemical studies identified multiple paralogs for 
mammalian PRC1 subunits that can form six major variant PRC1 complexes [58]. 
In non-canonical or variant PRC1 complexes, Cbx proteins are replaced by Rybp/
Yaf2 (or dKdm2 in Drosophila) [58, 93, 187]. This replacement abolishes the PRC1 
complexes’ ability to recognize the H3K27me3 mark, inconsistent with the classical 
hierarchical recruitment model. Although both canonical and variant complexes are 
capable of compacting chromatin, variant PRC1 complexes have much higher 
H2AK119 mono-ubiquitination activity, as Rybp stimulates Ring1b catalytic activ-
ity in vitro [58]. Furthermore, several recent studies have demonstrated that variant 
PRC1 complexes can be recruited to chromatin independent of PRC2 [187]. This is 
in line with the observation that H2AK119ub1 is globally maintained in PRC2-null 
mouse ESCs [187]. In fact, it has been shown that PRC1-mediated H2AK119ub1 
can trigger the recruitment of PRC2, supporting the existence of a reversed recruit-
ment mechanism governed by variant PRC1 complexes [10, 83].
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Kdm2b, a histone H3K36 demethylase that harbors a CxxC zinc finger domain 
with strong affinity for CpG islands [188], provides what is perhaps the  best-described 
mechanism of recruitment of the non-canonical PRC1 complexes. Kdm2b interacts 
with a Pcgf1-Ring1b-containing PRC1 complex and facilitates its recruitment to 
non-methylated CpG islands [50, 205]. Interestingly, depletion of Kdm2b in ESCs 
results in only a mild reduction in global levels of H2AK119ub1 [17, 50], support-
ing the existence of alternative recruitment mechanisms for PRC1. In addition to 
their interactions with CpG islands, PRC1 complexes may also be recruited through 
direct interactions with transcription factors, such as Runx1 and REST [42, 211], or 
through interactions with lncRNAs [210].

While all of the PRC1 complexes described above are associated with transcrip-
tional repression, recent findings have identified a role for an Auts2-containing non-
canonical PRC1 complex in gene activation [57]. Biochemical studies have 
demonstrated that the Pcgf5 and Ring1b proteins can interact with Auts2 to form a 
stable complex, which also contains Rybp/Yaf2 and casein kinase 2 (Ck2) [58]. 
Mechanistically, Ring1b that has been phosphorylated by Ck2 has a restricted abil-
ity to catalyze H2AK119ub1 and allows transcriptional activation through Auts2-
mediated recruitment of P300 [57]. Apart from gene activation functions per se, 
additional variant PRC1 components seem to play essential roles in maintaining the 
ability to activate genes. In Polycomb-bound genes, Kdm2b is required to prevent 
de novo DNA methylation of loci co-bound by Polycomb and Kdm2b [17]. In fact, 
loss of Kdm2b in ESCs results in loci-specific de novo DNA methylation and tran-
scriptional silencing that is restricted to Kdm2b-containing Polycomb targets. It is 
not clear, however, whether this property of Kdm2b is an integral Polycomb func-
tion, as Ring1b-null ESCs are protected from de novo methylation [17]. Of note, it 
is possible that Ring1a is able to compensate for the lack of Ring1b in this regard, 
and further studies are warranted to determine the precise involvement of PRC1 in 
this fascinating mechanism. Additional exciting findings of stage-specific dynamics 
in PRC1 composition, including accessory subunit replacement in the Pcgf2-Ring1b 
core complex during ESC differentiation into cardiac cells, have recently been 
reported to correlate with a switch from gene repression to activation [132]. 
However, the exact mechanism behind this observation needs to be further 
investigated.

Overall, the recent aforementioned studies display the complexity and chal-
lenges of elucidating the functional mechanisms of Polycomb function and the intri-
cate interplay between Polycomb complexes, which seems to be much more intricate 
than what was originally proposed in the classical hierarchical recruitment model.

3.2.3  Mammalian PRC2 Complexes

Similar to the complex found in Drosophila, mammalian PRC2 functions to methyl-
ate H3K27. Its core includes either Ezh1 or Ezh2, which are the histone methyl-
transferases responsible for PRC2 enzymatic activity [119, 120]. However, their 
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catalytic activity relies on proper complex assembly with at least two additional 
subunits, Suz12 and Eed [27, 86, 143]. Together, these core subunits define the 
canonical PRC2 complex (Fig. 3.1).

PRC2 can also contain the histone binding protein Rbbp4/7, which binds to 
Suz12 and further contributes to PRC2 activity [11, 138]. Additionally, PRC2 vari-
ants that include Polycomb-like (PCL) proteins (Phf1, Mtf2, Phf19), Jarid2, Aebp2, 
C17orf96, and Trim37 have been identified (Fig. 1; [8, 106, 107, 120]). Interestingly, 
each of these interactors can form a unique PRC2 complex with distinct recruitment 
and/or functional features.

3.2.4  Mammalian PRC2 Recruitment and Function

In the classical hierarchical recruitment model, PRC2 promotes the recruitment of 
PRC1 and the establishment of Polycomb domains [35]. Thus, much attention has 
been dedicated to elucidating the mechanisms by which PRC2 can be recruited to 
DNA.

Several molecules have been proposed to be involved in PRC2 targeting in a 
gene- and cell-specific fashion. For example, Jarid2, a member of the Jumonji pro-
tein family with an AT-rich interaction domain (ARID) that can bind DNA, acts as 
a genomic recruiter of PRC2 with a preference for GC-rich DNA regions [144, 
146]. Jarid2 is also found in another variant PRC2 complex with Aebp2; this com-
plex can recognize PRC1-mediated H2AK119ub1, thus providing a link between 
PRC1 and PRC2 [83]. However, although Jarid2 depletion leads to reduced recruit-
ment of PRC2  in ESCs, the effect on H3K27me3 levels is subtle and lacks the 
marked derepression alterations seen in PRC2-null ESCs [94, 177].

The PCL proteins comprise an additional class of important PRC2 recruiters. 
PCL proteins are recruited to DNA via their TUDOR domain, which recognizes the 
histone H3K36me3 modification associated with actively transcribed gene bodies 
[4, 20]. This suggests that PCL-mediated recruitment of PRC2 might act as a switch 
to turn off transcription. Several studies have also identified a role for Drosophila 
and mammalian PCL/PHF1 in stimulating PRC2 catalytic conversion of H3K27me2 
to H3K27me3, thus promoting PRC2-mediated repression [136, 166]. There are 
three mammalian orthologs of Drosophila PCL. However, the accessory proteins in 
this family can each form separate PRC2 complexes and have distinct biological 
roles in ESCs [75, 199]. Another important feature of PCL proteins is the presence 
of PHD finger domains, which are thought to interact with histone tails and are also 
required for PRC2 recruitment [30]. Further characterization of PCL PHD finger 
specificity might contribute to a better mechanistic understanding of their recruit-
ment specificities.

Additional locus-specific recruitment mechanisms can include interactions with 
transcription factors or long non-coding RNAs (lncRNAs). For example, the tran-
scriptional repressor factor Snail1 recruits PRC2 to repress E-cadherin gene 
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 expression [74]. Similarly, lncRNAs have emerged as potential recruiters of 
Polycomb to specific loci [67, 216], although the precise mechanisms of recruit-
ment remain unclear (reviewed in [21]).

Strikingly, some work has revealed an unexpected role for non-canonical PRC1 
complexes in supporting PRC2 recruitment. This is highlighted by recent findings 
demonstrating that de novo binding of PRC1 is sufficient for the recruitment of 
PRC2 and H3K27me3 in an H2AK119ub1-dependent manner [10]. Furthermore, 
loss of PRC1 and H2AK119ub1 results in a drastic reduction in PRC2 binding and 
H3K27me3 levels [10, 44, 147]. Recent studies of catalytically inactive PRC1 com-
plexes (Drosophila Sce; mouse Ring1b) have highlighted the essential role of 
H2AK119ub1 in the efficient PRC2 binding and H3K27me3 deposition, as well 
as in the normal development and viability in both Drosophila and mice [77, 147].

PRC2-interactors may also function to restrict PRC2 recruitment and function. 
Indeed, recent evidence suggests that C17orf96 acts as a negative regulator of 
PRC2: at CpG islands enriched for PRC2, C17orf96 directly interacts with Suz12 
and interferes with PRC2 catalytic activity, whereas its depletion results in increased 
PRC2 recruitment and H3K27me3 levels [107].

The hallmark of PRC2 activity, H3K27me3, is considered to be the main histone 
modification associated with Polycomb-mediated transcriptional repression 
(reviewed in [182]). However, PRC2 catalytic activity towards H3K27 also includes 
monomethylation and dimethylation [178, 181]. In line with Polycomb repressive 
activity, dimethylated H3K27 (H3K27me2) is widely distributed throughout the 
chromatin and is believed to prevent random H3K27 acetylation [53, 99]. 
Paradoxically, however, monomethylated H3K27 (H3K27me1) is localized within 
actively transcribed gene bodies [99, 195]. Importantly, PRC2 loss-of-function in 
ESCs significantly reduces H3K27me1 levels, although unlike its effects on 
H3K27me2 and H3K27me3, it does not completely abrogate H3K27me1 [53, 178]. 
Reduced H3K27me1 causes decreased expression of target genes in these cells [53]. 
Recently, Ezh1, the other histone methyltransferase of PRC2, was found to co-
localize with the H3K4me3 active mark in proliferating myoblasts, and to be 
required for transcriptional activation of myogenic genes [134]. Moreover, Ezh1 
interacts directly with RNA Polymerase in its RNAPII phosphorylated on Serine 2 
(RNAPII-S2P) modified form, thus linking Ezh1 to transcriptional elongation. Ezh1 
appears to be required for proper RNA polymerase II occupancy, and additional 
loss-of-function studies have demonstrated that the histone methyltransferase cata-
lytic domain of Ezh1 promotes myogenic gene activation [134]. Taken together, 
these studies identify unexpected evidence for a role of PRC2 in gene activation. 
While much effort has been made to unravel the mechanisms governing PRC2 
recruitment, it remains largely unknown how different PRC2 interactors facilitate or 
modify the activity of the complex towards different H3K27 methylated moieties, 
which differentially impact the transcriptional state.
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3.3  The Roles of Polycomb in Skin Epithelium 
Differentiation and Development

The Polycomb complex serves to repress genes in a tissue-specific manner, enabling 
cells to modulate gene expression to either promote or prevent differentiation into a 
variety of cell types. Interestingly, by repressing its target genes, Polycomb helps to 
regulate the development of the epidermal lineages [5, 40, 48, 49].

3.3.1  Epidermis

The mammalian epidermis serves as a protective barrier against environmental 
threats, dehydration, infection, and poisoning [29, 47, 72, 73, 84, 189]. Murine epi-
dermis consists of several cellular layers. The innermost layer, the basal layer, gives 
rise to the suprabasal layers of the epidermis ([55]; reviewed in [5, 12, 49]). The 
basal layer is marked by expression of cytokeratins (Krt) 5 and Krt14 ([37, 131, 
137]; reviewed in [56]; reviewed in [39]; reviewed in [13, 49, 55]). Basal cells pro-
gressively differentiate to form the spinous layer, the granular layer, and the stratum 
corneum (reviewed in [13, 49, 170]). The different suprabasal layers express spe-
cific cellular markers. For example, the spinous layer is marked by Krt1 and Krt10 
expression (reviewed in [39]; reviewed in [13]), the granular layer is marked by 
Loricrin and Involucrin, and the stratum corneum layer is marked by Filaggrin 
(reviewed in [13]).

In developing murine epidermis, Polycomb component Ezh2 binds to and 
represses epidermal terminal differentiation genes [49]. Epidermis-specific deletion 
of Ezh2, using a conditional Ezh2 allele combined with a Krt14-Cre transgene that 
is specifically expressed in epidermal basal progenitor cells starting from E12 [194], 
showed that Ezh2 functions to suppress premature basal cell differentiation [49]. 
Premature differentiation in Ezh2 cKO  embryos was indicated by accelerated 
expression of the suprabasal marker Filaggrin in E16 Ezh2 cKO but not control 
embryos. A functional barrier assay showed that Ezh2 cKO mice have a fully devel-
oped skin barrier that is able to exclude dye at E16, while control animals fail to 
exclude dye until E17 [49]. Therefore, loss of Ezh2 results in accelerated formation 
of the suprabasal layers and the skin barrier. Interestingly, neonatal Ezh2 cKO mice 
appear to have normal epidermis and do not display alterations in epidermal func-
tion [49]. Similar experiments have also been performed in epidermis-conditional 
knockout mice for PRC2 core proteins Eed and Suz12 (Eed cKO and Suz12 cKO, 
respectively). Importantly, these studies showed that the loss of either Eed or Suz12 
resulted in early completion of epidermal barrier formation, but normal epidermal 
phenotypes by postnatal day (P)0 ([40]; reviewed in [16]).

Further investigation of the mechanism of Ezh2 function revealed that this 
Polycomb protein antagonizes the transcription factor AP1 to regulate expression of 
Epidermal Differentiation Complex (EDC) genes [49]. The EDC is a cluster of 
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genes that are required for epidermal barrier formation [41, 43, 122, 130, 197, 215]. 
When Ezh2 is absent, AP1 binds to and activates EDC genes earlier, resulting in the 
premature formation of differentiated skin layers. However, in  control animals, 
Ezh2 prevents AP1 from binding to and activating epidermal differentiation genes. 
This balance between Polycomb repression and transcriptional activation ensures 
the proper timing of epidermal differentiation during development [49].

Interestingly, epidermal expression of Ezh2 decreases postnatally, whereas 
expression of Ezh1, the other catalytic subunit of PRC2, increases. Loss of Ezh1 in 
mice, however, results in no obvious phenotype, and these mutant mice display 
normal levels of H3K27me3, indicating that Ezh2 can compensate for the absence 
of Ezh1 [48]. Analysis of neonatal epidermis of mice lacking both catalytic subunits 
(Ezh1/2) in the epidermis also did not reveal alterations [48]. However, epidermal 
thickening was observed later in postnatal development [48]. It will be thus impor-
tant to delve deeper into the roles of Ezh1/2 in adult epidermal function in the future.

Although the mechanisms controlling Polycomb’s recruitment to chromatin are 
not yet fully understood, Jarid2 appears to be important for this process in the epi-
dermis, as loss of Jarid2 leads to reduced levels of H3K27me3 in neonatal epider-
mis [125]. Studies in murine epidermis revealed that Jarid2 is not required for the 
development of the epidermis. As the mouse continues to grow, Jarid2 becomes 
important for repressing epidermal differentiation, as Jarid2-null epidermis shows 
hyper-thickening of the Filaggrin-positive granular layer by P3. ChIP analysis in 
Jarid2-null neonatal keratinocytes shows reduced Suz12 and H3K27me3 at epider-
mis-related genes, including EDC genes like Filaggrin, Loricrin, and some Lce1 
genes. The expression of these EDC genes was also upregulated in Jarid2-null neo-
natal basal cells. Additionally, H3K27me3 and Suz12 occupancies were also 
reduced at p16 (Ink4a). Finally, although the expression of EDC genes was not sig-
nificantly altered in cells isolated from basal keratinocytes from 8-week-old mice, 
p16 was upregulated [125]. Therefore, while Jarid2 seems to be dispensable for the 
initial development of the epidermis in mice, it is necessary postnatally for control-
ling differentiation through mechanisms of Polycomb repression and regulation of 
the Ink4a gene.

The H3K27 demethylase enzyme JMJD3, a member of the Jumanji C (JmjC) 
domain-containing family of proteins, acts in opposition to the function of PRC2 
proteins [206]. As opposed to PRC2’s role in depositing the H3K27me3 mark at 
EDC loci in the murine epidermis [48, 49], JMJD3 is important for removing the 
PRC2-dependent H3K27me3 mark from epidermal differentiation genes [172]. 
ChIP experiments in cultured human epidermal cells showed that JMJD3 binds to 
the promoter regions of epidermal differentiation genes KRT1 and S100A8 at higher 
levels in differentiated cells than in progenitors, whereas H3K27me3 is present at 
higher levels at these sites in undifferentiated progenitor cells. Knockdown of 
JMJD3 in organotypic culture of epidermal cells resulted in decreased levels of 
KRT1 and KRT10, showing that Jmjd3 is important for the induction of these dif-
ferentiation genes. Interestingly, expression analysis in keratinocytes expressing 
Jmjd3 with or without its demethylase activity revealed that Jmjd3 can induce 
expression of KRT10 and Filaggrin in the absence of H3K27me3 [172]. Overall, 
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JMJD3 is important for epidermal differentiation, as it can derepress expression of 
epidermal differentiation genes through its opposition to the methylating function 
of Polycomb proteins.

A recent study revealed the link between mechanical force, actin polymerization, 
and PRC2-dependent gene repression in the epidermis [96]. Le and colleagues dis-
covered that the application of a mechanical strain to epidermal progenitor cells in 
vitro led to an increase in H3K27me3 at lineage-specific genes, and lower levels of 
RNAPII-S2P [96], which is present at active genes [22]. Probing further, Le et al. 
found that these effects of the strain were caused by changes in actin polymerization 
within the cells. The addition of strain led to increased F-actin polymerization, and 
interfering with actin polymerization reversed the increase in H3K27me3 that they 
had seen in response to a strain. By analyzing epidermal lineage-specific genes, the 
authors found that mechanical strain results in H3K27me3-mediated repression of 
epidermal genes, leading to the inhibition of differentiation. Finally, to replicate 
these findings in vivo, Le et al. analyzed epidermis-conditional knockout mice for 
myosin heavy polypeptide 9, non-muscle (Myh9EKO). As expected, because these 
mice lack the NMIIA heavy chain [36], they exhibited decreased levels of 
H3K27me3 at epidermal differentiation genes, resulting in increased expression of 
these and other Polycomb target genes [96]. Phenotypically, this resulted in epider-
mal thinning at P0, and observed expression of Krt10 and Loricrin, epidermal dif-
ferentiation markers, in the basal layer [96]. Therefore, in epidermal progenitor 
cells, through mechanisms of F-actin polymerization, mechanical stress is impor-
tant to maintain high levels of H3K27me3 at epidermal differentiation genes, thus 
preventing epidermal lineage commitment.

Our knowledge of the role of PRC1 in epidermal development is minimal and 
limited to the role of PRC1 subunit Cbx4. In human skin, the PRC1 protein CBX4 
is important for mediating the balance between slow-cycling and active epidermal 
stem cells [113]. Cbx4 is an unusual PRC1 subunit that is known to have both 
PRC1-dependent and -independent roles ([113, 162]). Studies of chromodomain 
mutants have been performed to elucidate the Polycomb-related functions of CBX4 
protein. Interestingly, mutation of the chromodomain of CBX4 resulted in senes-
cence of keratinocytes. However, the chromodomain region of CBX4 was not nec-
essary for proliferation or differentiation, as genome-wide analysis showed that 
most of the genes involved in these processes did not increase in expression in 
mutant compared to control cells. Instead, these processes are controlled by CBX4’s 
SUMO E3 ligase activity independently of PRC1 activity. A point mutation of the 
ligase domain results in upregulation of proliferation and differentiation, but not 
quiescence genes. Human keratinocytes with a knockdown of CBX4 fail to form 
properly differentiated skin, as the regenerated skin lacked formation of an involu-
crin-positive layer [113]. Therefore, CBX4 is essential for normal development and 
differentiation of human skin. It possesses both Polycomb-dependent and Polycomb-
independent functions in regulating human epidermal stem cells, blocking senes-
cence through its Polycomb functions, while preventing proliferation and 
differentiation through its SUMO E3 Ligase activity.
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Recent studies have elucidated how Cbx4 functions in vivo to regulate murine 
skin development ([118]; reviewed in [33]). Analyses of Cbx4-null mice revealed 
precocious epidermal differentiation, decreased epidermal proliferation, and a thin-
ner epidermis. Further experiments in which either the chromodomain or the SUMO 
E3 ligase-interacting domain of Cbx4 was ablated in keratinocytes showed that 
Cbx4’s control of epidermal proliferation and differentiation occurs mainly through 
its SUMO E3 ligase activity, while the repression of non-epidermal genes is 
Polycomb-dependent, and occurs through the chromodomain. Interestingly, 
Mardaryev et al. also determined that Cbx4 functions downstream of the transcrip-
tion factor p63, which was already known to be a crucial regulator of epidermal 
differentiation ([54, 117, 128, 209]; reviewed in [89]). They showed that p63 and 
Cbx4 repress many of the same genes in the mouse epidermis, including the non-
epidermal neural gene Nefl. By analyzing the effects of Cbx4 overexpression in p63 
heterozygous mice treated with p63 shRNA, the authors found that Cbx4 was able 
to re-establish some of the proliferation that was lost when p63 was absent. Cbx4 
was also able to upregulate Krt10 protein levels and repress expression of the Nefl 
gene, which had been expressed in the absence of p63. Therefore, Cbx4 is a p63 
target that has essential chromodomain-dependent and -independent functions in 
maintaining epidermal proliferation and differentiation ([118]; reviewed in [33]). 
Interestingly, the observed effects of Cbx4 on basal cell proliferation were temporal, 
suggesting that other Cbx proteins could be compensating for the loss of Cbx4. 
Indeed, Cbx4 is one of eight mammalian Cbx proteins (reviewed in [85, 202]; 
reviewed in [15]) and their roles in skin control are unknown. Moreover, there are 
other types of PRC1 complexes that do not contain Cbx proteins ([58]; reviewed in 
[182]). Thus, the role of PRC1 and its sub-complexes in the control of skin develop-
ment and homeostasis remains to be determined.

3.3.2  Hair Follicles

The mature mouse hair follicle consists of multiple cellular populations. The bulge 
contains hair follicle stem cells (HF-SCs), which are marked by their expression of 
both Sox9 and Lhx2 ([139, 160, 196]; reviewed in [12, 116]). HF-SCs of the bulge 
give rise to additional populations of the hair, including the outer root sheath (ORS), 
which forms the outer lining of the hair, and the matrix (Mx), which is located at the 
bottom of the follicle, and contains transient-amplifying (TA) cells. The TA cells 
form the medulla,  which is part of the hair shaft, as well as other differentiated 
structures of the mature hair follicle (reviewed in [12]; reviewed in [48, 168]). 
Importantly, hair follicles undergo a cycle with three phases: anagen (growth), cata-
gen (destruction), and telogen (rest). Following telogen, the hair cycle begins again, 
and a new hair follicle begins to grow (reviewed in [12]; reviewed in [48, 168]).

While initial studies of Ezh2 cKO mouse skin provided a wealth of informa-
tion about barrier formation and epidermal differentiation, these studies also 
suggested that Ezh1 and Ezh2 compensate for each other in the skin [48, 49]. 
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Immunofluorescence staining for H3K27me3 at P0 showed retention of the 
mark in the suprabasal layers of Ezh2 cKO mice, and in both the basal and 
suprabasal layers of Ezh1 KO mice [48]. In order to completely ablate epider-
mal H3K27me3, it was necessary to generate mice null for both Ezh1 and Ezh2 
(Ezh1/2 2KO) [48]. These Ezh1/2 2KO mice were used to study the develop-
ment and maintenance of the hair follicle lineage. Hair follicle development is 
not complete when mice are initially born, and Ezh1/2 2KO mice do not survive 
past P0 due to their inability to eat and form milk spots [48]. Therefore, in order 
to examine the effects of combined loss of Ezh1 and Ezh2 on the developing hair 
follicles, it was necessary to perform grafting experiments, in which P0 skin 
was grafted onto the backs of Nude host mice [48]. Hair follicles were subse-
quently analyzed 14 days after engraftment, at which time mature hair follicles 
have formed [48].

While Ezh1/2-null hair follicles appear normal at P0, 14 days after engraftment, 
they are significantly shorter than control hair follicles. Additionally, 2KO hair fol-
licles have a collapsed medulla structure, as shown by AE13 immunofluorescence 
staining. Further investigation of hair follicle stem cell (HF-SC) specific markers, 
Lhx2 and Sox9, revealed that HF-SCs are still present in 2KO hair follicles, show-
ing that the observed defect is not due to a lack of HF-SCs [48]. Similar results were 
also found when PRC2 core proteins Eed or Suz12 were ablated in embryonic epi-
dermal progenitors. Here, Eed cKO and Suz12 cKO mice also had shorter, defective 
hair follicles, but HF-SCs were present [40].

Ezh1/2 2KO hair follicles fail to undergo hair cycling and degenerate over time. 
By P34 or P56, control hair follicles had already been through one cycle, whereas 
Ezh1/2-null or Eed-null hair follicles did not cycle [40, 48]. At P156, when control 
hair follicles have cycled three times, hair follicles are no longer present in the 
Ezh1/2 2KO skin [48]. Defective hair follicle development and degeneration resulted 
from decreased proliferation and increased apoptosis [40, 48]. BrdU analysis 
showed that there is a reduced percentage of BrdU+ cells in both the Mx [40, 48] 
and the ORS [48] of PRC2-null hair follicles compared to control follicles. This 
proliferation defect was recapitulated in vitro, as cultured hair follicle cells isolated 
from Ezh1/2 2KO mice failed to proliferate [48]. In addition, along the back skin of 
Ezh1/2 cKO, Eed cKO, and Suz12 cKO mice, a significantly greater percentage of 
hair follicles were Caspase 3-positive, demonstrating increased apoptosis in PRC2-
null hair follicles compared to control. Further analysis of epidermal progenitor, 
ORS, and Mx cells of P14 Ezh1/2 2KO mice showed upregulation of genes in the 
Ink4b/Ink4a/Arf locus [40, 48]. The locus was more highly activated in the ORS and 
Mx than in the epidermis, which corresponds to the observed differences in apopto-
sis and decreased proliferation between the epidermis and hair follicles [48]. Similar 
upregulation of this locus was observed in Eed cKO and Suz12 cKO ORS cells [40]. 
Importantly, knockdown of Ink4b/Ink4a/Arf resulted in the reversion of the prolif-
eration defect that was observed in vitro in Ezh1/2 2KO hair follicle cells [48]. 
Therefore, in contrast to PRC2’s role in repressing barrier formation and differentia-
tion of the epidermal layers, PRC2 functions to promote proliferation, and to repress 
apoptosis in hair follicle cells by repressing the Ink4b/Ink4a/Arf locus.
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In a 2011 study, Lien and colleagues analyzed the chromatin markers present at 
genes in quiescent HF-SC (qHF-SC) isolated from hair follicles in telogen, active 
HF-SC (aHF-SCs) isolated from hair follicles in anagen, and transient-amplifying 
matrix cells (HF-TACs) isolated from hair follicles in anagen [108]. In each of these 
populations, Lien and colleagues profiled chromatin marks H3K4me3 and 
H3K79me2, which are present at active genes ([81, 152, 161, 190]; reviewed in 
[105, 127, 169]), as well as the PRC2-mediated H3K27me3 mark. They found that 
only a very small number of genes are bivalent – showing both H3K27me3 and 
H3K4me3 occupancy [7, 108] – compared to the larger number of bivalent genes 
seen in ESCs [108, 127]. Importantly, the study revealed that PRC2 regulation is 
important for the transition between stem cell and TAC in the hair follicle, but not 
for the activation of qHF-SCs. Specifically, epigenetic profiling of the H3K4me3, 
H3K79me2, and H3K27me3 marks showed that genes had similar occupancies by 
these marks in qHF-SC and aHF-SC populations. In both of these HF-SC popula-
tions, HF-SCs genes are not occupied by Polycomb, while HF-TAC genes are occu-
pied and have the H3K27me3 mark. In HF-TACs, however, the profiling changes so 
that HF-SC genes are Polycomb repressed, while HF-TAC genes are lacking the 
PRC2 mark and are expressed [108]. Overall, these findings suggest an important 
role for Polycomb repression in the transition between stem cell and TAC fate, 
which is essential for hair follicle growth. However, future functional studies of 
PRC2 in the control of hair follicle homeostasis and cycling are warranted.

In contrast to the findings of Lien et al., another recent study showed that com-
pared to proliferative HF-SCs, quiescent HF-SCs had a global reduction in histone 
marks H3K4me3, H3K9me3, and H3K27me3 [100]. Lee and colleagues isolated 
HF-SCs during different stages of the hair cycle and found that the stage with the 
lowest levels of each of these marks was catagen. Interestingly however, changes in 
the levels of these marks did not correlate with changes in mRNA levels, or changes 
in gene expression between early anagen and catagen. Next, the authors investigated 
the necessity of this drop in methylation levels for normal hair follicle cycling. By 
treating mice with topical demethylase inhibitors during catagen, the authors pre-
vented the loss of H3K4me3, H3K9me3, and H3K27me3 in the skin and hair folli-
cles. This resulted in a failure of the hair follicles to continue cycling, as indicated 
by the increase in follicles in telogen, and the decrease in those in anagen [100]. 
BMP is known to inhibit the proliferation of HF-SCs (reviewed in [98]). Interestingly, 
by treating mice with BMP antagonist Noggin [151] during catagen, the authors 
were able to increase the levels of H3K4me3, H3K9me3, and H3K27me3  in the 
HF-SCs of the bulge [100]. Therefore, global hypomethylation of H3K4, H3K9, 
and H3K27 in bulge HF-SCs during catagen, and thus the transition of HF-SCs to 
quiescence, is regulated by BMP signaling and is essential for normal cycling of the 
mouse hair follicle.

As in the epidermis, Jarid2 has also been shown to affect later stages of develop-
ment of the hair follicle [125]. Jarid2 is dispensable for embryonic and early neona-
tal hair follicle morphogenesis, but is required postnatally for the onset of anagen. 
In Jarid2 cKO mice, hair follicles enter anagen later than control hair follicles. This 
delay may be caused by defective cell division, as there is a decrease in the number 
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of Ki67-positive cells in the bulges of Jarid2  cKO hairs compared to control. 
However, this result was not confirmed by analysis of BrdU incorporation. Finally, 
p16/Ink4a protein levels in the hair follicles of adult Jarid2 cKO mice are higher 
than in control hair follicles [125]. The reduction in cell division is similar to what 
was shown in the PRC2-null postnatal hair follicles [40, 48]; however, the overall 
hair follicle phenotype of the Jarid2 cKO mouse is milder than the complete degen-
eration seen in PRC2-null hair follicles [40, 48, 125].

3.3.3  Merkel Cells

Merkel cells are innervated, touch-sensitive cells located in the skin, whisker pads, 
and footpads in the mouse [5, 68, 69, 114, 121, 126]. These cells work in concert 
with neurites: when pressure is applied to the skin, Merkel cells enable an action 
potential to be fired and sustained in the accompanying neurites, leading to the per-
ception of touch [76, 115, 204]. Importantly, Merkel cells are known to express 
specific signature genes, including neuronal transcription factors Sox2 and Isl1 [5, 
69, 148], and Atoh1, which is essential for Merkel cell formation [121, 148].

As is true for the epidermis and hair follicles, Merkel cells originate from Krt14-
positive embryonic epidermal progenitor cells during development [5, 133, 192]. 
Interestingly, when PRC2’s Ezh1/2, Eed, or Suz12 are conditionally ablated in the 
embryonic epidermal progenitors, Merkel cells are formed prematurely, and there is 
a significant increase in the number of Merkel cells in knockout skin compared to 
control skin [5, 40]. Lack of PRC2 leads to an increase in differentiation into the 
Merkel cell lineage and is due to derepression of genes that are critical for the speci-
fication and maturation of Merkel cells [5, 40]. Specifically, Ezh1/2 2KO mice show 
precocious activation of Sox2 in Merkel cell precursors at E15, whereas in control 
back skin, Sox2 will be activated only at E16 [5]. The Ezh1/2-null epidermal pro-
genitors displayed decreased H3K27me3 at the Sox2 gene, as well as increased 
expression of Sox2. Concomitant deletion of Sox2 rescued the phenotype observed 
in Ezh1/2 2KO mice, indicating that excess Merkel cells are formed in Ezh1/2 2KO 
embryos via de-repression of Sox2. Merkel gene expression analysis also showed 
transcriptional activation of Atoh1 in Ezh1/2-null epidermal progenitors in vivo, or 
upon Sox2 overexpression in vitro [5]. The functional significance of one of these 
Merkel cell genes, Atoh1, was later confirmed by over-expressing this gene in the 
epidermis, which resulted in the formation of ectopic Merkel cells [141]. Therefore, 
PRC2 proteins are important for controlling the specification of the Merkel cell 
lineage, as they repress Sox2, which in turn represses Atoh1 and other Merkel-cell-
specific genes in the mouse epidermis. PRC2’s ability to repress expression of these 
genes maintains the number of Merkel cells by exerting control over Merkel cell 
differentiation [5, 40, 148].

Interestingly, analysis of Ezh1/2 2KO and Eed cKO skin revealed that compared 
to control back skin, in which Merkel cells only form around primary, or guard hairs 
(reviewed in [142]), PRC2-null back skin contains Merkel cells around all hair 
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 follicle types [149]. Recent studies showed that the Shh signaling that is required for 
HF morphogenesis ([32, 66, 140, 184]; reviewed in [173]) is also essential for 
Merkel cell specification [149, 207]. In the absence of both epidermal Eed and Smo, 
the number of Merkel cells produced in the mouse back skin was reduced compared 
to controls, suggesting that the ectopic formation of Merkel cells around other hair 
follicle is also dependent on Shh signaling [149]. While it is clear that epidermal 
Shh signaling and PRC2 interact to control Merkel cell specification, future studies 
will unveil the molecular mechanisms by which Merkel cell formation is restricted 
to primary hairs.

3.4  The Role of Polycomb in Skin Wound Healing 
and Regeneration

Epidermal wound healing occurs through a balance between proliferation and 
migration of epithelial cells to cover the wound, and differentiation to re-form the 
protective barrier (reviewed in [123]). Investigations into the potential roles of 
Polycomb proteins in wound healing have suggested a potential role for PRC2 pro-
teins [176]. In these experiments, it was found that after the wound is introduced, 
the PRC2 proteins Eed, Ezh2, and Suz12 are all downregulated, whereas the 
demethylases Jmjd3 and Utx are upregulated. Interestingly, it has also been shown 
that Eed suppresses the expression of the Myc and Egfr genes that are important for 
wound healing. Post-injury, Eed’s occupancy at the promoters of Myc and Egfr is 
reduced, allowing them to be upregulated for wound healing [176]. These studies 
suggested that PRC2 proteins normally repress the expression of genes involved in 
wound healing, and are removed in response to injury, allowing for a regenerative 
response in the epidermis. It will be important in the future to perform functional 
studies in mice lacking PRC2 repression in the skin epithelium to confirm the sig-
nificance of these observations.

Although HF-SCs do not contribute to the interfollicular epidermis in homeosta-
sis [101], following wounding, their progeny exit the bulge area and participate in 
wound repair [102, 139]. In murine epidermis, PRC2 proteins play an essential role 
in the regenerative process, and specifically, in the regenerative function of HF-SCs 
[48]. Ezhkova et al. performed split-thickness grafting to investigate the effects of 
loss of PRC2 proteins Ezh1/2 on bulge stem cell-dependent wound healing. In this 
method, instead of grafting the entire epidermis and dermis, only the dermis, which 
contains hair follicle appendages, is transplanted onto Nude recipient mice. While 
transplantation of control dermis/HF-SC grafts resulted in the contribution of 
HF-SCs to epidermal repair, transplantation of Ezh1/2 2KO skin did not allow for 
this. Here, the new epidermis that formed was only from the Nude host mouse, as 
Ezh1/2-null HF-SCs failed to proliferate and contribute to epidermal re-epitheliali-
zation [48]. These observations are particularly interesting, as they  suggest differ-
ences in the roles of PRC2 proteins in wound repair initiated by interfollicular basal 
cells versus hair follicle bulge stem cells [176].
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3.5  Polycomb Proteins in Cancer

Polycomb proteins appear to play important roles in the progression of cancer, as 
expression of these proteins is altered in many cancer types (reviewed in [167, 
183]). For example, Polycomb components are upregulated in breast cancer [34, 87, 
150, 154, 212] and prostate cancer [24, 193]. In patients with myeloid diseases, 
EZH2 mutations have been identified that interfere with its histone methyltransfer-
ase activity [45]. Analysis of glioblastoma patients revealed that gliomas can con-
tain a mutation in which H3K27 is replaced with a methionine residue, which 
decreases the global methylation status of H3K27 [104]. Additionally, Bmi1 was 
associated with metastasis of invasive ductal breast cancer [87]. Therefore, in a 
number of cancers, Polycomb is involved in the development and metastasis of the 
disease.

While the roles of Polycomb have begun to be studied in cancers of other organs, 
we still only have limited information about the roles of Polycomb in skin cancers. 
A small number of studies have been performed to elucidate Polycomb’s role in the 
pathogenesis of Basal Cell Carcinoma (BCC). BCC is the most frequent malig-
nancy and skin cancer that develops in Caucasian populations ([60, 97]; reviewed in 
[203]; reviewed in [164]). While it is not highly metastatic, BCC can cause exten-
sive local damage, as BCC tumors can migrate downward into bone and preorbital 
tissues (reviewed in [203]). In a 2007 study, Reinisch et al. found that BCC tumors 
have a major upregulation in the expression of BMI1 protein ([158]; reviewed in 
[171]). This is in line with previous findings in other cancer types, in which BMI1 
is upregulated (reviewed in [167, 183, 191]). The upregulation of BMI1  in BCC 
suggests that it could be important for the pathology of this disease; however, fur-
ther studies are necessary to determine its functional relevance in this context.

Polycomb has also been shown to play a role in the development of skin 
Squamous Cell Carcinoma (SCC). Also known as cutaneous SCC, this disease is 
most commonly developed in Caucasian populations, and is usually caused by UV 
exposure from the sun ([78, 155, 163]; reviewed in [63]). Cutaneous SCC can be 
avoided by protecting skin from the sun and can be treated (reviewed in [63]); how-
ever, a deeper understanding of its mechanisms could lead to improved treatments 
and survival in the future. Immunohistochemical analyses of SCC tumor samples 
showed that compared to normal tissue, the tumors have higher expression of EZH2 
protein [208]. It was also shown that a population of stem-cell-marker-expressing 
epidermal squamous cell carcinoma cells exists that has increased expression of 
EZH2. By in vitro spheroid formation and in vivo tumor formation analyses, it was 
shown that these cells have a greater ability to form SCC tumors [2]. These cells 
were later referred to as epidermal cancer stem cells (EC-SCs) [3]. Adhikary et al. 
showed that the ability of this EC-SC population to form spheroids and contribute 
to tumor formation and survival depends on EZH2 expression, as knockdown of 
EZH2 in culture or treatment with EZH2 inhibitors in vitro or in vivo interferes with 
these activities [3]. Therefore, the PRC2 protein EZH2 is essential for SCC forma-
tion, and could be a possible therapeutic target for treating SCC tumors in the future.
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A limited number of studies have also been performed to further our understand-
ing of Polycomb’s role in Merkel cell carcinoma (MCC). Merkel cell carcinoma is 
a highly metastatic form of neuroendocrine cancer [23, 61, 70, 156]. It has been 
shown that BMI1 is expressed in diseased MCC tissue. For example, in a study 
performed on human MCC tumors, 75% of the samples had BMI1 expression. 
While this study was largely observational and did not delve into the mechanism of 
BMI1 function in MCC, the authors suggested that targeting BMI1 may be thera-
peutically beneficial [23]. In another study, Kouzmina et al. investigated the expres-
sion of BMI1 in MCC samples, as well as the presence of Merkel cell polyoma virus 
(MCV), which is thought to play a causative role in many MCCs [51, 90]. Kouzmina 
and colleagues found that 50% of the analyzed tumor samples were positive for 
BMI1 staining. Interestingly, they also found a direct correlation between BMI1 
expression in the tumor and metastases forming in the lymph nodes. Finally, it was 
shown that BMI1 expression in tumor cells is inversely correlated to MCV’s pres-
ence in a tumor sample, as a greater percentage of cells with positive BMI1 staining 
was found in tumors without MCV. This suggests that there are different forms of 
MCC, based on BMI1 staining and MCV presence – BMI1 appears to play a role in 
MCC development when MCV is not present in the tissue [90]. Indeed, a more 
recent study indicated that MCC tumors positive for MCV have lower levels of 
H3K27me3, compared to MCV-negative tumors [25]. This provides further evi-
dence for a potential role of Polycomb in MCC, particularly when MCV is not 
present.

Overall, these studies suggested the importance of BMI1 in BCC and MCC for-
mation and its connection to metastasis. It will be important to further establish the 
functional relevance of BMI1 and elucidate its mechanisms of action in order to 
determine whether it is a potentially significant therapeutic target. Pharmacological 
inhibitors of Polycomb proteins are beginning to emerge as possible treatments for 
cancer [91, 124, 186]. One recent example is GSK126, an EZH2-inhibitor that was 
studied as a possible treatment for lymphoma [124]. Another potential drug that 
inhibits BMI1 has shown potential as a treatment for colorectal cancer, targeting 
cancer-initiating cells (CICs) [91].

3.6  Polycomb Proteins in Skin Aging

Epidermal aging is a phenomenon that occurs due to a combination of temporal and 
environmental factors and is characterized by thinning of the epidermis and dermis, 
wrinkling, a decrease in hair follicle growth, and the presence of solar lentigines 
([19, 52]; reviewed in [14]). One of the most common environmental factors that 
contributes to skin aging is damage from the sun and its UV radiation [6].

Activation of expression of the INK4a/INK4b locus, which encodes the cell cycle 
inhibitors p16 [174] and p19 [153], is an important characteristic of aging in mul-
tiple tissues and organs (reviewed in [88]; reviewed in [1, 180]). This is at least in 
part due to loss of repression by the Polycomb protein BMI1 [80, 92, 157, 159]. In 

K. L. Dauber-Decker et al.



93

the skin, p16INK4A expression is upregulated in the aging epidermis. In an in vitro 
model of the skin, immunohistochemical staining for p16 shows higher expression 
of the protein in skin made from aged cells than in skin reconstructed from younger 
cells; this is particularly evident in the basal and the lower spinous layers [1]. 
Another study showed that expression levels of BMI1 in aged skin are lower than 
those observed in younger skin. This corresponds to an increase in p16INK4A expres-
sion and senescence, as BMI1 normally prevents senescence and p16INK4A expres-
sion [159]. In a 2006 study, Ressler et al. analyzed BMI1 and p16INK4A expression in 
human skin from three different groups aged 0–20  years, 21–70  years, and 
71–95  years. By immunohistochemical staining, Ressler and colleagues showed 
that BMI1 expression was decreased and p16INK4A expression was increased in the 
oldest compared to the youngest age group. This is consistent with other reports of 
p16INK4A and BMI1 expression in aging and senescence ([92, 157]; reviewed in 
[110]). Therefore, BMI1 downregulation and upregulation of p16INK4A are observed 
in aging skin, suggesting they might be important to the aging process in this tissue. 
However, the precise functions of these proteins in skin aging remain to be 
elucidated.

3.7  Polycomb Proteins in Psoriasis

Psoriasis is an autoimmune inflammatory ailment of the skin, characterized by red 
flaking and plaques. Some of the key traits of this disease include elevated epider-
mal proliferation, defective keratinocyte differentiation, and an increase in the pres-
ence of infiltrating immune cells ([214]; reviewed in [111]). While treatments exist 
that can alleviate the symptoms of this disease, these are not entirely effective in all 
individuals (reviewed in [111]). Thus, it remains important to elucidate the molecu-
lar mechanisms underlying this very common skin disease.

In a 2001 study, Zhang et al. found that there was no significant global change in 
methylation at H3K27 in psoriatic skin lesions. Interestingly, however, expression 
of EZH2 was significantly increased in these patient samples. This suggests that 
EZH2 may play a role in psoriasis, but if so, this role might be H3K27me3-
independent [214].

In addition to the upregulation of EZH2 in psoriatic skin, there is also a decrease 
in expression of the transcriptional activator AP1 [213]. Interestingly, EZH2 and 
AP1 have opposing functions in murine skin: when Ezh2 is expressed, AP1 cannot 
bind to epidermal differentiation gene promoters, and this prevents differentiation 
[49]. Therefore, the increase in proliferation and decrease in differentiation that 
characterize the psoriatic phenotype may be, at least in part, due to the elevated 
EZH2 and lowered AP1 levels in the skin.

A 2011 study by Liu and colleagues also showed an increase in the expression of 
EZH2, this time in a comparison between lesional psoriatic skin, uninvolved psori-
atic skin, and normal skin. In lesional skin, EZH2 expression was upregulated when 
compared to the other two skin types analyzed. Liu and colleagues also analyzed 
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EZH2 expression in lesional psoriatic skin that had been treated with Etanercept, an 
established therapeutic for this disease. In the presence of Etanercept, EZH2 expres-
sion decreased [109]. Together, this evidence suggests EZH2 as a possible target for 
psoriasis treatment.

3.8  Concluding Remarks

A multitude of studies have highlighted the importance of the Polycomb compo-
nents in development, disease, and aging. Since their initial discovery in Drosophila, 
much progress has been made in our understanding of the basic mechanisms behind 
Polycomb transcriptional control. Emerging evidence shows that instead of func-
tioning in concert in a step-wise recruitment model, Polycomb factors operate via 
intricate interactions with stage-specific complex dynamics, and may perform dual 
roles as transcriptional repressors and activators. Unfortunately, due to early embry-
onic lethality in Polycomb knockouts, Polycomb complexes’ key roles in maintain-
ing stem cell identity and tissue development have mostly been elucidated in ESCs 
and Drosophila. We currently have only a poor understanding of their role in tissue-
specific stem cells and adult stem cells.

The skin provides an excellent, well-characterized system in which to study tis-
sue development, homeostasis, and stem cell control. Indeed, several Polycomb 
proteins and Polycomb-related proteins have been shown to play key roles in epi-
dermal lineage control, development, disease, and aging. However, most of the 
studies performed in the skin to date have focused on PRC2, and the role of PRC1 
remains to be elucidated. Importantly, while Polycomb complexes have been stud-
ied in the context of development, the role of Polycomb complexes in adult stem 
cell and tissue homeostasis remains almost completely unknown. Addressing these 
issues using the skin as a model system could be highly beneficial to our under-
standing of the more general roles and underlying mechanisms governed by these 
key epigenetic regulators. Additionally, a complete understanding of Polycomb’s 
function in the skin could lead to improved treatment modalities for common mala-
dies in which Polycomb is implicated. Overall, there is still much to be discovered 
in terms of Polycomb’s function in the skin and how this knowledge can be applied 
to improve medical treatments.
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Chapter 4
Trithorax Genes in the Control 
of Keratinocyte Differentiation

Rachel Herndon Klein and Bogi Andersen

4.1  The history of Trithorax: Developmental Regulation 
Requires a Balance Between Trithorax and Polycomb 
Group Regulation

Trithorax and its antagonizing protein complex Polycomb were initially character-
ized as regulators of Drosophila body segment identity during development. This 
complex process is regulated in part by several classes of homeotic genes, which are 
organized into clusters along the chromosomes, where their expression is spatio-
temporally regulated [1]. In these clusters, gene activation proceeds linearly across 
the cluster; the first genes in the cluster are expressed earlier in development in the 
more anterior body segments; genes at the end of the cluster are expressed later in 
development in the more posterior segments. Once HOX gene expression in a body 
segment is established, it must be maintained throughout development. Polycomb, 
and later Trithorax, were identified through the study of mutations that caused dis-
ruption of segmental identity maintenance [2–5]. Mutations that caused loss 
Polycomb protein function resulted in upregulation of genes in HOX clusters, caus-
ing body segments to acquire a more posterior segment identity. Mutations in 
Trithorax complex proteins were found to cause an opposite phenotype to Polycomb 
mutations: loss of homeotic gene expression, with body segments acquiring more 
anterior segment identities.

Further studies identified these developmental regulators as two multi-protein 
complexes, each harboring a chromatin-modifying enzyme. Although they mainly 
have antagonistic functions in development, Trithorax and Polycomb are both his-
tone methyltransferases of the same class; their enzymatic activity comes from a 
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SET domain, so named because it is the catalytic domain of the Drosophila methyl-
transferases Su(var) 3–9, Enhancer of zeste (the polycomb methyltransferase), and 
Trithorax [6]. Each enzyme differs in the lysine it targets: Su(var) 3–9 methylates 
lysine 9, Enhancer of Zeste methylates lysine 27, and Trithorax methylates lysine 4. 
Whereas certain histone modifications such as phosphorylation and acetylation acti-
vate gene expression through neutralizing the positive charge on histone proteins, 
causing a decrease in the association between protein and DNA, histone methyla-
tion can be either activating or repressive. The effect of a given histone methylation 
largely depends on the specific “chromatin readers” that recognize and bind to it; 
these readers then recruit additional factors to bring about a change in gene regula-
tion. For example, in humans, the activating methyl mark H3K4me3 at promoters 
recruits chromatin readers containing PHD domains, including ING3, which is sta-
bilized at the promoter through interaction with the H3K4me3 modified tail. This 
allows ING3 to recruit histone acetyltransferases, further intensifying the active 
chromatin marks at gene promoters [7, 8]. Further signal amplification is provided 
by the Trithorax component protein WDR5, that can bind to H3K4me3 marked 
chromatin [9], helping to maintain and spread the H3K4me3 signal.

While the antagonistic roles of Polycomb and Trithorax are well established, 
recent work also points to a more complex and flexible definition of Polycomb and 
Trithorax gene regulatory functions, one that depends highly on context. In certain 
regulatory situations, and at certain gene loci, a subset of Polycomb group proteins 
appears to interact genetically with Trithorax proteins, increasing the severity of the 
Trithorax mutant phenotype [10]. Additionally, many transcriptional regulators can 
recruit either Polycomb or Trithorax to the genes they regulate, depending on the 
context. The defining role of Trithorax as an activating complex and Polycomb as a 
repressor is also not absolute. More recent studies have shown a role for Trithorax 
regulation in attenuating Hox gene expression, by activating transcription of non-
coding RNAs from the HOX locus [11].

In addition, Trithorax and Polycomb complexes work together to create bivalent 
domains. This phenomenon has been particularly well characterized in mammalian 
embryonic stem cells, where H3K4me3 activating and H3K27me3 repressive marks 
co-occur at gene promoters. This allows for genes to be “poised” for rapid expression 
upon receiving a signal to differentiate. Intriguingly, these bivalent domains have not 
been found in Drosophila, but are common in Zebrafish and mammals, highlighting 
a difference in Polycomb and Trithorax function among different species [12, 13].

4.2  Trithorax Complex Members Regulate Methylation 
of Lysine 4 on Histone H3

Lysine 4 on the N-terminal tail of histone H3 can be mono-, di-, or tri-methylated. 
While all three modifications can be found at active promoters, trimethylation 
(H3K4me3), which localizes directly to the proximal promoter, has been most 
strongly associated with gene transcription. H3K4 dimethylation is found at active 
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promoters, at enhancers, and within the body of genes undergoing transcription [14]. 
H3K4 monomethylation is present at distal regulatory regions, including active and 
poised enhancers; it has also been identified more recently at the 3 prime ends of 
actively transcribed genes [15]. Recent research points to a role of H3K4me1, which 
often encompasses broad domains that fully contain other marks, in restricting read-
ers of other chromatin marks to specific domains, for example, directing readers of 
H3K4me3 like ING proteins to the proximal promoter regions of active genes.

Whereas many different enzymes can catalyze the transfer of a methyl group to 
lysine residues on a protein, all Trithorax family methyltransferases are character-
ized by the specific SET methyltransferase domain. The SET1 family of histone 
lysine methyltransferases catalyze the transfer of methyl groups to lysine 4 of his-
tone H3. In humans, there are six such enzymes: MLL1-4 and SETd1A/B. MLL1 
and MLL4 are most closely related to Drosophila Trithorax, while MLL2 and 
MLL3 are homologous to Drosophila Trithorax-related (Fig. 4.1) [16]. Each SET1 
family enzyme interacts with the WRAD complex of proteins, so named because it 
comprises WD-40 repeat protein 5 (WDR5), Retinoblastoma-Binding Protein 5 
(RBBP5), Absent Small Homeotic-2-like (ASH2L), and Dumpy-30 (DPY-30) 
(Fig. 4.2) [17, 18]. Although the exact function of each of these WRAD complex 
members is unclear, their association with a SET1 family member dramatically 
increases the enzyme’s methyltransferase activity [17]. Recent work has pointed to 
an important role for WDR5 in interacting with non-coding RNA, which has been 
shown to be required for proper H3K4me3 and Trithorax complex recruitment in 
embryonic stem cells, as well as developmental contexts [19–21].

Drosophila Set1 and its human counterparts SETD1A and SETD1B are thought 
to be the primary H3K4 -trimethylating SET1 enzymes, while the Trithorax-related 
homologs MLL4 and MLL3 have recently been shown to be responsible for H3K4 
monomethylation at enhancers [22]. Trithorax homologs MLL1 and MLL4 have 
both been identified as mediators of H3K4 trimethylation at select loci, including 
bivalently-marked gene promoters in embryonic stem cells [16].

Drosoophila Melanogaster

SET1A Trithorax-related (Trr)

Homo Sapiens

SETD1A SETD1B MLL1 MLL2 MLL3 MLL4

Saccharomyces cerevisiae

Trithorax (Trx)

SET1

Fig. 4.1 Comparison of H3K4 methylating SET enzymes between S. cerevisiae, D. melanogaster, 
and H. sapiens [16]
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4.3  The Functions of Mammalian Trithorax Complexes

The importance of Trithorax complexes in development is further emphasized by 
the fact that knockout mice for SET1 family members are fully or partially embry-
onic lethal. Even heterozygotes for many Trithorax SET enzymes display overt phe-
notypes, indicating haploinsuffiency. Mll1+/− mice have a growth defect, 
hematological abnormalities, skeletal malformations and aberrant HOX gene 
expression [23]. Mll2 (human MLL4 homolog)+/− mice have misregulated glucose 
homeostasis; Mll4 (human MLL2 homolog)+/− and Mll3−/− mice also display 
growth defects and have reduced fertility [24–26]. These findings highlight the cru-
cial role of Trithorax complexes in a wide range of developmental processes. As in 
Drosophila, Trithorax complexes target Hox genes and regulate mammalian embry-
onic patterning. The variable phenotypes of different SET domain gene mutants 
also point to the fact that, while there may be a level of redundancy between differ-
ent Trithorax complexes as demonstrated by shared enzymatic activity, each has 
unique and vital functions in the development of the organism.

4.4  The Epidermis as a Developmental Model System

The epidermis is a continually renewing tissue that protects the organism from the 
external environment and prevents loss of water from the inside. As proliferative 
cells in the basal layer move upward in the epidermis, they activate a terminal dif-
ferentiation gene expression program concurrent with a loss of proliferative capac-
ity [27]. Cells in the rigid, uppermost layer of the epidermis, the cornified layer, are 
dead, continually being sloughed off from the surface only to be replaced by cells 
moving up from lower layers. Due to its continually replenishing nature, and well-
characterized stepwise process of differentiation, the epidermis makes an ideal tis-
sue for studying the complex regulatory events of terminal differentiation and 
progenitor cell maintenance. In addition, as the largest and most external organ, 
material is readily available for study from biopsy and surgical procedures, making 

MLL/SET

ASH2L

DPY30
WDR5

RbBP5

The WRAD ComplexFig. 4.2 The WRAD 
complex associates with 
Trithorax SET enzymes 
[17]
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the epidermis an attractive mammalian model system for the study of tissue homeo-
stasis and disease.

To accomplish its barrier function, a differentiating keratinocyte must activate a 
battery of genes encoding diverse classes of proteins, including cell adhesion mol-
ecules that link cells tightly to each other, intermediate filament keratins that pro-
vide strength and structure, lipid modifying enzymes that seal the barrier and 
prevent moisture loss, and structural proteins that form the rigid cornified envelope 
[28]. Many of these genes are clustered together, possibly to facilitate their coordi-
nated regulation during differentiation. Genes involved in cornified envelope forma-
tion are clustered together in a region of human chromosome 1 known as the 
epidermal differentiation complex (EDC). Keratin genes also cluster together on 
chromosomes 12 and 17.

The importance of chromatin regulation in epidermal differentiation dynamics 
has been well established through studies showing roles for a varied complement of 
chromatin enzymes in the epidermis. Many of these epigenetic regulators have 
dynamic expression patterns during epidermal differentiation. For example, the 
polycomb complex was found to be a repressor of the epidermal differentiation 
program as well as the differentiation of epidermal progenitors into Merkel cells, 
maintaining keratinocytes in the basal, progenitor state [29, 30]. Upon differentia-
tion, levels of Ezh2, the catalytic component of Polycomb, decrease in keratinocytes 
concomitant with a release of epidermal differentiation genes from repression. 
Chromatin remodeling enzymes Satb1 and Brg1 are direct targets of the master 
epidermal regulator p63 and are required for proper remodeling of the EDC during 
differentiation [31, 32]. The downregulation of ACTL6A during differentiation is 
also required for Brg1-containing SWI/SNF complexes to remodel chromatin and 
activate differentiation genes [33].

4.5  Trithorax Proteins Regulate the Epidermal 
Differentiation Program Through Interaction 
with GRHL3

In contrast to other chromatin regulators whose expression levels change within a 
tissue in response to different physiological conditions, SET1 family members are 
highly expressed in the epidermis throughout development, homeostasis, and dur-
ing wound healing [34]. This indicates that the presence of Trithorax complexes in 
the cell is not sufficient to activate the epidermal differentiation program, and that 
targeting of Trithorax to the proper gene loci requires additional factors. While lev-
els of each Trithorax complex member remain relatively constant across the differ-
entiation process, there is great variation in the levels of different Trithorax complex 
proteins within the epidermis. In differentiating keratinocytes, ASH2L is the most 
highly expressed Trithorax-associated protein, followed by WDR5 and MLL1 [34]. 
High expression of MLL1 and WDR5 is also observed in human whole epidermis 
samples; however, in the mouse, when dermis and epidermis are separated, Mll2 
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(MLL4 in humans) is more highly expressed in the epidermal fraction [34]. It is 
likely that unique combinations of Trithorax complexes are at work at the same time 
and in the same tissue, allowing for regulation of unique subsets of genes by these 
different Trithorax complexes. The composition of the Trithorax complex can also 
influence the enzymatic activity of the SET1 protein towards H3K4 mono-, di- or 
tri- methylation. Therefore, it is possible that multiple Trithorax complexes catalyze 
different methylations of lysine 4 at the same promoter, conferring additional layers 
of regulation of epidermal gene expression.

There is strong evidence that multiple Trithorax complexes are involved in epi-
dermal differentiation, as knockdown of the SET1 enzymes MLL1, MLL2, MLL4 
and the Trithorax core component WDR5 in human epidermal keratinocytes causes 
a reduction in expression of epidermal differentiation marker gene TGM1 [34]. Of 
these Trithorax complex members, only MLL2 and WDR5 bind directly to the 
TGM1 promoter, indicating that MLL2-containing Trithorax complexes are direct 
regulators of TGM1, and suggesting that the other complexes regulate TGM1 indi-
rectly through promotion of epidermal differentiation at other targets. It is also pos-
sible that other Trithorax complexes regulate TGM1 through catalyzing H3K4 
monomethylation at distal enhancer regions, rather than regulating H3K4 methyla-
tion in the proximal promoter.

TGM1 is also directly regulated by the epidermal differentiation-promoting tran-
scription factor Grainyhead-like 3 (GRHL3), suggesting a potential interaction 
between MLL2 and GRHL3. The mammalian grainyhead family of transcription 
factors is homologous to a single Drosophila transcription factor, Grh, which plays 
numerous roles in development, including regulation of formation of the larval 
cuticle, a structure with homology to mammalian epidermis [35, 36]. Grhl3 knock-
out mice die at birth with numerous abnormalities including defects in the epider-
mal barrier [37]. Global gene expression and ChIP-Seq experiments in mouse 
epidermis and human keratinocytes revealed that GRHL3 is important for coordi-
nating the regulation of epidermal differentiation genes, as well as the activation of 
other transcriptional regulators. The role of GRHL3 extends beyond initial creation 
of the barrier. GRHL3 is also required for repair after injury, including immune-
mediated insults [38], for keratinocyte migration [39], to close both embryonic and 
adult wounds [40], and for barrier formation in other epithelia, including bladder 
epithelia [41]. Depletion of GRHL3 during epidermal differentiation causes a 
reduction of MLL2 localization and H3K4 methylation at the promoters of genes it 
regulates [34]. Additional support for GRHL3 recruitment of MLL2-containing 
Trithorax complexes is provided by the observation that knockdown of GRHL3 or 
MLL2 affects a significant shared set of genes in epidermal keratinocytes; the most 
significant overlap is in genes that are classified as “late” differentiation genes, 
normally showing an increase in expression during the later stages of differentiation 
[34]. This is consistent with the defined role of GRHL3 in promoting terminal dif-
ferentiation in the suprabasal layers of the epidermis, and indicates that GRHL3 
effects gene activation through recruitment of Trithorax complexes containing 
MLL2 (Fig. 4.3).
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In contrast to GRHL3, MLL2 regulates a large fraction of genes expressed in 
epidermal keratinocytes, indicating a more general role in transcriptional activation, 
rather than being a selective regulator of the epidermal differentiation program. 
Indeed, siRNA knockdown of MLL2 affects a large swath of epidermal genes 
regardless of their specific expression pattern, suggesting it works with a number of 
transcriptional regulators that may provide additional temporal and spatial specific-
ity to gene activation [34]. The large number of genes that are affected by MLL2 in 
epidermal keratinocyte differentiation but that do not appear to be regulated by 
GRHL3 suggests that other epidermal transcription factors also may promote 
 differentiation through recruitment of MLL2 to their target genes. Conversely, 
GRHL3 may recruit other Trithorax complexes to the genes it regulates indepen-
dently of MLL2, or it may act through alternative mechanisms to activate these 
target genes.

Of note, GRHL3 is also downregulated by MLL2 knockdown [34]; it is not 
known whether this represents a feed-forward positive regulatory loop, whereby 
GRHL3 activates its own expression through recruitment of MLL2, or whether this 
is an example of an alternative transcription factor working with MLL2-containing 
complexes to activate GRHL3. While GRHL3 was not detected binding to its own 
proximal promoter during differentiation, it does bind to enhancers within the 
GRHL3 gene body, suggesting that positive auto-regulation is possible. Consistent 
with this idea, WDR5 localizes with GRHL3 to these enhancer regions. However, it 
is also found in the proximal promoter of GRHL3 indicating that other transcrip-
tional regulators may recruit Trithorax complexes to the GRHL3 promoter to acti-
vate expression [34].
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Fig. 4.3 Model for GRHL3, Polycomb, and Trithorax–mediated regulation of epidermal differen-
tiation genes [29, 34]
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Further evidence that GRHL3 acts by recruiting Trithorax is provided by the 
observation that GRHL3 and core Trithorax member WDR5 interact directly; 
GRHL3 also appears to interact weakly with MLL2, but not MLL1 or SETD1A 
[34]. While not conclusive, this suggests that MLL1 and SETD1A are recruited by 
GRHL3-independent mechanisms to gene targets they share with GRHL3 in epider-
mal keratinocytes. The interaction between GRHL3 and certain Trithorax com-
plexes occurs genome-wide, as ChIP-Seq experiments revealed that WDR5 
co-localizes with no less than 88% of GRHL3 bound regions [34]. Forty-three per-
cent of genes with a keratinocyte-differentiation expression pattern are bound by 
GRHL3 and WDR5, indicating that GRHL3 provides some of the specificity for 
Trithorax targeting in the epidermis. This mechanism of Trithorax recruitment by 
GRHL3 may also extend to other tissues where GRHL3 is expressed, and likely 
reflects a more general paradigm, whereby a tissue-specific transcriptional regulator 
recruits Trithorax to gene targets.

Intriguingly, MLL1 and SETD1A are also found at a subset of MLL2 and 
GRHL3 regulated genes [34]. This suggests that multiple variations of the Trithorax 
complex are present at active genes, and raises the question of the mechanism of 
recruitment for these complexes. Other transcription factors could be involved in 
their recruitment; the combinatorial recruitment of different Trithorax complexes by 
different transcription factors to the same gene targets could allow for redundancy 
in the system, thus amplifying transcription. The unique composition of these com-
plexes may influence the enzymatic activity of the SETD1 enzyme for specific sub-
strates; one Trithorax complex may catalyze trimethylation while another regulates 
mono- or di- methylation.

4.6  Trithorax Group Proteins Regulate Gene Clusters 
in Epidermal Differentiation

During development, an organism must pattern itself to allow for the proper organi-
zation and specification of cells to carry out the unique functions of each tissue. 
Similarly, after injury and tissue damage, patterning must be re-established to restore 
proper tissue function. Hox genes play important roles in many cell types during 
wound healing [42] and are also likely important for the re-establishment of the epi-
dermal barrier by keratinocytes. GRHL3 is also a crucial regulator of both the embry-
onic and adult keratinocyte response to wounding, acting in part through regulation 
of the planar cell polarity pathway [40]. It is possible that GRHL3 and HOX gene 
regulation intersect again in this context, and that selective recruitment of Polycomb 
or Trithorax components by GRHL3 is required to effect the changes in HOX gene 
expression necessary for proper re-establishment of the epidermal barrier.

Drosophila Polycomb and Trithorax regulate Hox gene clusters during develop-
ment, a role that is conserved from flies to mammals. In mammalian systems like 
the epidermis, other key developmental genes also exist in clusters where they are 
co-regulated. There is evidence that Polycomb and Trithorax complexes also regu-
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late these regions during development and tissue differentiation. Indeed, many 
genes in the EDC are repressed by Polycomb in proliferating keratinocytes [29], 
and activated by MLL2 knockdown [34], suggesting that the classic mechanism of 
opposing Polycomb and Trithorax complexes at clustered gene loci is involved in 
regulation of the epidermal differentiation gene program.

4.7  There are Multiple Mechanisms of Epidermal 
Differentiation Gene Activation

Initial studies focused on the antagonistic relationship between Polycomb and 
Trithorax at shared gene targets. However, studies of the epidermis suggest an inde-
pendent role for Trithorax complexes at a subset of genes. While the repressive 
H3K27me3 modification is reduced concurrent with an increase in H3K4me3 dur-
ing the process of differentiation at many genes, a number of epidermal differentia-
tion genes lack any H3K27me3, even in the undifferentiated state, when the gene is 
not expressed. These genes show a strong increase in H3K4me3 upon epidermal 
differentiation [34]. It is possible that H3K27me3 marks these genes at some point 
along their lineage trajectory, but that this mark is removed before acquisition of 
keratinocyte cell fate. The uncoupling of Polycomb repression and Trithorax activa-
tion may allow such genes to respond rapidly to signals for keratinocyte differentia-
tion, as they do not need to recruit H3K27 demethylase enzymes to remove 
repressive marks before gene activation can occur. Alternatively, such genes may be 
primarily activated by transcription factors like GRHL3 that are only expressed in 
differentiating keratinocytes, and therefore do not need to be actively repressed in 
undifferentiated cells where they cannot be activated due to absence of the activat-
ing transcription factor. This separation of Polycomb and Trithorax regulatory func-
tions at certain gene promoters may also be a more general mechanism active in a 
number of tissue types.

Recent work has identified regulatory domains, termed super-enhancers, which 
are characterized by the presence of clusters of typical enhancers, resulting in long 
stretches of active regulatory domains, and very high levels of histone modifications 
and transcription factor binding [43, 44]. In accordance with their high levels of 
H3K27ac, H3K4me3, and other active histone marks, these domains often overlap 
highly expressed genes. Intriguingly, these super enhancer-linked genes are not 
housekeeping genes, which are expressed highly in a number of cell types, but 
rather are tissue-specific genes that play a role in cell identity and carry out the func-
tions of the particular cell type. Trithorax complexes have been identified at broad 
enhancer domains in Drosophila that appear comparable to the super enhancers 
described in mammalian systems [45]; this is perhaps not surprising as Trithorax 
complexes are responsible for the deposition of the H3K4me1 histone mark found 
at regulatory regions. Indeed, in epidermal keratinocytes, the binding of core 
Trithorax complex member WDR5 frequently occurs outside of proximal promoter 
regions [34]. GRHL3 binding in differentiating keratinocytes also frequently occurs 
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outside of promoters and GRHL3 has been shown to bind to more than 90% of 
super enhancers in epidermal keratinocytes [46]. While GRHL3 alone is not respon-
sible for the formation of the majority of super enhancers, it may work with a num-
ber of other epidermal transcriptional regulators to create super enhancer domains, 
possibly through its role in recruitment of chromatin regulatory factors like the 
Trithorax complex to sites of super enhancers. Intriguingly, GRHL3 also acts to 
repress the formation of spurious super enhancers in keratinocytes [46].

4.8  Evidence for GRH Interaction with PcG Proteins

In flies, Grh is highly expressed in the early embryo where it has been linked to the 
process of pattern specification. Fly studies have shown that Grh can interact with 
several Polycomb group complex members, potentially recruiting Polycomb to 
gene targets, including the Hox genes encoding the bithorax complex [47]. It is pos-
sible that mammalian GRHL proteins have diverged from their Drosophila counter-
part and acquired a new mechanism for transcriptional regulation through interaction 
with Trithorax instead of Polycomb. Since Grh can also repress gene expression, the 
more likely explanation may be that Grh switches roles between an activator and 
repressor, binding to Trithorax or Polycomb depending on the regulatory context. 
This line of reasoning also opens up the possibility that mammalian GRHL proteins, 
including GRHL3, may interact with Polycomb in certain contexts to repress gene 
expression. Evidence for GRHL3 mediated repression through epigenetic mecha-
nisms also comes from the finding that during keratinocyte migration GRHL3 binds 
gene targets with REST [46], a protein originally identified as a repressor or neuro-
nal genes and cell fate [48]. This GRHL3-REST interaction promotes migration by 
repressing the expression of genes that inhibit keratinocyte cell movement [46] and 
points to an important role for GRHL3 in modulating the epigenetic environment to 
repress gene expression, in addition to its role in promoting gene activation through 
recruitment of Trithorax complexes. Many studies in numerous different cell types 
have demonstrated a direct interaction between REST and polycomb family mem-
bers, including those of the Cbx family [49, 50]. While no direct association between 
GRHL3 and polycomb proteins has been established, it is certainly possible that 
some of the GRHL3-REST mediated gene repression occurs through interaction 
with polycomb complexes.

4.9  Diseases Associated with Trithorax Complexes

Aberrant epigenetic regulation has been linked to many diseases, including cancer 
and developmental defects. Given their roles as crucial regulators of gene expres-
sion in many cell types, it is not surprising that Trithorax and Polycomb are mutated 
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in a variety of cancers. MLL proteins are so named because fusion proteins placing 
the N terminus of MLL1 together with another protein are common in mixed lin-
eage leukemias. Intriguingly, the SET domain of MLL1 is located near the C termi-
nus, and is not included in these fusion proteins, indicating that MLL1 promotes 
leukemiagenesis through mechanisms other than H3K4 methylation [51]. One com-
mon fusion is between MLL1 and the C terminus of DOT1, another methyltransfer-
ase that creates the active H3K79 methylation mark [52]. Because the MLL1 
fragment can still bind DNA, this fusion results in incorrect targeting of H3K79me3 
to domains that should have H3K4 methylation, an error that may promote the pro-
gression of leukemia.

In addition to roles in the progression of cancers of the hematopoietic system, 
MLLs are mutated in a number of solid tumors, including those of epithelial tissues. 
While MLL4 is mutated in a significant proportion of hepatocellular carcinomas 
[53], MLL3 is mutated in a wide range of cancers, including aggressive squamous 
cell carcinoma [54]. Furthermore, mutations in MLL2, MLL3, and the Polycomb 
enzyme EZH2 have been identified in a significant number of head and neck squa-
mous carcinomas, a tobacco use-associated cancer that develops from epithelial 
mucosa in the upper aerodigestive tract [55]. In contrast to the gene fusions that 
occur in leukemia, MLL mutations found in epithelial cancers are inactivating, 
pointing to a tumor suppressive role for MLL2 and MLL3  in epithelia, possibly 
through promotion of terminal differentiation. Consistent with this idea, GRHL pro-
teins suppress tumorigenesis both in the skin [56, 57] and the oral cavity [58].

Due to the role of Trithorax in regulation of HOX and other developmental clus-
ters of genes, mutations in MLLs also cause several developmental syndromes that 
share similar phenotypes; syndromes caused by mutation in MLL proteins are gen-
erally characterized by growth restriction leading to short stature and low weight, 
intellectual disability and facial structure abnormalities [59, 60]. Patients with these 
syndromes also have abnormal epidermal ridges on palmoplantar epidermis and 
abnormal hair growth, including long eyelashes, and excessive hair on forearms and 
elbows [60]. These findings suggest a role for MLL proteins in the establishment of 
epidermal structures during development, and in the hair follicle, an epidermal 
appendage. These syndromes occur with the mutation of a single copy of the MLL 
gene in question, leading to haploinsufficiency.

4.10  Conclusion

Over the course of evolution, Trithorax group proteins have maintained many of 
their functions, including their role in antagonism of Polycomb group proteins and 
in regulation of HOX gene clusters. They have also acquired novel regulatory roles. 
For certain classes of epidermal genes, the processes of Polycomb-mediated repres-
sion and Trithorax-mediated activation are uncoupled, occuring in spatial or tempo-
ral isolation from each other. These loci are not marked by H3K27me3 even when 
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their associated genes are not expressed, requiring only the addition of H3K4me3 
during gene activation. In the epidermis, Trithorax proteins are broad transcriptional 
activators that gain specificity by interacting with tissue-specific transcription fac-
tors; GRHL3 recruitment of MLL2-containing complexes to epidermal differentia-
tion genes provides one such example.
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Chapter 5
Histone Deacetylase Functions 
in Epidermal Development, Homeostasis 
and Cancer

Donna M. Brennan-Crispi and Sarah E. Millar

5.1  Introduction: Epigenetics and Skin

The cellular diversity characteristic of multicellular organisms, whose cells all har-
bor an identical genetic blueprint, is achieved by finely orchestrating spatio- temporal 
patterns of gene expression. Delineating how each cell type regulates its unique and 
fluctuating transcriptional profile is crucial for unraveling the mechanisms underly-
ing embryonic development and adult homeostasis. Epigenetic control of transcrip-
tional activity has rapidly emerged as a key element in these processes.

The concept of epigenetics was first introduced by Conrad Waddington in 1942 
[235], even before DNA was identified as the carrier of genetic information. Broadly, 
epigenetics is defined as regulation of the genome beyond the genetic code. This 
concept is profound in that it provides a framework for understanding how multicel-
lular organisms with diverse cell types can develop from a single progenitor cell. 
Although the molecular mechanisms underpinning epigenetic regulation were not 
explored until several decades after Waddington’s publication, his work lead to the 
realization that the timely regulation of genetic material is just as important as the 
content itself. The concept of epigenetics has evolved, and now incorporates the 
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idea that epigenetic traits can be inherited [14]. Detailed discussions of the heritabil-
ity of epigenetic marks, including their mitotic inheritance from cell to cell, meiotic 
inheritance from generation to generation, and trans-generational inheritance, are 
provided in several recent reviews [16, 230]. Here, we will focus on the epigenetic 
functions of HDACs in modulating gene expression and determining cell fate.

The skin is easily accessible and harbors diverse cell lineages, providing an ideal 
system for dissecting epigenetic mechanisms. The skin epidermis in particular is an 
excellent model for studying cell fate decisions as it is a naturally regenerating 
organ that is subject to diverse disease states and contains both proliferating and 
differentiating cells, discrete stem cell populations, multiple epithelial-derived 
appendages fated to distinct regimented differentiation profiles, and hair follicles 
that undergo cyclical regeneration. 

5.2  Chromatin Remodeling

Packaging of eukaryotic genetic material occurs through complex mechanisms and 
plays crucial regulatory functions in gene transcription. In order to fit into a cell 
nucleus, genomic DNA is highly compacted into a chromatin complex (for review, 
see [23]). Chromatin is comprised of nucleosomes, each containing DNA wrapped 
around a core histone octamer, which are separated by short strands of DNA that 
serve as linkers, creating a “beads on a string” structure. These are further com-
pacted through controlled folding and higher-order loop structures. The tightly 
wound confirmation of DNA in the nucleosome is an impediment to active tran-
scription; however, localized remodeling can increase its accessibility to the tran-
scriptional machinery. Thus, control of chromatin compaction is a key element in 
the regulation of gene expression.

Chromatin remodeling can occur as a result of DNA methylation or hydroxy-
methylation (reviewed in [64]); covalent modifications to histones, including meth-
ylation, acetylation, ubiquitination, and phosphorylation (reviewed in [28, 130]); 
alterations in histone-DNA interactions (reviewed in [42]); and changes in higher 
order folding (reviewed in [46, 59]). Of these, reversible posttranslational modifica-
tions of histone tails are a readily mobilized mechanism that can influence the con-
figuration of chromatin and alter transcriptional activity. The idea that 
posttranslational histone modifications could contribute to transcriptional regula-
tion was originally proposed in the 1960s [3], but this concept remained largely 
unexplored until histone modifying enzymes were identified over 30 years later [26, 
119]. It is now clear that histone methylation and acetylation are key gene regula-
tory marks, while the roles of other moieties, such as ubiquitination and phosphory-
lation, are less well understood. Specific histone methylation marks are associated 
with either repression or activation of transcription, while histone acetylation is 
primarily thought of as an activating mark that functions to loosen the chromatin 
structure and allow access for the transcriptional machinery [241]. Acetylated lysine 
residues on histones can also interact with bromodomain proteins and their 
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 co- activators to promote transcription [262]. Elucidating the contribution of these 
marks and the proteins that perpetuate them is thus vital to our understanding of 
transcriptional regulation during the development of normal tissues and disease 
states.

5.3  Histone Deacetylases (HDACs)

Histone deacetylases (HDACs) are highly conserved proteins that modify histones 
by catalyzing the removal of an acetyl group from lysine residues in the histone tail 
[73]. These enzymes function in opposition to histone acetyltransferases (HATs) 
which deposit acetyl groups. Histone acetylation and deacetylation plays several 
major roles in the cell (reviewed in [214]). Firstly, during S-phase, newly synthe-
sized histones are acetylated by HATS, and are subsequently deacetylated and 
reacetylated with new combinations of acetyl marks to allow flexibility in their 
functions. Secondly, histone acetylation affects chromatin folding: deacetylated his-
tones are associated with a more transcriptionally repressive environment. Thirdly, 
HDACs are recruited to specific sites in chromatin by transcription factors that, 
unlike HDACs, can bind DNA directly. HDACs and their transcriptional partners 
are generally found in large protein complexes that produce multi-layered control of 
chromatin activity. HDACs are traditionally characterized as transcriptional repres-
sors as hypoacetylation is associated with compact chromatin and transcriptional 
silencing. Furthermore, HDACs can associate with polycomb-group (PcG) protein 
complexes to promote the formation of repressive chromatin [233]. However, ChIP-
seq data reveal that HDACs as well as HATs are commonly associated with acti-
vated genes [241], suggesting that HDACs may act as a temporary brake on 
transcription. Interestingly, HDAC function is also important for proper initiation of 
transcription [214], and can promote transcription by removing acetylation marks 
that inhibit elongation [76].

In addition to their functions in histone deacetylation, the catalytic domains of 
HDACs can remove acetyl groups from lysine residues on a wide variety of protein 
substrates, [83]. Substrate specificity is largely determined by interactions of 
HDACs with a variety of binding partners. Thus, a single HDAC has many sub-
strates; and conversely, a single substrate can be targeted by multiple HDACs. 
Transcription factors figure prominently among these substrates, and the effects of 
deacetylation on their functions and stability can vary. For instance, HDAC- 
mediated deacetylation of p53 inhibits its transcriptional activity [112], while 
HDAC1-mediated deacetylation of GLI2 potentiates its ability to activate target 
genes [30]. HDACs themselves can be acetylated and deacetylated, and their func-
tions are also modulated by an array of additional post-transcriptional modifications 
including phosphorylation, ubiquitination and SUMOylation [210]. These mecha-
nisms allow fine-tuning of HDAC activity. The recent recognition that some HDACs 
also possess enzyme-independent functions adds yet another layer of complexity to 
their roles [84, 87, 107, 147, 221]. The precise mechanisms underlying these 
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 non- canonical functions are under active investigation, and are likely to be isoform- 
and context-dependent.

In mammals, the HDAC superfamily consists of 18 proteins and can be organized 
into classical HDACs (HDAC1-11) and Sirtuins (Sirt1-7). The Sirtuins, also referred 
to as Class III HDACs, differ from the classical HDACs in that they are NAD+ 
dependent, can have additional enzymatic activity, and are not inhibited by 
Trichostatin A (TSA). This Chapter will focus on the classical HDACs; more infor-
mation on Sirtuins can be found elsewhere [21, 31, 36, 94].

The 11 classical HDACs share a highly conserved deacetylase domain, and are 
divided into four families based on their structure, expression profiles, and enzy-
matic functions: Class I (HDAC1, 2, 3, and 8); Class IIa (HDAC4, 5, 7, and 9); Class 
IIb (HDAC6 and 10); and Class IV (HDAC11) (reviewed in [83]). Class I HDACs 
are broadly expressed, and have the simplest structures, consisting chiefly of the 
deacetylase domain. Members of this class are thought to be the primary modifiers 
of histone tails as they are predominantly localized to nuclei and have a high affinity 
for histone targets [83]. Class IIa HDACs display more restricted and cell-type spe-
cific expression patterns, and contain additional binding domains for myocyte 
enhancer factor 2 (MEF2) proteins and for 14-3-3, a chaperone that facilitates acti-
vation of Class IIa HDACs by promoting their nuclear localization [145, 154]. Class 
IIa HDACs possess minimal enzymatic activity [126], and appear to function 
instead by binding to and regulating the activity of transcription factors including 
MEF2 proteins [160, 237]. Class IIa HDACs can also complex with Class I HDACs, 
and may provide a scaffolding function [65, 66, 83, 153]. Class IIb HDACs are 
structurally the most distinct of the HDAC classes. Alone among HDACs, HDAC6 
contains a zinc-finger domain and two catalytic domains; HDAC10 is characterized 
by a leucine rich domain [80]. HDAC6 localizes primarily to the cytoplasm, while 
HDAC10 can shuttle between the nucleus and the cytoplasm [80]. Class IV consists 
solely of HDAC11 which is structurally similar to the Class I HDACs, but its expres-
sion is limited to a few tissue types [70, 143]. To date, Class I HDACs have been the 
most extensively studied in the epidermis and its appendages. We therefore discuss 
the functions of this class in more detail below.

The importance of class I HDACs in embryonic development has been clearly 
established using murine global knockout models. Hdac3 null mice die in utero at 
approximately embryonic day 9.5 (E9.5), due to gastrulation defects resulting at 
least in part from impaired DNA damage repair [15, 120, 169]. Loss of Hdac8 
causes severe cranial malformations and perinatal death [82]. Global ablation of 
Hdac1 leads to embryonic lethality by E10.5 as a result of significant proliferation 
defects [125]. By contrast, Hdac2 deletion in two different mouse models produces 
cardiac defects that cause either early postnatal lethality or reduced viability, 
depending on the model [169, 231]. The phenotypic disparities of global Hdac2 
mutants could result from differences in the efficiency of gene deletion and/or back-
ground strain differences [83].

While the phenotypes of Hdac1 and Hdac2 global knockout mice indicate that 
these genes perform specific, non-redundant roles, Hdac1 and Hdac2 share 83% 
homology and are largely co-expressed in diverse tissues [83], suggesting that they 
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also possess overlapping functions. In line with this, ChIP-seq for HDAC1 and 
HDAC2 in human CD4+ T-cells revealed that these proteins bind distinct, but over-
lapping sets of locations in the genome [241]. Furthermore, tissue-specific knockout 
studies in mice have revealed that Hdac1 and Hdac2 function in a redundant, or 
partially redundant, manner in many tissues (reviewed in [117]).

5.3.1  HDACs in Repressive Complexes

To facilitate directed gene regulation, HDACs are incorporated into multi-protein 
co-repressor complexes that have affinity for specific targets. Incorporation into a 
co-repressor complex is critical for HDACs to function as histone deacetylases; 
furthermore, it allows for multifaceted remodeling of chromatin structure and tran-
scriptional regulation based upon the components of the complex. Of the Class I 
HDACs, co-repressor complexes have been described for all but HDAC8.

HDAC1 and HDAC2 associate with a variety of transcriptional regulators as 
homo- or heterodimers. Their associations with the CoREST/REST (RE1-Silencing 
Transcription factor), NuRD (Nucleosome Remodeling Deacetylation) and SIN3 
complexes have been studied most extensively to date. The CoREST/REST com-
plex coordinates deacetlyase and demethylase activity through HDACs and Lysine 
Specific Demethylase (LSD1), respectively [135]. In the NuRD complex, HDACs 
are integrated with Mi2α/β, an ATP-dependent DNA helicase; the methyl-CpG- 
binding domain proteins MBD2 or MBD3; Metastasis-associated proteins MTA1, 
MTA2, or MTA3 that mediate binding to HDAC1/2 and DNA; and the histone- 
binding proteins Rbbp7 and Rbbp4 [10, 127, 250]. SIN3 is a modular, multi- 
functional protein containing six conserved domains that include four Paired 
Amphipathic Helices (PAH 1–4), a Histone Deacetylase Interaction Domain (HID) 
and a Highly Conserved Region (HCR). SIN3 lacks intrinsic DNA-binding capacity 
and functions as a molecular scaffold, coordinating a wide array of proteins to form 
a co-repressor complex [113].

HDAC3 is distinct from HDAC1/2 in that it is found in the N-CoR and SMRT 
(nuclear receptor co-repressor/silencing mediator of retinoic acid and thyroid hor-
mone receptor) complexes [117]. These complexes are named for their ability to 
interact with nuclear receptors and typically mediate the transcriptional repression 
associated with these receptors in the absence of ligands [155]. Unlike HDAC1/2 
complexes, N-CoR/SMRT assemblies can also recruit class IIa HDACs including 
HDAC4 [65, 66, 153].

While specific multi-protein HDAC complexes are defined by their unique core 
constituents, some proteins such as retinoblastoma (pRb) are found in multiple 
assemblies [144]. Specific interactions are dependent in part on the phosphorylation 
state of pRb [149]. As mentioned above, HDACs, as well as other components of the 
complexes, are also subject to an array of post-translational modifications, provid-
ing added levels of control. Further specificity is conferred through their association 
with protein paralogs such as SIN3A/B, MTA1-3, and CoREST1-3. For example, 
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inclusion of MBD2 or MBD3 in the NuRD complex is mutually exclusive; these 
proteins bind methylated and non-methylated DNA respectively [89], thus targeting 
HDAC activity to different sites. Furthermore, in the NuRD complex MTA2 and 
MTA3 mediate opposite effects on epithelial-mesenchymal transition (EMT) by 
interacting with different transcription factors [69]. Similarly, the related factors 
SIN3A and SIN3B have unique gene targets, clearly demonstrated by phenotypic 
differences between Sin3a and Sin3b knockout mice [45, 49]. Finally, HDAC com-
position can vary among complexes that may contain either HDAC1/2 homo- or 
heterodimers, or in the case of HDAC3-containing complexes, additional Class IIa 
HDACs. Together these variations provide for an almost endless combination of 
sub-units that allow exquisite fine-tuning of HDAC targeting, and context- dependent 
physiological functions.

The functional significance of individual components of the various co-repressor 
complexes is underscored by global knockout studies in mice: for instance deletions 
of Sin3A [45], Mbd3 [90], Lsd1 [239], or NCoR [108] cause distinct phenotypes and 
embryonic lethality. Importantly, aberrant expression of several complex constitu-
ents is associated with human diseases ranging from neurological pathologies to 
cancer. It should be noted that while these complexes are traditionally referred to as 
co-repressors, recent studies have provided significant evidence that certain variants 
also have the ability to function as transcriptional activators [11, 193]. Together, 
these findings indicate that the precise compositions and modifications of co- 
repressor complex subunits permit specificity of HDAC targeting and functions.

5.3.2  Non-histone Targets

As mentioned above, in addition to their functions in chromatin remodeling, Class 
I HDACs can also directly modify non-histone proteins, including transcription fac-
tors and their co-factors. Transcription factor targets such as p53, STAT3, and RELA 
are associated with Class I HDACs in co-repressor complexes, providing easy 
access for their modification, and another mechanism by which HDACs can modu-
late gene expression (see Table  5.1 for a selected list of targets). Interestingly, 
HDAC3 can also associate directly with the HAT co-activator CREB-binding pro-
tein (CBP) resulting in deacetylation of HAT, and attenuation of its activity [39, 44, 
77]. Thus, HDACs can alter transcriptional activity by modifying HAT function. 
These findings further suggest that HDACs and HATs can function within the same 
multi-protein complexes.

The studies summarized above reveal how HDAC enzymatic activity is dynami-
cally regulated by a host of interacting proteins to provide a mechanism in which 
subtle alterations in complex constituents permit selection of discrete sets of target 
genes, and can have profound effects on their expression. This machinery is there-
fore well adapted to regulate cell fate during tissue development, homeostasis, and 
disease.
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5.4  Skin Development and Disease

The embryonic or early postnatal lethality observed in most global Class I HDAC 
knockout mice precludes careful assessment of the roles of these enzymes in the 
development, homeostasis and diseases of specific tissues. Thus, the generation of 
tissue-specific mutant mice has been a priority. The epidermis of the skin is a par-
ticularly attractive model system for delineating HDAC functions and their underly-
ing mechanisms because of its accessibility, the availability of multiple effective 
tools for genetic manipulation, its natural regenerative capacity, and the clinical 
importance of its diseases.

The interfollicular epidermis (IFE) is derived from a single layered surface ecto-
derm that stratifies during embryogenesis, giving rise to a functional barrier that 
prevents dehydration and bars the entry of pathogens and noxious substances. 
Embryonic surface ectodermal cells also interact with the underlying mesenchyme 
to give rise to complex ectodermal appendage structures such as hair follicles, seba-
ceous glands, and sweat glands. In adult life, the outer, cornified layer of the epider-
mis is constantly shed, and is renewed through the proliferative activity of basal 
stem cells. Hair follicles undergo repeated cycles of growth (anagen), quiescence 
(telogen) and regression (catagen) throughout life, relying on bulge stem cells that 
are specifically dedicated to the hair follicle, and only contribute to the epidermis 
during wound healing [12, 200]. Skin cancers are the most common form of cancer 
in Caucasian populations, and the skin is the site of a host of other common diseases 
such as psoriasis and atopic dermatitis, that involve dysregulation of genes that 
control cellular proliferation and differentiation.

Table 5.1 List of selected non-histone substrates of class I HDACs

Enzyme Substrate Description References

HDAC1 E2F1 Transcription factor [263]
GLI1 Transcription factor [30]
GLI2 Transcription factor [30]
p53 Transcription factor [93, 102, 224]
STAT3 Transcription factor [261]
YY1 Transcription factor [256]

HDAC2 Glucocorticoid Receptor Nuclear receptor [103]
STAT3 Transcription factor [261]
YY1 Transcription factor [256]

HDAC3 MEF2 Transcription factor [77]
p300/CBP Histone acetyl transferase [77]
PCAF Histone acetyl transferase [77]
PPARγ Nuclear receptor [111]
RELA (NFκB p65) Transcription factor [35]
STAT3 Transcription factor [261]
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5.4.1  IFE: Development and Homeostasis

Epidermal development is a well-characterized process (Fig. 5.1a; [68, 124]). The 
developing embryo is initially covered by the ectoderm, a single cell layer that will 
give rise to the mature epidermis and its appendages. Around embryonic day 8.5 
(E8.5) of mouse embryogenesis, a mesenchymal signal initiates epidermal specifi-
cation. By E 9.5, cells lose expression of markers of the primitive ectoderm [167] 
and start to express the basal keratinocyte proteins keratin 5  and keratin  14 
(K5 and K14) [27]. At E14.5 the epidermis stratifies to form the intermediate layer. 
This transitional layer expresses keratin 1 (K1), a marker of differentiated keratino-
cytes, but retains the capacity to proliferate. The intermediate layer is short-lived 
and differentiates into the spinous layer at around E15.5, a switch that is accompa-
nied by a loss of proliferative capacity. At this stage, keratinocytes enter into a ter-
minal differentiation program, a process that ultimately establishes the mature 
epidermis. The spinous to granular transition (E16.5), is characterized by the 
expression of cornified envelope (CE) proteins, which are critical to barrier forma-
tion, the last stage in epidermal development. A functional barrier that prevents 
trans-epidermal water loss and protects against pathogens is established by approxi-
mately E18.5. This process involves coordination of desquamation, crosslinking of 
CE proteins, and lipid synthesis [201, 211]. Severe disruption of barrier function is 
incompatible with life; thus deregulation during any stage of epidermal develop-
ment that significantly impairs proper barrier formation can result in embryonic/
perinatal lethality. Once established, the IFE is maintained through the proliferation 

Fig. 5.1 Key events and signals in the development of embryonic epidermis (a) and hair fol-
licles (b). (For reviews, please see [22, 162, 164, 213])

D. M. Brennan-Crispi and S. E. Millar



129

of basal keratinocytes which give rise to daughter cells that can either self-renew or 
enter the terminal differentiation pathway (reviewed in [18]).

Epidermal morphogenesis has been well-studied, and many key players have 
been identified. The transcription factor p63 is expressed as epidermal lineages are 
specified, and loss of its expression results in failure of epidermal morphogenesis 
[123]. P63 acts upstream of other early regulators of ectodermal appendage specifi-
cation, epidermal proliferation and asymmetric cell division, and epidermal devel-
opment, and is thus considered a master regulator of these processes [122, 129, 132, 
165, 232, 254]. Two different isoforms, TAp63 which contains a p53-like transacti-
vation domain and ΔNp63 which lacks this region [253], have unique and comple-
mentary roles in development [29]. ΔNp63, the predominant isoform in embryonic 
epidermis, can function either as an activator or a repressor; for example it activates 
expression of the basal keratin genes K5 and K14 [198, 199], and promotes epider-
mal progenitor cell proliferation by directly repressing the anti-proliferative target 
genes p21 and 14-3-3σ ([232, 267]). The EGFR pathway also promotes prolifera-
tion of basal cells, but is not required for epidermal specification [159, 217].

Intermediate layer formation requires ΔNp63 [122] and Notch signaling [19, 
191]. Differentiation of the spinous layer is facilitated by a number of players 
including 14-3-3σ [92, 139], IRF6 [101, 194], miR-203 [175, 258], and ΔNp63α- 
mediated activation of IKKα [122]. The spinous to granular transition is associated 
with expression of the CE proteins loricin, fillagrin and transglutaminase [51, 54, 
255]. The Notch signaling pathway is also implicated in regulating the spinous- 
granular transition [170]. The terminal differentiation program of keratinocytes is 
regulated in part by extracellular calcium (Ca2+) concentrations [57, 157, 158]. 
Maturation of the epidermis concludes with barrier formation. Transcriptional regu-
lators such as KLF4 [106, 212], GRHL1 [166], GRHL3 [229, 260], PPAR proteins 
[151, 203, 236], and GATA-3 [50] each mediate essential aspects of barrier function 
including cellular adhesion and lipid metabolism. Many of these embryonic regula-
tors are re-utilized in adult life to ensure constant renewal of the epidermis and 
maintenance of barrier function [18].

5.4.2  Hair Follicle Morphogenesis and Cycling

Hair follicle development is initiated by signals from the mesenchyme that result in 
the formation of epithelial thickenings, known as placodes. p63 is a master regulator 
of skin appendage formation (reviewed in [123, 161]) and loss of p63 leads to fail-
ure of hair follicle specification and placode formation [165, 253]. During normal 
development, placodes are initially irregular in their sizes and spacing, and gradu-
ally become refined to form an orderly pattern. This process involves a competition 
between placode-promoting signals such as Wnt/β-catenin and EDA/EDAR and 
inhibitory signals including Dickkopf (DKK) family Wnt inhibitors, and Bone 
Morphogenic Proteins (BMPs) (reviewed in [134, 162, 213]). In response to epithe-
lial FGF signaling, dermal cells condense under each placode [100]. The placode 
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gradually invaginates into the dermis, eventually almost engulfing the dermal 
 condensate to form a dermal papilla. Reciprocal signaling from the dermal papilla 
stimulates proliferation and differentiation of the hair follicle epithelium to generate 
the hair shaft and its surrounding root sheaths (Fig. 5.1a; reviewed in [134, 162, 
164]). Disruption of Sonic hedgehog (SHH) signaling perturbs proliferation leading 
to blunted hair follicle development after the germ stage [48, 86, 163], while pertur-
bation of EGFR activity results in defects in follicular shape and differentiation [85, 
146]. Multiple transcription factors, including MSX2, HOXC13, and FOXN1 are 
required for hair shaft differentiation [43, 148, 207].

Postnatally, hair follicles enter undergo repeated cycles of growth (anagen), 
regression (catagen) and rest (telogen), that are governed by many of the same sig-
naling pathways that are active during morphogenesis (Fig. 5.2; for reviews see [4, 
43, 134, 215]). The hair follicle growth cycle is a tightly regulated process involving 
stem cell activation; progenitor cell proliferation, migration and differentiation; and 
controlled apoptosis and cellular quiescence. BMP signaling maintains hair follicle 
stem cells in a quiescent state during telogen [121, 187]. At anagen onset, inhibition 

Fig. 5.2 The adult hair follicle growth cycle. Factors playing key roles at each stage are listed. 
(For reviews, please see [43, 213])
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of BMP signaling and activation of Wnt/β-catenin signaling initiate proliferation of 
progenitor cells in the secondary hair germ of the follicle, followed by transient 
proliferation of bulge stem cells [37, 121, 141, 187]. Sonic hedgehog signaling is 
required for continued proliferation of transient amplifying cells, which multiply 
rapidly in the hair bulb, and subsequently differentiate along specific pathways to 
form the hair shaft and inner root sheath [180]. Normal timing of catagen requires 
activation of FGF5 and TGFβ1 signaling, among other pathways (reviewed in [43]). 
Once the regression phase is complete, the hair follicle enters telogen and BMP 
signaling functions once again to maintain follicular quiescence.

5.4.3  Sebaceous Gland Development and Maintenance

The sebaceous gland develops from follicular keratinocytes during late embryogen-
esis. A peripheral cell layer of basal keratinocytes surrounds the sebaceous gland 
and undergoes a distinctive differentiation program to produce mature sebocytes, 
which release their sebum through a holocrine mechanism. Sebum is essential for 
proper emergence of the hair shaft, and also contributes to the barrier function of the 
skin [266]. The transcription factor SOX9 is required for sebaceous gland morpho-
genesis [177]. Low levels of Wnt/β-catenin signaling, and high levels of c-MYC, are 
thought to direct follicular progenitors towards a sebaceous, rather than hair follicle 
fate, (reviewed in [174]).

5.4.4  Cancer Development

Cancers are characterized by excessive proliferation, often resulting from dysregu-
lation of developmental pathways. Similarly, epithelial-mesenchymal transi-
tion (EMT) is a process widely employed by tissues during development, and its 
improper induction can promote malignant transformation and tumor metastasis. 
Cutaneous carcinomas can derive from multiple epithelial compartments. Basal cell 
carcinoma (BCC) is the most commonly diagnosed form of skin cancer. Although 
BCC typically does not metastasize, it is locally invasive and can cause extensive 
tissue damage if left untreated. These lesions can arise from hair follicle epithelium 
or interfollicular epidermis [17], and are caused by inherited or sporadic mutations 
that cause inappropriate activation of the Hedgehog (Hh) signaling pathway [58, 
185]. Advanced cases may be treated with the Hh pathway inhibitor Vismodegib 
[53]. Squamous cell carcinomas (SCC), which can arise from any stratified epithe-
lium, are highly heterogeneous and possess metastatic potential. Similar to BCC, 
papillomas and SCCs of the skin appear to arise from either the IFE or the hair fol-
licle bulge [17]. Not surprisingly, EMT is a common feature of these tumors. While 
the mutational landscape of cutaneous SCC is varied, mutations in p53, HRAS, 
KNSTRN, CDKN2A and Notch pathway genes appear to be important drivers of 
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tumorigenesis [133, 186]. As increased EGFR activity is common among many 
SCCs, EGFR inhibition by small molecules or humanized antibodies has been pro-
posed for treatment of unresectable cutaneous SCC [13]. Tumors of the sebaceous 
gland are relatively rare, but in some cases are associated with inactivating muta-
tions in the Wnt signaling effector LEF1 [222].

5.5  HDACs in Epidermal Development,  
Homeostasis, and Disease

Early work using cultured keratinocytes showed that depletion of aryl hydrocarbon 
receptor nuclear translocator (ARNT) enhanced expression of Class I HDAC pro-
teins, and induced the expression of several key differentiation markers. These 
effects were abolished by treatment with the HDAC inhibitor TSA [196]. In line 
with this, topical treatment of murine skin with TSA repressed expression of the CE 
protein profilaggrin [152]. Analysis of histone H4 acetylation in quiescent stem 
cells of the hair follicle revealed that chromatin is hypoacetylated in these cells. 
Treatment with TSA reversed the hypoacetylation, and induced proliferation of 
stem cells and their exit from the bulge niche [67]. These data using a broadly acting 
inhibitor suggested that HDACs can influence the proliferation and differentiation 
of diverse epithelial cell types in the skin, likely through multiple different, context- 
dependent mechanisms. These observations underscore the importance of genetic 
studies to delineate the specific functions of individual HDACs in the skin.

5.5.1  HDAC1/2 in Epidermal Development

During early development, HDAC1 and HDAC2 are expressed throughout the epi-
dermis. Interestingly, by E16.5, despite ubiquitous expression, nuclear localization 
is more prominent in differentiated keratinocytes and in cells of the hair follicle bud 
[131]. However, it is not yet clear whether increased HDAC localization in certain 
cell types within the embryonic skin has functional consequences. As early lethality 
of global Hdac1 and Hdac2 knockout mice [125, 169, 231] complicated analysis of 
skin phenotypes, investigators employed tissue-specific deletion strategies to eluci-
date the functions of these genes in the epidermis. These studies demonstrated that, 
similar to the situation in other tissues [33, 105, 169, 252], HDAC1 and HDAC2 
play both redundant and divergent roles in the skin.

LeBoeuf et  al. showed that K14-Cre-mediated epidermal-specific deletion of 
either Hdac1 or Hdac2 did not impair embryonic development of the epidermis or 
hair follicles. However, concomitant deletion of both genes resulted in perinatal 
lethality due to a complete failure of epidermal stratification [131]. In double 
 conditional knockout (DcKO) embryos, a single layered epidermis was formed that 
expressed K14 and K5 basal keratins, but suparbasal layers were absent and hair 
follicles failed to be specified. These defects were associated with a gradual decrease 
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in basal cell proliferation, suggesting failure of progenitor cell self-renewal, as well 
as progressively increased apoptosis. The defects observed in DcKO mice were 
reminiscent of the effects of p63 deletion [129, 165, 254]. However, levels of p63 
protein were unchanged in DcKO embryonic epidermis, suggesting that loss of 
HDAC1/2 might interfere with p63’s functions as a transcriptional regulator. In line 
with this, while expression of positively regulated targets of ΔNp63 remained 
unchanged in DcKO embryos, repressed targets such as p21, 14-3-3σ, and p16/
INK4a showed elevated expression [131]. HDAC1 and HDAC2 were found to asso-
ciate specifically with the promoters of these ΔNp63-repressed gene targets. 
Furthermore, these promoter regions exhibited increased levels of acetylated his-
tone H3  in TSA-treated keratinocytes, indicating that they are normally deacety-
lated by HDACs. These data supported a model in which the repressive functions of 
ΔNp63 are mediated via complex formation with HDAC1/2. In support of this, 
ΔNp63, HDAC1 and HDAC2 form a trimeric complex in SCC cells [190].

HDAC1 represses p53 activity through direct deacetylation of p53 protein [93, 
102, 224]. In DcKO mice, levels of acetylated-p53 were increased and in vitro 
experiments in cultured keratinocytes confirmed that loss of HDAC activity resulted 
in increased acetylation of p53 and elevated expression of its target gene p21 [131]. 
Thus, hyperacetylated p53 likely contributes to the elevated p21 levels observed in 
DcKO epidermis. Interestingly, p53 can upregulate several p63-repressive targets 
[56, 91]. The ability of HDAC1/2 to differentially modify distinct subsets of genes 
is illustrated by p19/ARF.  Like p16/INK4a, p19/ARF is a repressive target of 
ΔNp63 [220], but unlike p16/INK4a, its levels are not increased in DcKO mice. A 
likely mechanism underlying this observation involves hyperacetylation of p53, 
which has been shown to indirectly suppress p19/ARF expression [114]. Thus this 
work demonstrates how the effects of HDAC1/2 on p63 and p53 functions can result 
in nuanced regulation of overlapping target genes.

The co-repressor complexes responsible for directing HDAC1/2 to specific target 
genes in embryonic epidermis have not yet been identified. Deletion of Mi-2β, a 
component of the NuRD complex, in embryonic epidermis causes proliferation 
defects in basal keratinocytes and failure of hair follicle specification [116], similar 
to the effects of Hdac1/2 deletion, suggesting possible association of HDAC1/2 
with Mi-2β in this tissue. The severe effects of Hdac1/2 deletion on embryonic epi-
dermal basal cell proliferation and survival may mask additional functions of 
Hdac1/2. Concomitant deletion of p16 and/or p53 might be expected to partially 
rescue proliferation and cell survival, permitting analysis of such roles.

5.5.2  HDAC1/2 in Epidermal Homeostasis and Stem  
Cell Regulation

While deletion of either Hdac1 or Hdac2 alone had no observable consequences in 
the embryonic epidermis, two groups independently reported that epidermal Hdac1 
mutants develop skin phenotypes after birth [99, 246]. By contrast, epidermal 
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Hdac2 mutants remained phenotypicially normal in adult life, even when combined 
with heterozygous deletion of Hdac1, indicating that one copy of HDAC1 can com-
pensate for HDAC2’s functions in postnatal epidermis. Supporting this hypothesis, 
expression levels of HDAC1 protein  increase upon deletion of HDAC2 and vice 
versa [246].

Interestingly, the epidermal Hdac1 mutants generated in these two studies exhib-
ited slightly different phenotypes (Table  5.2). In one report, the only observed 
anomaly was hyperproliferative scaring on the tails of a subset of mice [246]. 
However, in the second study significant pathologies were observed, including alo-
pecia, progressive follicular dystrophy and cyst formation, deregulated facial 
 pelage, enlarged Meibomian glands, and epidermal hyperplasia and hyperkeratosis 
[99]. These discrepancies may result from the use of different conditional alleles of 
Hdac1 [169, 252], and Cre drivers (K5-Cre versus K14-Cre), possibly resulting in 
subtle differences in spatio-temporal expression of Cre-induced recombination. As 
each group used different mixed strain backgrounds, strain-specific phenotypic 
variation [217, 225] might also have contributed to the distinct observed  phenotypes. 

Table 5.2 Epidermal phenotypes of Hdac mutant mice

Genotype Phenotype Reference

K5-Cre 
Hdac1fl/fl

Hyperproliferative scarring on tails in 24% of mice [246]

K14-Cre 
Hdac1fl/fl

Small body size, alopecia, progressive follicular dystrophy and cyst 
formation, loss of hair-type subsets, abnormal pigmentation due to 
melanocyte expansion, supernumerary claws, abnormal eyelid 
formation, deregulated facial pelage, epidermal hyperplasia and 
hyperkeratosis

[99]

K14/5-Cre 
Hdac2fl/fl

None [99, 246]

K14/5-Cre 
Hdac1fl/+ 
Hdac2fl/+

None [99, 246]

K14-Cre 
Hdac1fl/fl 
Hdac2fl/+

Generally more severe versions of phenotype described for 
K14-Cre Hdac1fl/fl mice

[99]

K5-Cre 
Hdac1fl/fl 
Hdac2fl/+

Smaller/reduced weight gain, progressive alopecia, shorter 
whiskers, scaly tail regions, hyperkeratosis, hyperproliferative 
epidermis, enlarged sebaceous glands, spontaneous papilloma-like 
lesions

[246]

K5-Cre 
Hdac1fl/+ 
Hdac2fl/fl

None [246]

K14-Cre 
Hdac1fl/fl 
Hdac2fl/fl

Not viable due to severe epidermal developmental defects. [99, 131, 
246]

Lack of embryonic epidermal stratification, lack of hair follicle 
specification, lack of filiform papillae in the tongue, abnormal 
dental structures, failure of eyelid fusion, failure of limb-digit 
separation

[131]
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In both cases, however, additional loss of a single copy of Hdac2 in Hdac1 mutant 
epidermis increased the severity of skin phenotypes including progressive alopecia 
and epidermal hyperplasia and hyperkeratosis [99, 246]. Winter et al. also reported 
the development of spontaneous papilloma-like lesions in these combined mutants 
[246] (Table 5.2). Hyperkeratosis appeared to result from elevated expression of a 
specific subset of EDC genes including members of the Sprr and CE families [246]. 
In contrast, hair follicle abnormalities resulted from failure to enter a normal hair 
growth cycle, likely due to increased p53 expression and apoptosis that lead to hair 
follicle degeneration. Winter and colleagues further observed down- regulation of 
the hair follicle stem cell markers CD34, K15, LGR5, and SOX9, and an increase in 
expression of LGR6 which marks stem cells that contribute to the sebaceous gland 
and IFE [209, 219, 246]. In line with this, label-retaining bulge stem cell numbers 
were also decreased in the Hdac1/2 compound mutants [246]. Thus, loss of Hdac1/2 
appears to affect lineage determination in the skin.

Interestingly, the SIN3A, MTA2/NuRD, and CoREST complexes were disturbed 
in compound epidermal Hdac1/2 mutants. In addition to remodeling histones, the 
SIN3A complex deacetylates c-MYC, which destabilizes the protein and keeps its 
expression in check [173]. In line with this, compound epidermal Hdac1/2 mutants 
displayed increased c-MYC levels, which could at least partially account for the 
epidermal hyperplasia, papilloma formation, and sebaceous gland enlargement 
observed in these mice [246]. These phenotypes contrast with the gradual failure of 
proliferation seen in embryonic epidermis following complete removal of both 
Hdac1 and Hdac2. These distinct outcomes likely reflect the competing functions of 
diverse HDAC1/2 targets: in postnatal cells lacking both copies of Hdac1 and one 
copy of Hdac2 the effects of hyperacetylated c-MYC predominate, whereas in the 
complete absence of both proteins in embryonic epidermis the overiding pheno-
types may be a consequence of elevated p16 and p21 levels. We hypothesize that 
complete removal of HDAC1 and HDAC2  in adult skin would similarly lead to 
failure of epidermal stem cell proliferation and self-renewal. This hypothesis may 
be tested in future experiments using inducible homozygous epidermal-specific 
deletion of both Hdac1 and Hdac2.

5.5.3  Evidence for Epidermal Functions of HDAC3

As outlined above, HDAC3, another member of the Class I HDAC family, associates 
with different multi-protein complexes than those containing HDAC1/2, suggesting 
that it performs distinct functions. While the requirements for HDAC3 in embryonic 
epidermal development have not yet been reported, recent data suggest that this pro-
tein plays key roles in inflammatory responses in adult skin. The glucocorticoid 
receptor (GR), a common target for anti-inflammatory therapy, is a nuclear hormone 
receptor that regulates target gene transcription via several mechanisms [192]. Firstly, 
following glucocorticoid binding, GR regulates transcription through direct interac-
tion with GRE binding sites in the DNA; secondly, GR can mediate transrepression 
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by associating with conserved inverted repeated negative response elements (IR 
nGRE DNA binding sequences); and thirdly GR can effect tethered indirect transre-
pression via interaction with transactivators such as AP1/STAT3 bound to their cog-
nate DNA binding sequences. Pierre Chambon’s group showed recently that 
glucocorticoid-induced tethered repression requires SUMOylation of GR and forma-
tion of a SUMO-SMRT/NCoR1-HDAC3 repressive complex, and this is essential for 
IR nGRE-mediated transrepression. In line with this, deletion of Hdac3 in epidermal 
keratinocytes prevents glucocorticoid-induced direct repression [95, 96].

HDAC3 has also been recently shown to suppress expression of Aquaporin-3, a 
water and glycerol channel involved in epidermal homeostasis, wound healing and 
barrier repair [38]. A review of the literature reveals additional potential roles for 
HDAC3 in the epidermis. In humans and mice, mutations in the Hairless (hr) gene 
result in alopecia [2, 184]. HR is functionally similar to the nuclear co-repressors 
N-CoR and SMRT [188, 228], and can associate with HDAC3 [52, 188]. In hr 
mutant mice, hair follicles prematurely enter a severely deregulated catagen phase 
resulting in their destruction [184]. As HDAC3 can mediate at least some of the 
repressive effects of HR [188], it may be important in catagen regulation.

Another potential role for HDAC3 in the epidermis is in mediating skin barrier 
function. HDAC3 regulates lipid metabolism via-PPARγ in adipocytes and other 
tissues [20, 61, 128, 138], and can deacetylate PPARγ to inhibit target gene expres-
sion [111]. In the skin PPARs have definitive roles in epidermal barrier formation 
and in sebocyte differentiation; therefore, it will be interesting to determine whether 
HDAC3 regulates PPARs in the epidermis.

5.5.4  HDAC8 Plays Roles in Epidermal Innate Immunity

Epidermal keratinocytes produce antimicrobial peptides and cytokines that elicit 
inflammatory responses to danger- or pathogen-associated molecular patterns 
(PAMPs). However, these responses must be dampened in order for the skin to tol-
erate contact with the diverse array of microorganisms that form the normal micro-
biome. A recent study showed that exposure to the short-chain fatty acid sodium 
butyrate, a potent HDAC inhibitor, increases pro-inflammatory gene expression in 
keratinocytes exposed to the TLR2/6 ligand macrophage-activating lipopeptide 2 
(MALP-2), thus breaking normal tolerance [205]. Using systematic depletion of 
each of the HDACs expressed in keratinocytes, the investigators found that loss of 
HDAC8 or HDAC9 mimicked the effects of butyrate, identifying these HDACs as 
responsible for suppressing excessive inflammation in response to MALP-2. Further 
investigation revealed that the commensal skin bacterium Propionibacterium acnes 
synthesizes short-chain fatty acids when provided with a lipid source and grown 
under hypoxic conditions. These molecules inhibit HDAC activity in a similar man-
ner to sodium butyrate, enhancing host defense mechanisms in mouse skin in vivo 
[205]. These interesting findings suggest an HDAC8-mediated epigenetic mecha-
nism by which P. acnes can elicit inflammation when present in the hypoxic envi-
ronment of the hair follicle.
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5.5.5  Additional Roles for Class I HDACs

The severe phenotypes evident in epidermal-deletion mutants likely mask other, 
subtler HDAC functions. Table 5.3 presents a selected list of players critical to epi-
dermal development and homeostasis that have been shown to interact with HDACs 
in other tissues. Because HDACs regulate gene expression in a highly context- 
dependent manner it is impossible to know which of these mechanisms may be 
relevant to the epidermis without direct study. Nevertheless, this list demonstrates 
how pervasive HDAC activity is across signaling networks and organ systems and 
may identify promising targets for future epidermal research.

5.5.6  HDACs in Skin Cancer

As HDACs can drive cellular proliferation and EMT they are attractive targets for 
anticancer therapies. Indeed, HDAC inhibitors (HDACi) are effective in treating 
hematopoietic malignancies, and Pabinostat (pan-HDACi) and Vorinostat (class I/
II-HDACi) are FDA-approved chemotherapeutics for acute myelocytic leukemia 
(AML) and cutaneous T-cell lymphoma (CTCL), respectively. The efficacy of 
HDACi in epithelial malignancies is currently being assessed in multiple clinical 
trials.

Recent work provides a mechanism by which HDACs may be relevant to BCC. 
BCCs are the result of aberrant activation of the Hh pathway. Loss of the inhibitor 
Ptch1 leads to constitutive activation of the signal transducer Smoothened (SMO), 
which promotes activation of GLI transcription factors [195]. The SMO inhibitor 
Vismodegib is approved for treatment of advanced BCC, although adverse reactions 
and drug-resistance can mitigate its effectiveness [5, 223]. GLI1 and GLI2 must be 
deacetylated in order to function effectively, and HDACi thus attenuates Hh path-
way activity [30]. Recently, a chimeric Vismodegib-Vorinostat compound designed 
to inhibit both SMO and HDAC was found to be more effective than individual 
drugs at down-regulating Hh pathway activity [265]. This may be due to the ability 
of HDACi to directly suppress the transcriptional activity of GLI2. Dual targeting of 
HDAC and Hh activity as a potentially effective anti-cancer treatment has also been 
demonstrated in aerodigestive and pancreatic cancer cell lines [40, 41]. Despite the 
promising results of these in vitro studies, more work is needed before this approach 
can be applied clinically.

HDAC1/2 expression has been linked to poor prognosis in cohorts of SCC [32, 
227], and HDACi are currently being tested in clinical trials for SCC treatment both 
alone and in combination with anti-EGFR therapies. One rationale for compound 
therapy centers around the EMT observed in SCC. EMT is characterized by cad-
herin switching, a process by which E-cadherin expression is replaced by N-cadherin. 
E-cadherin can function to restrain EGFR activity [8, 238]; thus its loss is thought 
to partially account for enhanced EGFR signaling in cancer. Additionally, EGFR 
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inhibitors are more effective when E-cadherin is expressed [248]. E-cadherin 
expression is modulated by a number of factors including ZEB1 [245], which can 
repress target genes in an HDAC-dependent manner [1]. Furthermore, HDACi has 
been shown to reverse EMT in a number of cell types [137, 202, 204, 240].

Despite the findings that HDAC activity can promote EMT in the contexts out-
lined above, in other cases including colon [63, 110], breast [247] and HNSCC [71] 
cancers the opposite appears to be the case, as HDACi enhance rather than attenuate 
EMT in these tumors. The use of pan inhibitors makes it challenging to identify the 
specific HDACs that are responsible for particular physiological responses. 
Isozyme-specific functions may be further obscured by the fact that some broad- 
spectrum HDACi have varying specificity for different HDACs and even for specific 
HDAC complexes [9, 55, 118]. Another counterintuitive finding is that loss of 
HDAC1  in mouse skin enhances tumor development in a K5-SOS tumor model, 
which relies on constitutively active Ras signaling and is dependent on functional 
EGFR [216, 246]. Given that repressor complexes are responsible for targeting of 
HDAC activity, context-dependent co-repressor complements may contribute to 
these apparently paradoxical data. These findings suggest that caution should be 
employed when targeting HDACs in clinical treatments.

5.6  Future Directions

An expanding body of evidence has unequivocally identified HDACs as key regula-
tors of epidermal development, homeostasis, and disease. HDACs are at the crux of 
numerous cell signaling pathways during epidermal morphogenesis, and can inte-
grate the responses between signaling cascades. Additionally, as HDACs can target 
multiple proteins within a pathway, they can facilitate both positive and negative 
feedback loops. Therefore, these proteins are uniquely situated to precisely modu-
late diverse signaling networks, giving them the capacity to both maintain stem cell 
quiescence and mobilize global changes in a spatio-temporal manner to regulate 
proliferation, differentiation, and even disease development.

Direct and indirect evidence allows us to infer that HDACs may function to mod-
ulate an extensive list of epidermal regulators (Fig. 5.1a, Table 5.3). Despite prog-
ress in delineating the roles of HDAC1/2 in embryonic and adult epidermis, we have 
just begun to scratch the surface of HDAC functions in the skin. The putative con-
tributions of the remaining class I HDACs, HDAC3 and HDAC8, in epidermal 
development have yet to be elucidated. The members of other classes of HDACs 
may also prove to play critical roles in the skin, either as chromatin modulators or 
though their actions on transcription factors and other regulatory proteins.

Another consideration is that most functional studies have specifically focused 
on HDAC activity in the keratinocytes. However, given the dynamic interplay 
between the dermis and epidermis, it is reasonable to hypothesize that HDAC activ-
ity in fibroblasts also plays critical roles, including in modulating signaling from the 
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dermis to the epidermis. Such mechanisms may have major impacts on epidermal 
development, hair follicle morphogenesis and cycling, and cancer. It is also possible 
that a specific HDAC paralog may oppositely regulate a process depending upon the 
compartment in which it is expressed. Should this prove true, targeting with HDACi 
may need to be cell type-specific.

A limitation to many of the studies performed to date is the use of pan-HDACi. 
While convenient for identifying some processes regulated by HDACs, these are 
blunt tools that cannot effectively distinguish contributions of individual HDACs, 
and subtle changes may be masked by stronger phenotypes. Novel isozyme-specific 
inhibitors are being developed, but only a few reports have been published using 
these compounds [62, 168, 226]. Together with genetic studies, the development of 
specific HDAC inhibitors will profoundly contribute to our understanding of the 
roles of individual isozymes to cellular functions, and has the potential to improve 
clinical treatments while mitigating off-target effects. However, even this approach 
comes with caveats, for to fully grasp the multi-faceted and sometimes contradic-
tory effects of HDACs, we must also consider the context in which these proteins 
are expressed.

Elaborate spatio-temporal differences in HDAC functions have been well- 
documented, EMT being a prime example. These divergent effects are likely medi-
ated by variation in the compositions of HDAC repressor complexes, as is the case 
with the N-CoR complex which can promote or inhibit EMT depending upon which 
MTA variant resides within the assembly [69]. The ubiquitous nature of HDACs 
expression coupled with their ability to act upon multiple substrates may limit the 
therapeutic effects of pan- or even paralog-specific HDACi. To provide the most 
tailored response on HDAC-mediated cellular processes highly specific, targeted 
disruptions of particular HDAC-repressor complex interactions may be more desir-
able. However, employment of such a strategy relies on elucidating the constituents 
of individual HDAC complexes in specific disease contexts, along with their func-
tional effects.
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HFSCs Hair follicle stem cells
ISWI Imitation SWI2
KLF4 Kruppel-like factor 4
SNF2 Sucrose Non Fermentation
SWI2 Mating type Switching 2

6.1  Introduction

Regulation of gene expression requires interplay between the transcription machin-
ery and the multi-subunit protein complexes that are involved in remodeling of chro-
matin, thereby controlling the spatial and temporal accessibility of sequence specific 
transcription factors to their corresponding target genes. Such complexes either 
covalently alter histones or DNA, or dismantle histone-DNA contacts through ATP-
dependent nucleosome remodeling. ATP-dependent chromatin remodeling (ATP-
DCR) complexes contain multiple subunits, including an ATPase of the SNF2 family 
that hydrolyzes ATP in order to modify or reshape the histone-DNA interaction 
within the nucleosomes, leading to nucleosome sliding, removal of histones, and/or 
exchange of histone variants [1]. The first chromatin remodeling complex was dis-
covered during screens in yeast for molecules involved in the signal transduction 
responsible for mating type switching, and is also known as Switch or SWI [2].

In different species, several subfamilies of the SNF2 family, including SWI2/
SNF2, ISWI and CHD/Mi-2, have been identified based on the status of their catalytic 
ATPase subunit. SWI2/SNF2, also known as the BRG1/BRM-associated factor (BAF) 
complex, is one of the best characterized nucleosome remodeling complex subfami-
lies, and is highly conserved among eukaryotes. Animal SWI2/SNF2 complexes con-
tain one of the two catalytic ATPase subunits, BRG1 (SNF2α) or BRM (SNF2β), and 
a variable, eight to fourteen regulatory subunit configuration of BAFs [3]. These 
 subunits can be encoded by at least 20 different genes, resulting in over 200 amalga-
mations of complexes. These target different DNA sequences and may have different 
functions [1, 4]. All of these alterations to nucleosome architecture result in an open 
chromatin structure and transcriptional activation, leading to gene expression.

The following Chapter focuses on the in vivo role of ATP-dependent chromatin 
remodeling in the control of epidermal differentiation and skin stem cell activity 
during hair follicle morphogenesis, hair cycling and wound healing in mammals 
such as mice and humans.

6.2  Control of Epidermal Differentiation

Skin is the largest organ of the body and protects us from toxic and arid external 
hazards by establishing and maintaining the epidermal permeability barrier (EPB). 
Proliferating cells in the epidermal basal layer undergo stepwise terminal 
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differentiation, giving rise to a stratified epithelium. Cells in the outermost layer of 
the epidermis become enucleated and form the stratum corneum, whose cells are 
sloughed off periodically and are replenished from the proliferative basal layer [5].

Prior in vitro studies suggested that BRM and BRG1, the two ATPases of the 
SWI2/SNF2 family, regulate the expression of independent sets of genes [6]. 
However, viability of Brm-null mice indicated that these two factors are function-
ally redundant in vivo and that BRG1 can compensate for loss of BRM [7]. In con-
trast, as fibroblasts lacking Brg1 are viable but Brg1-null embryos die very early 
during development (during the peri-implantation stage), BRG1 might exert cell- 
specific functions in early development [8].

In order to elucidate the in vivo role of these factors in the later stages of develop-
ment, including in skin development and maintenance of skin homeostasis, mice 
bearing LoxP-flanked (floxed) Brg1-alleles were established. Brg1/SNF2α was 
ablated in the forming epidermis using K14-Cre [9] or K14-Cre-ERT2 [10] trans-
genic mice that express either the bacteriophage P1 Cre-recombinase or the ligand- 
dependent Cre-ERT2 recombinase driven by the human K14 promoter, which is 
active in the surface ectoderm and the basal layer of the epidermis [11]. BRG1 is 
expressed in the surface ectoderm including that of the outgrowing limbs as early as 
embryonic day 10 (E10) of development [12]. At E18.5, BRG1 is strongly expressed 
in most, if not all, basal cells, as well as in about 70% of the spinous and 30% of the 
granular cells of the developing epidermis. Using constitutively active Cre recombi-
nase, Brg1 was efficiently ablated in epidermal keratinocytes and in the ectodermal 
layer of the limbs before E12 [12, 13]. Ablation of Brg1 in the surface ectoderm 
induced severe hindlimb defects due to lack of maintenance of the apical ectoder-
mal ridge (AER). The absence of forelimb defects in constitutive Cre mutants most 
likely reflects the earlier development of the forelimb, which occurs before efficient 
expression of the Cre recombinase [14], rather than differential participation of 
BRG1  in fore- and hindlimb development. Hindlimb defects can be avoided by 
inducing Brg1 ablation in postnatal skin. Indra and co-workers demonstrated that 
BRG1 is dispensable for formation of embryonic epidermis, but is essential for 
establishment of the epidermal permeability barrier (EPB). Interestingly, temporal 
ablation of Brg1 in the epidermis of mice lacking BRM showed that the BRM/
BRG1 ATP-dependent chromatin remodeling complex is not required for epidermal 
proliferation and “early” differentiation, and revealed partial redundancy between 
BRM and BRG1 in regulating “late” terminal differentiation of the epidermal kera-
tinocytes E12 [13].

Taken together, these results suggested that BRG1 selectively controls the 
expression of genes involved in the epithelial mesenchymal interactions required 
for limb patterning [15] and in terminal differentiation of keratinocytes during 
development. Similar to the situation in undifferentiated F9 embryonal carcinoma 
cells and in peri-implantation embryos [8, 16], BRM, which is dispensable for epi-
dermis and limb formation, cannot functionally replace BRG1 in these processes. 
However, BRM can partially substitute for BRG1 in keratinocytes undergoing ter-
minal differentiation.
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It was recently shown that ACTL6a (actin-like 6a), a protein also known as 
BAF53a/INO80K/Arp4, modulates the SWI/SNF complex to suppress differentia-
tion in the epidermis [17]. ACTL6 expression is downregulated during epidermal 
differentiation and is most strongly expressed in the less differentiated cells close to 
the epidermal basement membrane [17]. Spatio-temporal ablation of the epidermal 
ACTL6a resulted in reduced progenitor functions, premature terminal differentia-
tion and epidermal thinning (hypoplasia) during epidermal development and also in 
adult tissue homeostasis [17]. Significant derepression of specific well- characterized 
differentiation related genes at the mRNA and protein levels was observed upon loss 
of ACTL6a [17]. ACTL6a target gene characterization identified KLF4 (Kruppel- 
like factor 4), a known activator of epidermal differentiation, as a key target of 
ACTL6a repression. A large number of genes that are regulated by ACTL6a were 
also identified as targets of KLF4. In line with this, KLF4 loss together with dele-
tion of ACTL6a significantly compensated for the defects caused by ACTL6a deple-
tion in progenitors [17].

Recent studies also suggest that ACTL6a can associate with different epigenetic 
regulators, including the Tip60 HAT complexes, the KAT2a HAT complexes, and 
the SWI/SNF chromatin-remodeling complex [18–20]. Depletion of either KAT2a 
or Tip60 failed to significantly alter expression of differentiation related genes. 
However, ablation of the largest component of the SWI/SNF complex, BAF250a/
ARID1A, but not BAF250b/ARID1B, produced impacts similar to ACTL6a loss: 
decreased clonogenic growth and premature induction of differentiation. These 
results indicated that ACTL6a supports the maintenance of the epidermal progenitor 
state by sequestering BRM1/BRG1 to prevent activation of differentiation 
programs.

Chromatin immuno-precipitation assays on keratinocytes with functional 
ACTL6a indicated that compared to undifferentiated cells, differentiated keratino-
cytes displayed enhanced binding by BRM/BRG1 and RNA polymerase II at the 
promoters of differentiation genes, including KLF4 as well as KRT10, S100A9, 
SPRR3, and BMP6. Loss of ACTL6a in undifferentiated progenitor populations 
enhanced the binding of both BRM and BRG1 as well as RNA polymerase II to 
differentiation-gene promoters but failed to alter binding to other gene promoters 
(Fig. 6.1). Thus, ACTL6a helps to maintain the undifferentiated state by inhibiting 
SWI/SNF chromatin remodeling complex attachment to and activation of KLF4 and 
other differentiation related gene promoters [17].

Similar to the SWI2/SNF2 chromatin remodeling complex, the ISWI-containing 
NURF complex and the CHD-containing NuRD complex are important for mainte-
nance of human keratinocyte stem cells in an undifferentiated state [21]. Although 
there are no other described functions for these complexes in epidermal differentia-
tion and barrier formation, they are required, along with SWI/SNF, for DNA repair. 
Specifically, the NURF and NuRD complexes are essential for the exposure of dam-
aged DNA bases to the repair machinery and for the repair of double-stranded 
breaks through recombination [22]. These events are critical for reducing the risk of 
DNA damage in skin by environmental insults such as solar UV-irradiation, and for 
diminishing the risk of developing melanoma and non-melanoma skin cancer.
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The ATP dependent chromatin remodelers Mi-2α and Mi-2β, alternatively known 
as CHD3 and CHD4, are expressed in a wide range of developing tissues including 
skin and mucosal epithelia (Fig. 6.1) [23]. Mi-2β is expressed in epidermis and hair 
follicle placodes during embryonic development, and in the matrix of mature hair 
follicles (Fig. 6.1) [24]. Extensive studies of Mi-2β expression at the level of RNA 
were performed during the epidermal differentiation process. At E10.5, Mi-2β 
mRNA is uniformly expressed in the single layer ectoderm, and at E14.5 expression 
is observed in basal and suprabasal layers as well as in the hair peg and matrix of 
differentiating hair follicles (HF) (Fig. 6.2). By contrast, Mi-2β mRNA expression 
is very low in mature inter-follicular epithelium (IFE).

In order to study the role of Mi-2β/CHD4 in skin development and homeostasis 
in detail, Georgopoulos and coworkers generated mice with specific deletion of 
Mi-2β in keratinocytes using K14-Cre mediated cell-specific recombination [24]. 

Fig. 6.1 ATP-dependent chromatin remodeling proteins in the control of epidermal homeostasis 
during development

Fig. 6.2 ATP-dependent chromatin remodelers in the control of hair follicle morphogenesis, hair 
cycling, and stem cell activity

6 The Role of ATP-dependent Chromatin Remodeling in the Control of Epidermal…



164

Homozygous mice died within 24 h. of birth with shiny and flaky skin suggesting a 
possible role for Mi-2β in barrier formation. In addition, the mutants exhibited 
reduced numbers of HFs, abnormal whisker hairs, and curly tails (to be discussed 
later). These mice displayed striking difference in the phenotypes between the dor-
sal and ventral skin in terms of epidermal structure and presence of hair follicles. 
Early (E10.5) depletion of Mi-2β/CHD4 in the ventral epidermis resulted in reduc-
tion of epidermal suprabasal layers and depletion of the basal layers later in embryo-
genesis. In contrast, later (E13.5) loss of Mi-2β/CHD4 did not affect epidermal 
differentiation or maintenance of the basal layer, but induction of HFs was blocked. 
The ventral skin phenotype was caused by deletion of Mi-2β at early stages of epi-
dermal development, whereas the distinct dorsal skin phenotype was due to removal 
of Mi-2β after initiation of epidermal morphogenesis [24].

During the process of epidermal differentiation and permeability barrier forma-
tion, it has been suggested that the nucleolus transitions from a state of active tran-
scription in proliferating basal cells to a fully inactive state in the stratum corneum 
[25]. Current advances in analyses of 3D genomic organization using (a) confocal 
microscopy after fluorescent in situ hybridization or labeling with transgenic chi-
meric fluorescent proteins, and (b) chromatin conformation capture (3C, 4C and 
Hi-C) revealed that the relative positioning of chromosomes in the nucleus is not 
random, and instead is rather specific to cell type and cell size [26]. In the inter-
phase nucleus, chromosomes reside in defined domain(s) and genes within these 
regions are non- randomly positioned relative to each other and to nuclear sub-
organelles [26, 27]. As an example, in mouse epidermis the position of chromosome 
3 in keratinocytes of the basal and suprabasal layers is more peripheral than that of 
chromosome 11 [25]. Massive remodeling of the higher-order chromatin structure 
of the epidermal differentiation complex (EDC) on mouse chromosome 3 occurs 
during epidermal morphogenesis. The locus moves away from the nuclear periph-
ery and towards the nuclear interior into a location that is rich in SC35 (Srsf2)-
positive nuclear speckles. This realignment of the EDC locus occurs before 
transcriptional activation of EDC genes that drive terminal differentiation of kerati-
nocytes. The transcription factor p63, a master regulator of epidermal development 
[28, 29], orchestrates this lineage- specific, developmentally controlled event in the 
epidermis. In p63-null mouse skin, significant changes in expression of EDC genes 
are associated with alteration of the developmentally controlled relocation of the 
EDC within the nucleus [30]. In epidermal basal cells, p63 directly regulates expres-
sion of the ATP-dependent chromatin remodeler Brg1, which binds to distinct 
domains within the EDC and is required for repositioning of the EDC and Loricrin 
loci towards the nuclear interior (Fig. 6.1) [30]. This combinatorial effect of p63 
and BRG1 drives higher order chromatin remodeling, 3D-genomic organization 
and efficient gene expression of the EDC genes in epidermal precursor cells during 
epidermal morphogenesis (Fig. 6.1) [30].

Studies have also shown that transcription factors MAF:MAFB are regulated by 
lncRNAs TINCR and ANCR, besides p63, to give rise to a complex regulatory gene 
network for epidermal differentiation [31]. Using DeepCAGE, genome-wide profil-
ing of histone modifications and retroviral integration analysis, Cavazza et  al., 
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showed that most of the active promoters are differentially controlled in progenitor 
and differentiated keratinocytes, while nearly 50% of the enhancers and super- 
enhancers mediate, in a stage specific manner, the epigenetic changes in differenti-
ated keratinocytes [32]. They also observed that p63 binds to and controls cell 
specific super-enhancers in both proliferating and differentiating keratinocytes.

6.3  Stem Cell Activity During Hair Follicle Morphogenesis 
and Cycling

Hair follicle (HF) morphogenesis is initiated during embryonic development and 
involves epithelial-mesenchymal interactions that require the activity of the Wnt/β- -
catenin, Shh, Notch, BMP and Edar signaling pathways [33]. In adult life, HFs 
cycle periodically through anagen (growth), catagen (regression) and telogen (rest-
ing) phases [25, 34–36]. HF stem cells (HFSCs) in the secondary hair germ and 
bulge regions are stimulated to proliferate at anagen onset. The secondary hair germ 
generates the proliferative HF matrix, which produces the hair shaft and its sur-
rounding inner root sheath. Bulge stem cells give rise to the HF outer root sheath, 
and these contribute to the matrix in the subsequent HF growth cycle [33, 37, 38]. 
In homeostasis, bulge stem cells contribute only to the HF, but following skin 
wounding their progeny exit the hair follicle and contribute transiently to epidermal 
repair [34–36]. The ability of HFSCs to self-renew is critical to ensure that HFs can 
continue to cycle throughout life [33, 39].

HFSCs in the bulge and secondary hair germ are characterized by expression of 
distinct sets of markers (Krt15+, Lgr5+, CD34+, Sox9+, Lhx2+, Tcf3+, Nfatc1+ for the 
bulge, and Krt15+, Gli1+, Lgr5+ for the secondary hair germ). Additional stem cell 
populations reside in the junctional zone (Lrig1+), sebaceous glands (Blimp1+), and 
isthmus (Lgr6+, Plet1+, Gli1+) [34–36, 40–42]. Lrig1, Lhx2 and Nfatc1 are thought 
to play roles in lineage maintenance of these regions [40, 41, 43].

Chromatin remodeling involving the SWI/SNF complex is important in control-
ling the activities of genes that regulate stem cell functions. Brahma related gene 1 
(BRG1), an ATPase component of the BAF chromatin remodeling structure, plays 
key roles in normal hair regeneration [44] and is dynamically expressed in HF at 
different stages of the hair cycle [44]. Low levels of BRG1 expression are observed 
in late telogen, while early anagen is marked with increased expression mainly in 
the lower bulge, and at later stages expression declines [44]. To elucidate the physi-
ological role of BRG1  in hair regeneration, Nfatc-Cre mice, which express Cre 
recombinase specifically in the bulge [43], were combined with a conditional allele 
of Brg1 [44]. Deletion of Brg1 in the bulge caused decreased matrix cell prolifera-
tion, retarded hair growth, and progressive hair loss. BRG1 functions by suppress-
ing p27kip1 and recruiting NF-kB, which in turn activates Shh in matrix cells 
promoting their proliferation [45, 46] (Fig. 6.2). Shh signaling through Gli activates 
BRG1 in bulge cells, creating a positive feedback loop. Thus, gene regulation by 
chromatin restructuring plays a key role in HFSC activation.
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The ATP dependent chromatin remodeler Mi-2β and its role in epidermal dif-
ferentiation have been described in the above section. In addition to its expression 
in the developing epidermis, Mi-2β is also expressed in the hair placode and matrix 
of developing HF [24]. Loss of Mi-2β in embryonic dorsal epidermis prevents 
induction of hair follicle placodes. After initiation of the follicle, markers of follicu-
lar morphogenesis such as Edar, Shh, Bmp2 and β-catenin [24, 33, 38] are expressed, 
and some subsequent morphogenesis of the hair peg proceeds in the absence of 
Mi-2β; however production of the progenitors that give rise to the inner layers of the 
hair follicle and hair shaft is impaired [24].

6.4  Stem Cell Activity During Wound Healing

Wound healing is a complex process that requires coordination of inflammatory, 
proliferative and remodeling mechanisms. HFSCs contribute to tissue repair and 
regeneration processes, particularly in re-epithelialization and re-establishment of 
skin homeostasis [36]. For instance, in response to full-thickness wounding, sev-
eral different HFSC populations are activated, and their progeny migrate out from 
the HFs to participate in wound re-epithelialization [35, 40, 42, 47–49]. Gene regu-
lation mechanisms are controlled by histone modifications, and are essential for 
normal physiological processes. A recent article by Na et al. (2016) demonstrates 
that histone modifications are crucial during the wound healing process [50]. 
Expression of Histone H3K27 demethylase [known as Jumonji domain containing 
protein D3 (JMJD3)], which has an important role in keratinocyte differentiation, 
is upregulated in the wound edges and it’s inactivation leads to aberrant wound 
healing [50]. Specifically, JMJD3 induces keratinocyte activation during the re-
epithelialization process by interacting with NF-kB targets on inflammatory, MMP, 
and growth factor gene promoters [50, 51]. Similarly, expression of the chromatin 
remodeling protein BRG1 in HF bulge and bulge-derived cells increases following 
depilation or full thickness wounding in mouse skin [44]. Brg1 functions to facili-
tate emergence of bulge stem cells from the hair follicle to contribute to wound 
repair [34, 36, 44, 52].

6.5  Skin Pathophysiology

Exposure to solar UV irradiation can cause sunburn in the short term, and skin photo-
aging and skin cancer due to DNA damage in the longer term. Despite these negative 
effects, controlled UV irradiation can be beneficial in the treatment of skin diseases 
such as eczema and psoriasis. Brahma (BRM) is a component of the SWI/SNF chro-
matin remodeling complex. Human non-melanoma skin cancers are reported to have 
hot spot mutations in the Brm gene, caused by ultraviolet (UV) exposure [53], and 
recent studies have demonstrated the protective functions of BRM as a tumor 
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suppressor [54]. In line with these findings, irradiation of Brm-null mice with low 
dose ultraviolet (UV) light revealed their increased susceptibility to skin photocarci-
nognesis compared with controls, but did not alter the protective apoptotic response 
to UV-induced sunburn [54]. In the absence of one allele of the tumor suppressor 
p53, loss of BRM did not further increase tumor incidence, but did result in a higher 
growth rate of the tumors [54, 55]. Importantly, increased cell division occurred 
predominantly in the differentiated suprabasal layer of the epidermis, rather than in 
the basal layer in Brm-/- mice, revealing that BRM protects suprabasal cells from 
UV induced proliferation (Fig. 6.3) [55]. Suprabasal cells are more exposed to UV 
than basal cells and are therefore highly susceptible to mutation [56]. Moreover, 
UV-induced mutation occurs when cells divide without repairing damaged DNA 
[54, 56]. These observations may help to explain why the authors’ initial studies with 
Brm-null mice showed increased photo-carcinogenesis, while in later studies where 
they used a UV dose that simulated chronic sunlight exposure with mild sunburn 
damage, similar to the effects of natural sun exposure during normal activities in 
humans, they observed increased UV-induced cellular hyper-proliferation.

By contrast, UVB irradiation of C. elegans nematodes lacking the Brm analog 
psa-4 caused increased UV-sensitivity and cell death. This finding may reflect dif-
ferences between the C. elegans and mammalian genomes and/or differences in 
sensitivity to UVB between C. elegans and mammalian keratinocytes [57].

6.6  Conclusions

The studies summarized above suggest that all subfamilies of the SNF2 family, 
including SWI2/SNF2 (BRG1/BRM), ISWI and CHD/Mi-2β, play critical roles 
in the maintenance of epidermal homeostasis by controlling the balance between 

Fig. 6.3 ATP-dependent chromatin remodelers in the control of UV irradiation induced epidermal 
proliferation and photo-carcinogenesis
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proliferation and differentiation, and also in controlling epidermal permeability 
barrier formation. Future studies will further explore the roles of epigenetic 
mechanisms and their cross-talk with other regulatory pathways in controlling 
keratinocyte proliferation and the switch to differentiation in healthy and dis-
eased skin.

In particular, the mechanisms underlying targeting of BRG1 to specific domains 
of the EDC, and its potential interaction with key epidermal transcription factors, 
such as p63, AP-1, and Klf4, that regulate EDC gene expression in epidermal pro-
genitor cells remain to be determined. The cooperative involvement of BRG1 and 
SATB1 for establishing the specific EDC configuration in differentiating epider-
mal keratinocytes needs to be further investigated. Similarly, additional studies to 
explore the mechanisms by which Mi-2β exerts selective effects on development of 
the epidermis and related skin appendages will further elucidate the role that Mi-2 
β-like chromatin remodelers play in establishing lineage specific stem cell identity. 
Future studies on the functions of other actin-like proteins, similar to ACTL6a, in 
multiple tissues will provide insights into developmental regulation by these mod-
ulators and the epigenetic regulatory complexes with which they associate.

The BRG1 chromatin remodeler plays crucial roles in maintaining the bulge 
stem cell pool, controlling hair cycling, permitting normal skin homeostasis, and 
facilitating repair and regeneration processes (Figs.  6.1 and 6.2). Other factors 
involved in the process of Gli-mediated activation of BRG1 during hair cycling are 
currently unknown, and are an important subject for further study (Fig.  6.2). It 
would be interesting to examine the regulation of BRG1 by other bulge stem cell 
factors such as Lhx2 and Tcf3 in this context. Improved understanding of BRG1 
mediated regulatory controls of other cutaneous stem cell markers such as CD34, 
CD133 and Lrig1 during hair cycling and wound healing may help identify novel 
approaches to improve wound repair and tissue regeneration. Regulation of JMJD3 
activity may provide a therapeutic approach for treatment of chronic wounds. 
Similarly, future mechanistic studies will provide more information regarding the 
role of Mi-2β in mobilization of stem cells during hair follicle morphogenesis and 
hair cycling, as well as in wound repair.

In the future, a better understanding of the epigenetic control of other key regu-
lators by BRM and/or BRG1 in photo-carcinogenesis, UV-induced DNA damage 
and UV-induced skin inflammation will be necessary to gain more insights into 
these processes. Elucidation of detailed molecular mechanisms, together with 
gene expression profiling of coding and non-coding small and long-RNAs in 
UVB  induced skin, may lead to discovery of potential biomarkers in 
photocarcinogenesis.

Last but not least, many of the studies discussed here highlight the power of Cre- 
ERT2- mediated recombination technology for creating spatio-temporally controlled 
targeted somatic mutations that allow dissection of gene functions throughout skin 
morphogenesis and in adult life [12, 58, 59].
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Chapter 7
Orchestrated Role of microRNAs  
in Skin Development and Regeneration

Natalia V. Botchkareva and Rui Yi

7.1  Regulation of miRNA Biogenesis and Functions

The biogenesis pathway of miRNAs has been extensively investigated. These stud-
ies have delineated a canonical pathway for miRNA biogenesis that is mediated 
sequentially by nuclear cleavage of primary miRNAs by the Drosha/Dgcr8 micro-
processor, nuclear export of pre-miRNAs by Xpo5, cytoplasmic cleavage of pre- 
miRNAs by Dicer together with TRBP and/or PACT, and the incorporation of 
single-stranded mature miRNA into the Argonaute (Ago) proteins to form the RNA- 
induced silencing complex (RISC). In addition, several alternative pathways have 
been identified. We refer our readers to a recent review for detailed description of 
these studies [1].

In this Chapter, we will focus on recent research and aim to provide new insights 
to stimulate future studies of miRNAs’ roles in the skin. In particular, it is clear that 
miRNA biogenesis is under extensive regulation and integrating these regulatory 
mechanisms into studies of miRNA functions will be critical for our understanding 
of these fascinating small molecules.

Although it is widely accepted that pri-miRNAs are transcribed by RNA poly-
merase II, the transcription start site, relative location of mature miRNAs on the 
pri-miRNA transcripts, and the transcription termination site are generally ill- 
defined. Global annotation of miRNA primary transcripts in mouse and human [2] 
has revealed that expression of individual miRNAs within a cluster is modulated 
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through the use of alternative transcription start sites. This finding implicates 
involvement of alternative promoter sequences and transcription factors, providing 
a mechanism by which individual miRNA expression from a genomic cluster can be 
regulated in a cell type-specific manner. In addition, expression of some miRNAs, 
such as human miR-205, a miRNA that is highly expressed in the skin, can be 
adjusted via alternative splicing [3, 4]. Mature miRNAs can be expressed from 
either intronic or exonic sequences. However, in the case of human miR-205, 
alternative splicing can slice the pre-miR-205 at the loop region, likely abolishing 
mature miR-205 production from the spliced transcript. Although it is not clear how 
this alternative splicing mechanism regulates miR-205 expression and function in 
human cells, this observation establishes a basis to link alternative splicing to 
miRNA expression. In our characterization of miR-205 primary transcripts in 
mouse, however, we do not detect any potential interference from splicing patterns 
[4]. This implies that such regulatory mechanisms may be human-specific even 
though mature miR-205 is fully conserved across vertebrates.

It is also unclear how the transcriptional output of primary miRNA transcripts is 
related to accumulation of mature miRNAs, which can be readily measured by 
Northern blotting, qRT-PCR, and deep sequencing. In our recent efforts to deeply 
sequence the skin transcriptome by RNA-seq, we have observed accumulation of 
primary miRNA transcripts 3′ to the pre-miRNA hairpin for some highly abundant 
miRNAs; however we were not able to detect the entire transcript even for these 
highly expressed miRNAs. This suggests that primary transcripts are efficiently 
processed by the microprocessor complex to release the miRNA hairpin. Of note, 
these miRNAs are typically highly expressed in the skin.

miR-205 has recently been shown to be expressed at high levels in hair follicle 
stem cells (HF-SCs), with an estimated copy number of ~50,000 per cell, and plays 
an important role in promoting HF-SC expansion [4]. Interestingly, the miR-205 
locus harbors super-enhancers, suggesting combinatorial control of this locus by 
multiple transcription factors [5]. Similarly, miRNAs that are specific to embryonic 
stem cells, such as miR-290~295, harbor super-enhancers encompassing numerous 
binding sites for Nanog, OCT4, SOX2 and TCF transcription factors [6]. These 
observations suggest that highly expressed and cell type-specific miRNAs are under 
strong transcriptional regulation.

Upon transcription, the recruitment of the microprocessor to primary miRNA 
transcripts is also highly regulated, at least for a subset of miRNAs, and such regula-
tion can affect the abundance of mature miRNAs. Interestingly, super-enhancers can 
facilitate recruitment of the Drosha/Dgcr8 microprocessor to primary miRNA pre-
cursors for nuclear cleavage, providing an intimate link between miRNA transcrip-
tion and processing [7]. Earlier studies suggested that nuclear factors such as the 
transcription factors p53 and SMAD and the tumor suppressor BRCA1 can act to 
enhance recruitment of the microprocessor complex to primary miRNA transcripts 
[7–10]. A recent study revealed that YAP1, another transcription factor, can inhibit 
recognition and processing of primary transcripts by sequestering p72/DDX10, a 
co-factor for the microprocessor [11]. Interestingly, Yap1 overexpression in the skin 
produces a hair follicle evagination phenotype, similar to that observed in epidermis 

N. V. Botchkareva and R. Yi



177

conditionally deleted for Dicer1, Dgcr8 or Ago1/2. Although miRNA levels were 
not assessed in Yap1 transgenic mice, it is possible that Yap1 overexpression inter-
feres with the miRNA biogenesis pathway. Furthermore, N6- methyladenosine is 
reported to mark some primary miRNAs to enhance their recognition by Dgcr8 and 
subsequent processing by the microprocessor complex [12]. However, this effect 
appears to be subtle. It will be interesting to define the number of miRNAs that are 
subject to such regulation and to determine the extent to which levels of mature 
miRNAs can be altered independent of transcriptional control.

Although Xpo5 has been identified as a key factor mediating nuclear export of 
pre-miRNAs, it remains unclear whether this process is subject to regulation. Earlier 
studies suggested that Xpo5 is required for miRNA maturation [13, 14] and demon-
strated that overexpression of Xpo5 can enhance miRNA functions, presumably 
through the enhanced miRNA transportation [15]. However, more recent investiga-
tions have shown that some less abundant miRNAs can completely bypass Xpo5- 
mediated nuclear export and instead utilize an Xpo1-dependent mechanism [16]. 
The functional significance of this alternate pathway has not yet been tested in ani-
mal models. Genetic deletion of key factors for miRNA biogenesis in the skin epi-
dermis causes major defects in epidermal development [17–21]. Future studies 
deleting Xpo5 and Xpo1 in the skin and comparing the resulting phenotypes to 
those described in Dicer1, Dgcr8 and Ago conditional deletion mutants will yield 
important insights into the functional importance of Xpo5-dependent and -indepen-
dent pathways.

When pre-miRNA hairpins reach the cytoplasm, Dicer1 further processes the 
hairpin and generates a dsRNA duplex, one strand of which is incorporated into the 
RISC by binding to its constituent Ago proteins [22, 23]. Dicer1 can also bind to 
numerous RNA species including mRNAs and lncRNAs, and such binding events 
seem to stabilize these transcripts [24].

The requirement of Ago proteins for miRNA accumulation has been demon-
strated by genetic studies. Deletion of Ago1 and Ago2 leads to the loss of ~80% of 
total miRNAs in the epidermis, correlating with the higher abundance of Ago1 and 
Ago2 compared with other Ago proteins expressed in the skin [19]. Interestingly, 
when mature miRNAs are abolished in Dicer1 KO fibroblasts, Ago proteins are also 
significantly depleted [25]. Furthermore, absolute copy numbers of Ago proteins 
and miRNAs are comparable [19, 26]. These observations suggest that mature miR-
NAs and Ago proteins are required to stabilize each other and form the RISC. The 
loading preferences of individual Ago proteins were recently examined in the skin 
by Ago-IP followed by deep sequencing. Based on these results, it seems that miR-
NAs are randomly loaded onto available Ago proteins without substantial prefer-
ence for the different isoforms. However, additional studies have identified a 
mechanism mediated by AUF1, an RNA binding protein that can facilitate loading 
of the let-7b miRNA onto Ago2 [27]. It is yet to be determined whether this mecha-
nism also helps to load let-7b onto other Ago proteins. Another open question is 
whether different Ago proteins associate with distinct effectors such as GW pro-
teins, also known as TNRC6a/b/c in mammals, as well as PAN2-PAN3 and the 
CCR4-NOT complex. Different Ago proteins are thought to be subject to distinct 
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post-translational modifications, which may influence their ability to interact with 
specific downstream effectors. Recently, Ago2 was found to undergo a phosphory-
lation cycle regulating target engagement [28]. This exciting discovery suggests a 
dynamic model of miRNA-mediated regulation and provokes further studies of how 
and when miRNAs regulate their targets, perhaps in an Ago-specific manner. In 
addition, Ago-bound miRNAs are found to exist in low molecular weight complexes 
that are not associated with mRNAs in many adult tissues [29]. During T-cell activa-
tion, signaling pathways stimulate Ago-bound miRNAs to form high molecular 
weight complexes, which bind mRNAs and regulate their expression. This finding 
provides an intriguing example in which miRNA-mediated function is regulated by 
signaling pathways in a cell context-specific manner.

Finally, the mechanisms controlling miRNA decay are incompletely understood. 
In general, miRNAs seem to enjoy a relatively long half-life. However, some miR-
NAs, especially those involved in regulation of the cell cycle, are actively degraded 
[30]. Biochemical and genetic studies have shown that uridylation and, to a lesser 
extent, adenylation of mature miRNAs impacts their accumulation and/or function 
[31–33]. Furthermore, it is unclear how individual miRNAs are distinguished when 
associated with Ago proteins. We speculate that Ago modifications together with 
motifs contained within individual miRNAs could specifically mark miRNAs for 
modification and subsequent degradation.

When oncogenic stimuli are activated in quiescent HF-SCs, their global miRNA 
expression profile changes from a quiescent to an activated signature [34]. Similarly, 
when an oncogenic form of Hras (HrasG12D) is introduced into keratinocytes, it leads 
to a profound shift in global miRNA expression, including significant alterations in 
the expression levels of several highly expressed miRNAs [35]. Collectively, these 
results suggest that global miRNA profiles can be dramatically shifted upon cellular 
transformation. To accomplish these changes, it is likely that many miRNAs and/or 
the RISC are subjected to selective degradation. We speculate that the miRNA deg-
radation machinery is activated during these transitions to facilitate reprogramming 
of the RISC.

Skin is one of the few systems in which the functions of most of the key compo-
nents of the miRNA biogenesis pathway, including Drosha, Dgcr8, Dicer1 and 
Argonaute, have been examined using loss of function genetic mouse models [17–
21]. Epidermal-specific targeting of Dicer1 or Dgcr8 causes dramatic skin pheno-
types [17, 20, 21]. Upon Dicer1 or Dgcr8 deletion the epithelial cells of the 
developing hair follicle become more susceptible to apoptosis and, strikingly, the 
dermal papillae abnormally migrate into the epidermis, eventually leading to the 
formation of hair germ-like cysts. Similar abnormalities in skin morphogenesis are 
seen following ablation of the essential RISC components Ago1 and Ago2 [19]. 
Pigment producing melanocytes are also highly dependent on miRNAs: Dicer1 
deletion in melanocytes induces their apoptosis, resulting in formation of unpig-
mented hair. Interestingly, the master regulator of melanocyte development, activity 
and survival, microphthalmia-associated transcription factor (MITF), controls 
Dicer1 transcription in melanocytes [36].
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These early studies illuminated miRNAs as essential actors controlling the exe-
cution of gene expression programs in a cell lineage specific manner, and estab-
lished a solid foundation for an explosion of research in the area of miRNAs in 
normal skin and hair follicle development, and their implications in a variety of skin 
disorders.

7.2  MicroRNA Functions in Epithelial Stem Cells

With well-defined lineages during development and in adult tissues, skin is an ideal 
model system to investigate miRNA functions in specification, maintenance and 
differentiation of tissue stem cells. Multiple populations of stem and progenitor 
cells exist to fuel tissue homeostasis in the skin. In the basal epidermis, unipotent, 
interfollicular progenitors maintain the epidermal lineage, while in the hair follicle, 
bulge stem cells contribute to all epithelial lineages of the hair follicle. During 
wound healing, bulge stem cells can also migrate towards the epidermis and con-
tribute to the epidermal lineage [37]. Several additional stem cell populations have 
been identified in hair follicles, and other skin appendages [38] (Fig. 7.1).

The miRNA pathway is dispensable for interfollicular progenitors in vivo. In 
grafted Dicer1 cKO skin and Ago1/2 double cKO skin, the epidermal lineage 
remains relatively intact and only shows signs of mild hyperproliferation [19, 39]. 
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Fig. 7.1 Functions of miRNAs in the formation and maintenance of functional skin and its 
appendages. miRNA/mRNA interactions play key roles in the control of epidermal homeostasis, 
hair follicle cycling, and pigmentation. miRNA target genes involved in the control of epidermal 
homeostasis and the hair cycle are shown by blue and green colours, respectively. miRNAs regulat-
ing melanocyte activity and pigmentation are shown in brown
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In sharp contrast, however, bulge HF-SCs are not maintained in Dicer1 and Dgcr8 
cKO skin [17, 20, 21]. Although they are specified, judged by their initial expression 
of SOX9, NFATC1 and TCF3/4, all of which are key regulators of HF-SCs, these 
cells quickly lose expression of these transcription factors and the hair follicle 
degenerates [4]. Quiescent HF-SCs appear to be more resistant to the loss of Dgcr8 
or Drosha, whereas activated HF-SCs perish rapidly [18]. These observations sug-
gest that actively dividing HF-SCs are particularly sensitive to the loss of miRNAs. 
These findings suggest differential requirements for miRNAs in interfollicular 
progenitors and bulge HF-SCs, and should guide future efforts to identify individual 
miRNA functions in each lineage.

For the past several years, much effort has been dedicated to studying the functions 
of individual miRNAs in skin stem cells. Several miRNAs including miR-203, miR-
205, miR-125b, miR-24, miR-21, miR-22, and miR-103/107 have been examined in 
detail in the skin in vivo or in cultured keratinocytes. All of these miRNAs are highly 
expressed in their cellular contexts. For example, miR-205 and miR-125b are the 
most and second most abundantly expressed miRNAs in neonatal HF-SCs [4, 40]; 
miR-203 is the most abundantly expressed miRNA in suprabasal epidermal cells; and 
miR-214 and miR-31 are highly expressed in the transient amplifying cells in the hair 
matrix [41, 42]. Among these miRNAs, the functions of miR-203 and miR-205 have 
been examined in vivo using genetic loss of function mouse models [4, 39].

While initial studies reported strong effects of miR-203 in repressing progenitor 
proliferation using gain-of-function approaches in cultured keratinocytes and 
in vivo [39, 43], genetic deletion of mR-203 causes only a mild increase in epider-
mal proliferation during embryonic development when the proliferation rate is rela-
tively high [35]. This result is not surprising, as the interfollicular epidermis is 
relatively unaffected by deletion of Dicer1, which should abolish most miRNAs. 
Interestingly, however, expression of a mutant, oncogenic form of Hras (HrasG12D) 
is found to suppress miR-203. Furthermore, identification of miR-203 target 
mRNAs using expression analyses and direct capture of RISC-associated mRNAs, 
yielded a number of genes involved in Ras signaling and cell proliferation. Although 
the mechanism of HrasG12D mediated miR-203 repression is not clear, HrasG12D and 
miR-203 appear to antagonize each other and this interaction plays an important 
role in HrasG12D initiated tumorigenesis [35].

The importance of highly expressed miRNAs in HF-SCs has been demonstrated 
by studies on miR-205 and miR-125b using genetically engineered mouse models. 
In neonatal HF-SCs, miR-205 and miR-125b account for ~30% and ~15% of the 
entire miRNA pool, respectively. Genetic deletion of miR-205 compromises PI(3)K 
signaling and significantly reduces pAkt levels in both epidermal progenitors and 
hair follicle stem cells. Of note, the reduction in pAkt levels observed in miR-205 
KO mice is similar to that in Dicer1 cKO cells, identifying miR-205 as a major 
contributor to miRNA-mediated regulation of pAkt levels in skin stem cells. 
Consistent with this notion, hair follicle growth is similarly stunted in miR-205 KO 
and Dicer1 cKO mice. However, the phenotype of hair germ evagination, a hallmark 
of Dicer1 cKO skin, is not observed in the miR-205 KO despite high levels of 
 miR- 205 expression in wild-type hair germs. This suggests that loss of other miR-
NAs may be responsible for this defect. Interestingly, a super-enhancer for miR-205 
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has recently been identified in HF-SCs, underscoring the extensive transcription 
regulation of miR-205 in these cells [5]. However, the precise role of miR-205 in 
adult HF-SCs remains to be elucidated.

The functions of miR-125b, the mammalian lin-4 homologue, have been exam-
ined in an inducible overexpression mouse model. Enhanced expression of miR- 
125b leads to hair loss and enlarged sebaceous gland formation [40]. Intriguingly, 
hair loss is not caused by depletion of HF-SCs but instead results from their adop-
tion of sebaceous gland rather than hair follicle fates. These gain of function data 
suggest that miR-125b may function to balance the fate decision of HF-SCs between 
sebaceous gland and hair follicle; however, definitive loss of function genetic stud-
ies will be required to confirm this. It will also be interesting to determine the 
requirements for the related miRNA, for miR-125a, in maintenance and differentia-
tion of HF-SCs using loss of function mouse models. In addition, current evidence 
suggests that miR-103/107 miRNAs may promote epithelial stem cell fate by regu-
lating multiple targets that are involved in cell cycle control, signaling, cell adhesion 
and cell-cell communication, respectively [44].

Collectively, these studies have begun to unravel important functions for indi-
vidual miRNAs in the maintenance and differentiation of skin stem cells in vivo and 
in vitro (Table 7.1). Several insights can be drawn from these studies. Firstly, highly 
expressed miRNAs tend to regulate a larger number of targets and/or enforce stron-
ger regulation to individual target genes than less abundant miRNAs. In the future, 
it will be interesting to determine whether miRNAs that are expressed at low or 
intermediate levels can also regulate functionally important targets. Secondly, indi-
vidual miRNAs frequently have mild effects, often producing a less than two-fold 
decrease in the abundance of any given target mRNA. For example, in our studies 
of miR-203 using both gain- and loss-of-function approaches, we found that the 
majority of miR-203 targets only changed mildly when miR-203 levels were modu-
lated. Of note, overexpression appears to have a stronger effect on mRNA levels 
than loss of function [35]. Thirdly, although most miRNA-mediated repression 
(66–90%) can be explained by mRNA destabilization [45], individual target genes 
can be regulated through alternate mechanisms. For example, Trp63 is a bona fide 
miR-203 target [35, 39, 43], but its mRNA levels barely change when miR-203 is 
either overexpressed or depleted [35, 39, 43]. We suggest that combinatorial 
approaches involving the detection of miRNA:mRNA physical interactions using 
HITS-CLIP or PAR-CLIP [46, 47] in parallel with quantitation of mRNA levels by 
RNA-seq or microarray will be important for identifying bona fide miRNA targets.

7.3  MicroRNAs in Epidermal Homeostasis

The p63 transcription factor is a major regulator of epidermal development and dif-
ferentiation [48–50]. p63 knockout mice fail to form a stratified epidermis and lack 
expression of several epidermal-specific genes [48, 50]. In human epidermis, p63 is 
required for both keratinocyte proliferation and differentiation, as p63 loss leads to 
severe epidermal hypoproliferation and suppressed differentiation [49].
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Table 7.1 Highly expressed miRNA in the skin

Neonatal HF-SCs Reads % Neonatal epidermis Reads %

mmu-miR-205-5p 4,031,674 31.89 mmu-miR-205-5p 4,667,769 56.67
mmu-miR-125b-5p 1,249,019 9.88 mmu-miR-24-3p 324,667 3.94
mmu-miR-23b-3p 725,453 5.74 mmu-miR-23a-3p 311,354 3.78
mmu-miR-16-5p 609,242 4.82 mmu-miR-125b-5p 244,631 2.97
mmu-miR-24-3p 577,532 4.57 mmu-miR-23b-3p 219,017 2.66
mmu-miR-23a-3p 457,381 3.62 mmu-miR-125a-5p 174,940 2.12
mmu-miR-200b-3p 413,024 3.27 mmu-miR-92a-3p 155,639 1.89
mmu-let-7c-5p 365,932 2.89 mmu-miR-16-5p 154,776 1.88
mmu-miR-125a-5p 316,604 2.50 mmu-miR-200b-3p 132,136 1.60
mmu-miR-15b-5p 246,980 1.95 mmu-miR-26a-5p 124,997 1.52
mmu-miR-26a-5p 214,916 1.70 mmu-miR-15b-5p 122,425 1.49
mmu-miR-92a-3p 188,567 1.49 mmu-let-7c-5p 115,616 1.40
mmu-let-7b-5p 187,297 1.48 mmu-miR-365-3p 109,799 1.33
mmu-miR-10a-5p 178,175 1.41 mmu-miR-200c-3p 100,050 1.21
mmu-miR-30c-5p 165,916 1.31 mmu-miR-193b-3p 89,412 1.09
mmu-miR-27b-3p 164,910 1.30 mmu-let-7b-5p 80,145 0.97
mmu-miR-99a-5p 164,350 1.30 mmu-miR-30c-5p 70,153 0.85
mmu-let-7a-5p 162,480 1.29 mmu-let-7a-5p 70,105 0.85
mmu-miR-200c-3p 144,591 1.14 mmu-miR-484 52,723 0.64
mmu-miR-484 112,283 0.89 mmu-miR-30d-5p 46,317 0.56
mmu-miR-203-3p 107,218 0.85 mmu-miR-191-5p 44,268 0.54
mmu-let-7d-5p 91,780 0.73 mmu-miR-27b-3p 40,119 0.49
mmu-miR-191-5p 82,213 0.65 mmu-miR-10a-5p 37,719 0.46
mmu-miR-30d-5p 81,974 0.65 mmu-let-7d-5p 37,705 0.46
mmu-miR-27a-3p 71,561 0.57 mmu-miR-203-3p 37,240 0.45
mmu-let-7f-5p 70,739 0.56 mmu-miR-99a-5p 31,848 0.39
mmu-miR-365-3p 59,946 0.47 mmu-let-7f-5p 31,593 0.38
mmu-miR-342-3p 58,978 0.47 mmu-miR-25-3p 29,977 0.36
mmu-miR-25-3p 58,859 0.47 mmu-miR-27a-3p 29,926 0.36
mmu-miR-195a-5p 53,110 0.42 mmu-miR-181a-5p 21,770 0.26
mmu-miR-181a-5p 52,592 0.42 mmu-miR-200a-3p 17,613 0.21
mmu-miR-19b-3p 45,866 0.36 mmu-miR-19b-3p 16,686 0.20
mmu-miR-99b-5p 41,926 0.33 mmu-miR-429-3p 15,486 0.19
mmu-miR-378a-3p 38,430 0.30 mmu-miR-222-3p 14,841 0.18
mmu-miR-200a-3p 38,100 0.30 mmu-miR-652-3p 14,537 0.18
mmu-miR-30b-5p 37,974 0.30 mmu-miR-320-3p 14,298 0.17
mmu-miR-193b-3p 37,973 0.30 mmu-miR-744-5p 13,577 0.16
mmu-let-7e-5p 35,881 0.28 mmu-let-7d-3p 13,546 0.16
mmu-miR-15a-5p 33,207 0.26 mmu-miR-30b-5p 13,343 0.16
mmu-let-7g-5p 30,712 0.24 mmu-miR-182-5p 12,715 0.15
mmu-miR-429-3p 30,247 0.24 mmu-miR-22-3p 12,499 0.15
mmu-miR-182-5p 26,061 0.21 mmu-let-7i-5p 11,750 0.14

(continued)
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Recent studies demonstrated that expression of p63 is post-transcriptionally 
regulated by several miRNAs; in turn, p63 controls the expression of specific miR-
NAs. As discussed above, miR-203 contributes to the control of epidermal differen-
tiation, at least in part, by targeting p63. miR-203 expression is restricted to 
differentiating cells of the epidermis in both mouse and human skin [39, 43, 51], 
and its expression is induced in keratinocytes during calcium-induced differentia-
tion in vitro [43]. Galectin-7 positively regulates miR-203 expression by binding to 
and stabilizing MAP kinase JNK1 [52]. Thus, miR-203 operates as a molecular 
switch between proliferative basal and terminally-differentiating suprabasal cells by 
suppressing their proliferative potential and inducing cell-cycle exit.

p63 expression is also controlled by miR-720 and miR-574-3p, which, like 
miR203, are expressed in suprabasal layers of the epidermis [53]. Expression of 
miR-720 and miR-574-3p is repressed by iASPP, an inhibitory member of the ASPP 
(apoptosis stimulating protein of p53) family that, in turn, is modulated by p63. 
Therefore, miR-720 and miR-574-3p participate in an auto-regulatory feedback 
loop between iASPP and p63 to control epidermal differentiation [53].

Notably, p63 directly regulates certain miRNAs. Intriguingly, the promoter and 
sequence for miR-944 are located in an intron of Tp63. The ΔNp63 transcription 
factor positively regulates miR-944 transcription by directly binding and stimulat-
ing the activity of its promoter. miR-944 targets genes in the ERK signaling path-
way, resulting in upregulation of p53 and activation of early stages of epidermal 
differentiation, thus contributing to ΔNp63-mediated induction of epidermal dif-
ferentiation [54].

By contrast, p63 represses the expression of a subset of miR-34 family members 
by binding to their promoters [55]. The miR-34 miRNAs are differentially expressed 
in the epidermis: miR-34a is predominantly expressed in suprabasal layers;  miR- 34c 
is mainly present in the basal layer; and miR-34b expression is not detectable. 
Inhibition of both miR-34a and miR-34b restores expression of cyclin D1 and Cdk4, 
and proliferative activity, in p63 deficient keratinocytes [55].

These findings indicate that cell cycle exit in basal epidermal keratinocytes is 
tightly orchestrated by an interplay between p63 and miRNAs: miR-203, miR- 
574- 3p and miR-720 act as upstream regulators of p63, while miR-944, miR-34a 
and miR-34c are repressed by p63.

Table 7.1 (continued)

Neonatal HF-SCs Reads % Neonatal epidermis Reads %

mmu-miR-148a-3p 25,718 0.20 mmu-miR-99b-5p 11,627 0.14
mmu-miR-652-3p 23,893 0.19 mmu-let-7g-5p 11,099 0.13
mmu-miR-744-5p 23,699 0.19 mmu-let-7e-5p 11,008 0.13
mmu-miR-320-3p 21,925 0.17 mmu-miR-26b-5p 10,116 0.12
mmu-let-7i-5p 21,911 0.17 mmu-miR-425-5p 10,067 0.12
mmu-miR-130a-3p 18,658 0.15 mmu-miR-141-3p 9654 0.12
mmu-miR-17-5p 18,601 0.15 mmu-miR-342-3p 9321 0.11
mmu-miR-425-5p 18,245 0.14 mmu-miR-15a-5p 9125 0.11

7 Orchestrated Role of microRNAs in Skin Development and Regeneration



184

In addition to miRNA interactions with p63, several miRNAs have been discov-
ered to regulate the proliferation to differentiation switch in epidermal keratinocytes 
in a p63-independent manner. For example, miR-24 expression is restricted to the 
suprabasal layers in both mouse and human epidermis [56]. Forced overexpression 
of miR-24 in the basal layer in vitro and in vivo reduces keratinocyte proliferation 
and induces the differentiation program. As a result, transgenic mice overexpressing 
miR-24 under a K5 promoter developed a thinner epidermis and exhibited prema-
ture expression of K10 in the basal keratinocytes, compared with controls. miR-24 
is thought to operate in part by directly targeting the cytoskeletal modulators PAK4, 
Tks5, and ArhGAP19, thus altering actin cable formation and cell motility to pro-
mote precocious differentiation [56].

In addition to in vivo studies carried out using genetically engineered mouse 
models, in vitro studies with cultured human keratinocytes have also shed light on 
the versatile functions of miRNAs in stratified epithelial cells. For example, miR-31 
directly represses factor-inhibiting hypoxia-inducible factor 1 (FIH-1) leading to 
activation of the Notch signaling pathway and keratinocyte differentiation [57].

Taken together, these studies indicate that miRNAs provide multi-leveled control 
of gene expression in epidermal keratinocytes tosustain epidermal proliferation, dif-
ferentiation and stratification programs.

7.4  MicroRNA Functions in Hair Follicle Development 
and Cycling

Hair follicle morphogenesis and cycling are controlled by the coordinated activities 
of many signalling pathways, including Wnt, Hedgehog, EDAR, BMP, FGF, and 
Notch [58–60]. Wnt signaling acts as one of the most powerful regulators of skin 
development: it controls cell proliferation in both the epithelium (epidermis, hair 
follicle matrix) and mesenchyme, as well as regulating hair shaft differentiation and 
the activity of hair follicle dermal papilla cells [61–65].

miR-214 has been shown to impact multiple signaling pathways including Wnt, 
BMP, EDAR, and SHH as well as cell cycle-associated genes during hair follicle 
morphogenesis [41]. In particular, miR-214 directly targets β-catenin and compro-
mises activation of the Wnt pathway. These findings have begun to link miRNA- 
mediated gene expression to major developmental signaling pathways. miR-214 
and β-catenin exhibit reciprocal expression patterns in the epidermis, but are 
 co- localized in undifferentiated epithelial cells of the hair peg and in hair matrix 
keratinocytes [41]. Transgenic mice over-expressing miR-214 display a skin pheno-
type similar to that of mice with conditional epithelial ablation of β-catenin [65–67]. 
Inducible overexpression of miR-214 promotes activation of an anti-proliferative 
program in epidermal and hair follicle keratinocytes, and leads to formation of 
fewer hair follicles with reduced hair bulb sizes, and production of thinner hair 
shafts [41]. In addition, miR-214 over-expression results in reduced numbers of hair 
follicle outer root sheath cells positive for the transcription factor SOX9, which is 
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required for guiding stem cell progeny to the hair matrix [41, 68]. These phenotypes 
are also associated with decreased β-catenin expression, consistent with β-catenin’s 
role as an upstream regulator of Sox9 expression in intestinal epithelium and neural 
crest cells [69, 70]. These studies suggest that, miR-214 may control activity of the 
Wnt signaling pathway and β-catenin expression in developing and postnatal skin 
and hair follicles, and thus contribute to the control of keratinocyte proliferation and 
stem cell activity. Future studies in which miR-214 is depleted in vivo will be neces-
sary to confirm these functions. Interestingly, miR-214 functions are implicated in 
multiple cancer types [71–73]. Thus, further elucidation of miR-214 and other miR-
NA’s regulatory capacity in normal skin and hair follicle development may also 
provide insight into their roles in pathological conditions.

The differentiation program in developing hair follicles may also be regulated at 
least in part by miR-24, which is predominantly expressed in differentiated kerati-
nocytes of the inner root sheath and is absent in proliferating hair follicle cells [74]. 
When miR-24 is experimentally overexpressed in the outer root sheath, it causes 
reduced proliferation and premature differentiation in the hair follicle via altered 
expression of Tcf3, a transcription factor expressed in follicular stem cells and 
their progeny in the outer root sheath that acts to maintain an undifferentiated state 
[75, 76].

During postnatal development the hair follicle undergoes cyclic transformation, 
transiting through successive phases of rest (telogen), active growth (anagen), and 
regression (catagen). Hair follicle structural remodeling is driven by timely activa-
tion of stem cells, balanced proliferation and differentiation of their progeny, and 
coordinated apoptosis [77–79]. miRNA profiling studies identified significant varia-
tions in the expression levels of individual miRNAs during the hair follicle growth 
cycle. These studies identified candidate miRNAs that may be important in the 
regulation of proliferation and apoptosis [42].

The most striking hair cycle-associated variation was seen in the expression of 
miR-31. miR-31 is abundantly expressed in the proliferating hair matrix keratino-
cytes and the outer root sheath of anagen hair follicles, and is undetectable in telo-
gen skin [42]. Pharmacological inhibition of miR-31 in mouse back skin promotes 
anagen and results in the appearance of hair shaft defects [42]. Constitutive deletion 
of miR-31 causes significantly increased hair follicle length and noticeable anagen 
prolongation [80]. By contrast, keratinocyte specific overexpression of miR-31 
impairs keratinocyte functions resulting in changes in proliferation, apoptosis, and 
differentiation that result in loss of external hair [80]. miR-31 exerts its inhibitory 
effects on hair growth by modulating activity of the BMP and FGF signalling path-
ways [42], and by regulating Hippo and STK40 signaling [80].

In contrast to miR-31, miR-22 is involved in regulation of hair cycle termination. 
Expression of miR-22 predominates in the hair follicle outer and inner root sheaths, 
with only low levels cin the hair matrix, and levels of miR-22 expression are ele-
vated during the hair follicle regression phase (catagen) [50]. Transgenic overex-
pression of miR-22  in mouse skin promotes the anagen-catagen transition and 
causes hair loss by repressing cell differentiation programs and expansion of kerati-
nocyte progenitors, and by activating apoptosis. Conversely, deletion of miR-22 

7 Orchestrated Role of microRNAs in Skin Development and Regeneration



186

results in the formation of elongated anagen follicles and delayed entry into cata-
gen, and causes acceleration of the transition from telogen to anagen. miR-22 exe-
cutes these effects by targeting multiple transcriptional factors that are critical for 
hair follicle differentiation and hair shaft formation, including Dlx3, Foxn1, Hoxc13, 
and the Wnt/Bmp antagonist Sostdc1 [50]. While miR-22 induces apoptosis in fol-
licular keratinocytes, a major feature of the anagen-catagen transition, the molecu-
lar mechanisms underlying this effect remain to be elucidated [50].

The transition of undifferentiated melanocyte progenitors to fully differentiated 
cells actively producing and transporting melanin to the hair shaft keratinocytes is 
closely coordinated with the hair follicle growth cycle [81, 82]. Microphthalmia- 
associated transcription factor (MITF) acts as a master regulator of melanocyte 
development, survival, and differentiation [83–85]. Interestingly, MITF directly 
regulates expression of Dicer, whose expression is upregulated during melanocyte 
differentiation [36]. Targeted Dicer deletion in melanocytes causes the formation of 
depigmented hair shafts due to melanocyte apoptosis that is mediated at least in part 
by miR-17. Consistent with this, forced expression of miR-17 partially rescues 
Dicer ablation-induced melanocyte apoptosis by targeting a critical pro-apoptotic 
gene Bim (BCL2L11) [36]. miR-137 has recently been identified as a possible 
determinant of hair pigmentation [86]: transgenic mice with the highest levels of 
miR-137 over-expression produce grey hair, whereas moderate elevation of miR- 
137 results in the appearance of a brown coat [86]. However, the mechanisms by 
which miR-137 contributes to hair pigmentation, and any effects of its removal on 
this process, remain unknown.

Collectively, these studies provide compelling evidence that individual miRNAs 
are essential regulators in the complex mechanisms that control hair cycle- associated 
changes in gene expression. By fine tuning the activity of a variety of key signalling 
pathways miRNAs appear to play crucial roles in maintaining a balance between 
proliferation, differentiation, and apoptosis during specific hair cycle stages. 
However, it still remains unclear whether individual miRNAs are involved in the 
pathogenesis of human hair follicle disorders, which include a variety of hair loss 
diseases as well as excessive hair growth.

7.5  miRNA Control of Wound Induced Skin Repair

Wound healing is a complex process involved in repairing skin integrity and func-
tions, and can be divided into four overlapping phases of haemostasis, inflamma-
tion, proliferation and remodeling, each of which is essential for successful tissue 
repair [87–90]. These stages are characterized by coordinated intrinsic cellular 
responses in keratinocytes, fibroblasts, neutrophils, macrophages, and endothelial 
cells, that are regulated by a variety of growth factors, including platelet-derived 
growth factor, tumour necrosis factor-α, insulin-like growth factor-1, epidermal 
growth factor, TGF-α, BMPs, vascular endothelial growth factor and platelet factor-
 IV [87–90].
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Skin injury initiates an immediate stress response in epidermal keratinocytes, 
which begin to proliferate and migrate towards the wound, forming a layer of hyper- 
proliferative epithelium [88, 89, 91]. Hair follicles and sweat glands also contribute 
to skin repair by supplying stem cell progeny to the site of the wound [37, 92–94]. 
During the proliferative and remodeling phases, the dermis is re-established by 
fibroblast recruitment from nearby unwounded dermis, circulating fibrocytes, and 
bone marrow progenitor cells [95–98]. At early stages following injury, activated 
fibroblasts produce a variety of matrix components, such as fibronectin, hyaluronan, 
type III collagen, proteoglycans and vimentin, which contribute to dermal-mediated 
wound contraction [99–102]. At advanced wound healing stages, the composition 
of the extracellular matrix is altered: type III collagen is gradually replaced by type 
I collagen in a process controlled by a balance between matrix metalloproteinase 
(MMP) activity and the actions of MMP inhibitors, known as TIMPs [88].

Multiple factors and conditions can lead to impaired wound healing. Chronic 
non-healing wounds, such as arterial and venous ulcers and diabetic ulcers, repre-
sent a significant social and healthcare burden worldwide. Chronic wound healing 
disorders are a common problem among the elderly [103, 104], and acute wound 
healing is temporally delayed even in healthy older individuals. Age-related impair-
ment of wound repair is associated with alterations in all major components of the 
healing process [104, 105], including changes in the activity of multiple growth 
factor pathways, such as PDGF, TGF-β, VEGF, stromal cell-derived factor 1 (SDF- 
1) and FGF signaling [103, 104, 106].

Several studies have demonstrated that expression of a large number of miRNAs 
fluctuates during acute and chronic wound healing in mouse and human skin, sug-
gesting that miRNAs may function to alter the activity of a variety of signaling 
pathways during wound repair. Interestingly, miRNA biogenesis is activated in 
response to wounding, indicated by increased expression of Drosha, Dicer, Exportin 
5 and Argounate 2 in mouse skin at the latest stages of the re-epithelialisation [107]. 
In line with this, perturbation of miRNA biogenesis by Dicer ablation in epidermal 
keratinocytes results in delayed wound closure, which is associated with compro-
mised restoration of barrier function in the skin post-wounding [107]. Disrupted 
barrier function in these mice appears to be due to suppressed epidermal differentia-
tion, as the epidermis is abnormally thin with decreased expression of major protein 
components of the cornified cell envelope, such as loricrin, involucrin, and filaggrin 
[107]. This phenotype is also associated with increased expression of cyclin- 
dependent kinase inhibitor 1 (p21Waf1/Cip1) [107], which is known to suppress 
terminal differentiation in keratinocytes [108].

Multiple individual miRNAs have been identified to play important roles at dis-
tinct phases of wound healing. In a very elegant study, Li et  al. characterized 
dynamic changes in miRNA expression profiles during the inflammatory phase of 
human skin wound healing. These authors identified two TGF-beta inducible miR-
NAs, miR-132 and miR-31 [109, 110], whose expression is highly upregulated in 
keratinocytes at the wound edge during the inflammatory phase. These high expres-
sion levels are sustained during the subsequent proliferative phase. Deletion of miR- 
132  in mouse epidermis results in delayed wound healing due to impaired 
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keratinocyte proliferation and severe inflammation. miR-132 exerts an anti- 
inflammatory effect via suppression of NF-κB signaling, by targeting multiple com-
ponents of this pathway including EGF-like growth factor (HB-EGF), interleukin 8 
(IL-8), chemokine (C-C motif) ligand 20 (CCL20), C-X-C motif chemokine 5 
(CXCL5), IL-1A, IL-1B and TNF [110].

miR-31 is a well-established marker of activated keratinocytes: levels of miR-31 
are elevated at the early stages of acute wound healing as well as under other hyper-
proliferative conditions, such as the anagen phase of the hair cycle, psoriasis, and 
cutaneous squamous cell carcinoma [42, 57, 109, 111–113]. Levels of mature miR- 
31 rise during the inflammatory phase, despite unchanged abundance of the pri- 
miR- 31 primary transcript. However, during the proliferative phase, sustained 
miR-31 levels are achieved via an increase in miR-31 gene transcription. Increased 
miR-31 expression promotes keratinocyte proliferation and migration, which are 
essential components of the re-epithelialisation process [109]. One of miR-31’s tar-
gets that could mediate its positive effects on wound closure is epithelial membrane 
protein 1 (EMP1) [109]. EPM1 and miR-31 exhibit mutually exclusive expression 
patterns during wound healing and, silencing of EMP-1  in keratinocytes causes 
similar effects to those produced by overexpression of miR-31 [109]. In other bio-
logical systems, EMP1 plays a key role in tight junction formation, and functions as 
a negative regulator of carcinogenesis [114–116].

In psoriasis, NF-κB signaling is activated by inflammatory cytokines, and 
induces miR-31 transcription. In turn, miR-31 targets protein phosphatase 6 (ppp6c), 
a negative regulator of proliferation that restricts G1 to S phase progression [113]. 
Conditional miR-31 deletion in epidermal keratinocytes leads not only to markedly 
reduced proliferation, but also to decreased inflammation in an imiquimod-induced 
psoriasis mouse model [113]. miR-31’s functions in this regulatory circuit in psori-
atic skin are consistent with previous observations regarding its stimulatory effects 
in wound healing, suggesting that miR-31 could facilitate skin repair not only by 
stimulating keratinocyte proliferation and migration, but possibly also by control-
ling wound healing-associated inflammation.

Several other miRNAs have been identified as actors in the dermal component of 
cutaneous wounds. For instance, miR-378a negatively impacts wound healing by 
suppressing fibroblast activity. Accelerated wound closure is observed in transgenic 
mice expressing an antimiR-378a sponge (miR-Pirate378a), and this is accompa-
nied by increased alpha-smooth muscle actin expression in the transgenic wounds, 
suggesting increased differentiation of myofibroblasts [117]. Silencing of miR-378a 
in fibroblasts also leads to their increased migration and differentiation, associated 
with decreased expression of the miR-378a direct targets vimentin and β3 integrin. 
Interestingly, accelerated skin repair in miR-Pirate378a transgenic mice is addition-
ally accompanied by activation of angiogenesis [117].

It has also been suggested that increased expression of miR-145 and miR-181b 
in human hypertrophic scar tissue contributes to aberrant skin repair [118, 119]. 
Expression of miR-145 is induced by the profibrotic protein TGF-beta 1, and regu-
lates the differentiation and activity of myofibroblasts [118]. miR-145 induces con-
tractile force generation and migration of myofibroblasts via elevated expression of 
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α-1 type I collagen and TGF-β1 secretion [118]. By contrast, miR-181b inhibits 
myofibroblast differentiation and suppresses expression of the proteoglycan decorin 
[119], which is essential for collagen fibrillogenesis and successful wound healing 
[120, 121].

miR-29 family members are differentially regulated by TGF-beta signaling and 
are important modulators of extracellular matrix (ECM) components such as colla-
gen 1 in various mouse and human organs including skin [122–124]. It has been 
suggested that miR29s may facilitate ECM matrix remodeling following skin injury, 
while their deregulation could possibly lead to scar formation [122]. miRagen has 
initiated a phase 1 clinical study to test the effects of a miR-29b mimic, MRG-201, 
on extracellular matrix remodelers and collagen synthesis in skin (http://miragen-
therapeutics.com/clinical-trials/ accessed 6 December 2015). If successful, this ini-
tial study could potentially lead to the development of novel therapies for fibrotic 
conditions, including scar formation as a result of aberrant wound healing.

Dysregulated expression of miRNAs is thought to severely compromise skin 
repair. As mentioned above, several studies have suggested the involvement of miR-
NAs in chronic non-healing wounds, such as arterial, venous and diabetic ulcers. 
For instance, enhanced levels of miR-16, -20a, -21, -106a -130a, and -203 have been 
detected in venous ulcers [125], and forced expression of miR-130a and miR-21 is 
found to delay re-epithelialization in ex vivo acute human skin wound models. 
Similarly, intradermal delivery of a miR-21 mimic into rat skin prior to wounding 
causes a severe reduction in granulation tissue formation, increased infiltration of 
immune cells, and suppressed re-epithelialization. Interestingly, miR-130a and 
miR-21 share a common target gene, Leptin receptor [125]. Leptin signalling is 
known to be important for successful cutaneous repair by exerting pleiotropic 
effects [126–128]. Expression of miR-21 is negatively regulated by BMP4 signaling 
[129], which is known to suppress wound-induced skin repair [130, 131]. Together, 
these lines of evidence suggest that miR-21 negatively impacts wound healing and 
might be involved in the pathology of chronic wounds.

Chronic wounds are a severe and common complication of diabetes. miRNA 
profiling in skin tissue from normal and diabetic mice revealed 14 miRNAs that are 
differentially expressed in diabetic skin; of these, miR-146b and miR-21 show the 
most dramatic differences compared with controls. The expression pattern of these 
miRNAs is also altered during healing of diabetic wounds. Another subset of miR-
NAs (miR-20b, miR-10a, miR-10b, miR-96, miR-128, miR-452 and miR-541) 
exhibits similar basal levels in normal and diabetic skin, but is dysregulated during 
healing of diabetic wounds. Amongst the miRNAs studied, miR-21 showed a dis-
tinct signature with increased expression in diabetic skin but decreased expression 
during diabetic wound healing [132].

Interestingly, the involvement of miRNAs in wound healing is not confined to 
those expressed in the skin. For example, circulating fibrocytes, a subset of bone 
marrow-derived progenitor cells, accelerate wound healing via secretion of exo-
somes containing a variety of bioactive molecules including miRNAs. Specifically, 
fibrocyte-derived exosomes are enriched for miR-126, miR-124a, miR-125b, miR- 
130a, miR-132, and miR-21 [133]. Notably, expression of miR-21 and miR-130a is 
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also elevated in the keratinocytes of venous ulcers [125]. Fibrocytic exosomes exert 
multiple effects; these include activation of dermal fibroblasts; stimulation of dia-
betic keratinocyte migration and proliferation in vitro; proangiogenic properties; 
and promotion of wound healing in vivo in genetically diabetic mice [133]. These 
findings suggest possible applications of fibrocyte-derived exosomes in the man-
agement of diabetic ulcers.

7.6  Summary

Numerous studies and extensive efforts in the last two decades have enhanced our 
knowledge and understanding of the complex mechanisms underlying post- 
transcriptional gene regulation mediated by miRNAs. Many discoveries have illu-
minated the significance of miRNAs in skin development and homeostasis and their 
roles in regulating a variety of skin pathological conditions. However, further inves-
tigation will be needed to uncover functionally important miRNA-mRNA interac-
tions in skin and hair follicle biology. In turn, these efforts will advance our 
understanding of the biological roles of miRNAs in healthy organisms, but also 
allow for the development of novel therapeutic approaches targeting miRNAs for 
human diseases including skin pathologies.
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Chapter 8
Long Noncoding RNA and Its Role 
in the Control of Gene Expression 
in the Skin

Kevin C. Wang and Howard Y. Chang

8.1  Introduction

Epithelial tissues in animals function as a life-sustaining interface between the host 
and the environment. Together, the epithelial layers covering the skin, the gastroin-
testinal tract, the lungs, and the urogenital tract make up a surface of hundreds of 
square meters that constitutes the boundary between the body and the environment. 
One of the best-recognized functions of epithelia is to provide structural barriers 
that physically separate host cells from the outside world. These physical barriers 
prevent loss of essential body fluids, support the exchange of gases and nutrients, 
and protect the body from environmental, mechanical, chemical, and microbial 
insults.

Epithelial layers are formed by specialized sheets of cells that undergo tightly 
regulated proliferation and differentiation programs to ensure the renewal of epithe-
lial tissues without compromising their functional properties [1]. These cells pos-
sess the remarkable capacity to both maintain and restore basal homeostasis as well 
as giving rise to differentiating cells that form mature tissues. Recent findings indi-
cate that in addition to the usual protein players, nucleic acids such as RNA have 
essential roles in orchestrating the formation of epithelial tissues, often at the inter-
face between stemness and differentiation.

In this Chapter, we discuss our current understanding of how members of a spe-
cific class of RNAs, long noncoding RNAs (lncRNAs), function in epithelial 
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 development and regulate adult stem-cell maintenance in stratified epithelial tissues 
such as the epidermis. During the last few years, work from multiple groups has 
shown that epigenetic mechanisms are involved in the control of epidermal develop-
ment, keratinocyte differentiation, and melanocyte functions [2]. Furthermore, a 
number of recent studies have defined the expression of lncRNAs in normal and 
diseased skin cells and tissue, and provided plausible molecular mechanisms to 
explain how lncRNAs participate in maintaining homeostasis in the skin, and how 
their roles are altered in its transition to a diseased state.

8.2  A Functional Link Between RNA and Chromatin

The recent revolution in next generation sequencing technologies has made it pos-
sible to survey the transcriptomes of organisms to an unprecedented degree and has 
dramatically altered our understanding of the abundance and relevance or noncod-
ing RNAs. Results from numerous studies utilizing these technologies have pro-
vided convincing evidence that the genomes of many organisms, including 
mammals, produce numerous long intergenic transcripts that have no significant 
protein-coding potential, collectively referred to as long noncoding RNAs (lncRNAs, 
defined as transcribed RNA molecules greater than 200 nucleotides in length [3–8]. 
LncRNAs resemble mRNAs biochemically: they are transcribed by RNA poly-
merase II, but do not function as templates for protein synthesis [9]. Long thought 
to be mostly “transcriptional noise,” multiple lines of evidence from both in vitro 
experiments and animal models have demonstrated that lncRNAs affect many bio-
logical processes including regulation of gene expression, genomic imprinting, dos-
age compensation, and nuclear organization and compartmentalization [10–13]. In 
contrast to small noncoding RNAs such as siRNAs, miRNAs, and piRNAs, which 
are highly conserved and are involved in transcriptional and posttranscriptional 
gene silencing through specific base pairing with their targets, lncRNAs are poorly 
conserved and regulate gene expression by diverse mechanisms that are not yet fully 
understood [14–19].

Indeed, it now appears that lncRNAs function as RNA genes to regulate a myriad 
of biological processes [13, 20]. Furthermore, a number of studies have shown 
many lncRNAs to be dysregulated in various human diseases and disorders [21, 22]. 
While their precise mechanisms of action remain to be determined at the molecular 
level, lncRNAs have emerged as key regulators of the epigenome, influencing tran-
scriptional networks and multicellular development through changes in epigenetic 
modifications such as histone methylation, acetylation, and DNA methylation [13, 
20]. Interestingly, this layer of lncRNA regulation may couple chromatin, the mass 
of genetic material contained within DNA-protein complexes, to the factors that 
control its structure and function.

This intricate relationship between RNA and chromatin is not a new one—in 
fact, RNA had first been hypothesized to be an important influence on chromatin 
structure and gene regulation over 35 years ago [23]. More recently, an increasingly 
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compelling body of work suggests that RNA plays significant roles in the 
 maintenance of chromatin function, from providing an integral component of chro-
matin structure [24–26], to coating entire chromosomes while conferring epigenetic 
marks [27], and targeting proteins to the heterochromatin [28].

8.3  Role of Chromatin Modifiers in Development

To ensure proper development, organisms need to have in place regulatory mecha-
nisms that allow for rapid changes in transcriptional modules to initiate, control, and 
maintain major developmental programs. Cells in differentiated states may, in the-
ory, be stabilized by the establishment of epigenetic changes, such as DNA and/or 
histone modifications, that do not require continuous instructive signaling for their 
maintenance.

Several chromatin-modifying complexes have been shown to regulate renewal 
and differentiation of a range of stem cell types, including embryonic stem (ES) 
cells and hematopoietic stem cells [29–31]. The polycomb (PcG) group of proteins 
[32] is of particular interest in this context. PcG genes were initially characterized 
in Drosophila as repressors of homeotic Hox gene expression, and function to main-
tain but not initiate the repressive state of chromatin. The products of PcG genes 
form evolutionarily conserved multiprotein complexes referred to as Polycomb- 
repressive complexes (PRCs), which covalently modify histone tails and repress 
transcription of their target genes [33]. In vivo loss of PcG function in the develop-
ing skin alters epithelial stem cell proliferation and results in acceleration of the 
timing of skin development [34]. Studies in ES cells have found that loss of function 
of PcG components compromises pluripotency and the ability of ES cells to gener-
ate differentiated progeny [35, 36].

8.3.1  lncRNAs with Important Biological Functions in Skin

Epithelial tissues such as the epidermis demonstrate remarkable diversity in their 
structure and function, depending on their anatomic location. For example, palmo- 
plantar skin possesses a thickened epidermal barrier that provides resistance to 
mechanical stress, while long terminally differentiated hairs populate the epidermis 
covering the scalp. Due to the constant turnover of the epidermis, the observed sta-
bility of these site-specific features raises the fundamental question of how posi-
tional identity is acquired and maintained in the skin.

Classic transplantation experiments in chick, along with more recent genomic 
approaches [37–39] have identified dermal fibroblasts as major players in the deter-
mination of specific epithelial cell fates. Moreover, primary adult fibroblasts retain 
many features of the embryonic pattern of expression of HOX genes [37, 39], a 
family of transcription factors containing DNA-binding homeodomains that act to 
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specify positional identity during development. HOX genes are critical for deter-
mining body segmentation patterns and organ formation [40], are highly conserved 
through evolution, and are often clustered in the genome [41]. Their arrangement 
along the chromosome reflects their order of activation during development, as 
well as their positional expression along the anterior-posterior axis, a fascinating 
feature known as colinearity [41]. Remarkably, the patterns of Hox gene expression 
in fibroblasts from different anatomical locations faithfully recapitulate the princi-
ples of colinearity established during embryogenesis [39, 42]. In addition, tran-
scriptional analysis has revealed that the human HOX cluster is punctuated by 
numerous spatiotemporally regulated lncRNAs [43], some of which overlap with 
the Hox genes themselves and are colinear with the overall anatomic expression 
pattern of the HOX loci. For example, HOTAIR (Hox antisense intergenic RNA), a 
lncRNA embedded within the HOXC locus, is expressed in cells with distal and 
posterior positional identities [43], while FRIGIDAIR [5], another HOXC lncRNA, 
has an anterior pattern of expression. In contrast, HOTTIP (HOXA transcript at the 
distal tip [44], a lncRNA found at the distal end of the human HOXA cluster, is also 
expressed in distal cells. The implication is that these lncRNAs and the HOX genes 
probably utilize the same enhancers, and hints at possible roles in co-regulation.

This phenomenon of co-localization is reminiscent of the existence of lncRNAs with 
important developmental functions near the SOX2 loci during ES cell development [45]. 
In fact, approximately one third of the known conserved lncRNAs are expressed in ES 
cells [46, 47], and as is the case for protein-coding genes, the transcriptional landscape 
of long noncoding transcripts dramatically changes when ES cells differentiate, sug-
gesting a more direct role for lncRNAs in differentiation [47]. A role of lncRNAs in 
differentiation and development has also been inferred from the numerous lncRNAs 
identified in the developing brain and differentiating T lymphocytes [48, 49].

8.3.1.1  HOTAIR

HOTAIR is expressed from the HOXC cluster in a position-dependent manner, binds 
to the Polycomb-group protein Polycomb Repressive Complex 2(PRC2), and causes 
widespread repression within the HOXD locus through histone 3 lysine 27 (H3K27) 
trimethylation [43]. This is a remarkable interaction in that the entire HOXD locus 
is on a separate chromosome to that of HOXC, indicating that HOTAIR acts to 
recruit the PRC2 complex to exert transcriptional repression in trans at specific 
genomic locations. In this way, lncRNAs such as HOTTIP may serve as the initial 
trigger of H3K27 trimethylation, with additional H3K27 methylation deposited over 
neighboring histones by PRC2 [50]. Such a mechanism establishes a connection 
between lncRNAs such as HOTAIR with the maintenance of epigenetic memory, via 
functional integration of external stimuli with resultant chromatin modifications 
[40]. In addition, targeted deletion of mouse HOTAIR leads to de- repression of hun-
dreds of genes, resulting in homeotic transformation of the spine and malformation 
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of metacarpal-carpal bones, revealing the function and mechanisms of HOTAIR in 
enforcing a silent chromatin state at Hox and additional genes [51].

Interestingly, expression of HOTAIR has also been associated with breast cancer 
metastasis [52]. Elevated HOTAIR levels are observed in human primary and meta-
static breast cancer tissue. Furthermore, depletion of HOTAIR in vitro reduces inva-
siveness of cancer cells expressing high levels of PRC2 [52]. Taken together, these 
findings suggest that targeting of polycomb complexes by lncRNA is a critical event 
in breast tumorigenesis. Specifically, lncRNAs such as HOTAIR may be able to 
alter and regulate epigenetic states in cells by targeting chromatin-modifying com-
plex occupancy and activity in trans. Indeed, a number of siRNA-mediated lncRNA 
depletion experiments from various cell types demonstrate not only the presence of 
several other PRC2-binding lncRNAs, but also significant de-repression of genes 
normally repressed by PRC2 [6, 53].

8.3.1.2  HOTTIP

The identification of another novel lncRNA, HOTTIP, from the human HOXA clus-
ter [44], brings to light a potential new class of players in gene regulation of posi-
tional identity in epithelial development. Through application of high-throughput 
chromosome conformation capture (3C) technology, which has allowed interroga-
tion of the spatial organization of the genome and higher order chromatin interac-
tions at unprecedented resolution [54], HOTTIP was found to serve as a critical 
intermediate that activates contiguous genes on the distal HOXA loci in cis via its 
interaction with chromosomal structural configuration [44]. In other words, a 
lncRNA can also transmit information from higher-order chromosomal looping into 
modifications of chromatin. HOTTIP recruits the mammalian Trithorax homolog, 
Mixed-Lineage Leukemia-1 (MLL-1) complex, to bring about histone 3 lysine 4 
(H3K4) trimethylation and Hox gene activation. The implication is that lncRNAs 
can function as important organizers of chromatin domains to coordinate long- 
range changes in gene expression, with the intriguing potential involvement in the 
transcriptional regulation of multiple contiguous loci such as HOX, a phenomenon 
termed locus control. It is possible that HOTTIP takes advantage of the existing 
3-dimensional chromosomal structure at the distal HOXA loci to affect the local 
transcription landscape. This would be an attractive mechanism given the now- 
appreciated highly conserved hierarchical organization of the genome [55], in 
which fundamental structural units serve to guide regulatory elements—or, in this 
case, specific RNA transcripts—to their cognate promoters. These interactions 
could provide insight into the way in which the 3-dimensional organization of the 
genome reflects alterations in lineage and stage-specific transcriptional programs 
that govern cell fate, with lncRNAs such as HOTTIP acting as well-timed molecular 
switches. This may represent a fundamental property of mammalian gene regula-
tory networks; whether or not lncRNAs play a role in establishing the topological 
domain structure of the genome remains to be determined.
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8.3.2  lncRNAs with Critical Roles in Skin Progenitor Renewal, 
Differentiation, Aging, and Cancer

Of special interest to skin biologists is the recent explosion of progress uncovering 
the widespread involvement of noncoding RNAs in seemingly every important pro-
cess in cutaneous biology. Short and long noncoding RNAs have been implicated in 
the regulation of progenitor cell development, maintenance, remodeling, and dif-
ferentiation [56, 57]. A few of the more prominent lncRNAs that play important 
functional roles in each of these areas are discussed below.

8.3.2.1  ANCR

Even though lncRNAs have been shown to regulate diverse processes, their poten-
tial roles in maintaining the undifferentiated state in somatic tissue progenitor cells 
remain largely uncharacterized. Kretz and colleagues performed transcriptome 
sequencing and tiling arrays to compare lncRNA expression in epidermal progeni-
tor populations versus differentiating cells [58]. They characterized a lncRNA 
called ANCR (anti-differentiation ncRNA) that was down-regulated during epider-
mal differentiation. Depleting ANCR in progenitor-containing populations, in the 
absence of other stimuli, led to a rapid and robust induction of differentiation genes. 
Furthermore, in the epidermis, loss of ANCR abolished the normal exclusion of dif-
ferentiation from the progenitor-containing compartment [58]. The ANCR lncRNA 
thus appears to be of critical importance in the maintenance of the undifferentiated 
cell state within the epidermis. This is consistent with recent data from high- 
throughput experiments using shRNAs in mouse ES cells [59] implicating several 
lncRNAs as major players in the maintenance of pluripotency, in some cases through 
their interactions with chromatin regulatory complexes. It is also possible that 
lncRNAs serve as “environmental sensors” to alert progenitor and stem cells to 
maintain pluripotency or to differentiate depending on changes in the environment.

8.3.2.2  TINCR

In addition to ANCR, Kretz and colleagues also recently uncovered a novel lncRNA 
with significant functional impact on homeostasis and differentiation of mature 
epidermal tissue [60]. Using cultured keratinocytes and high-throughput full tran-
scriptome sequencing, they found a lncRNA, TINCR (terminal differentiation-
induced ncRNA), that was required for maintaining high mRNA abundance of key 
differentiation genes such as filaggrin (FLG), loricrin(LOR), and members of the 
arachidonate lipoxygenases family ALOXE3 and ALOX12B, many of which are 
mutated in human skin diseases. TINCR-deficient epidermis lacked terminal dif-
ferentiation ultrastructures, including keratohyalin granules and intact lamellar 
bodies (Fig. 8.1b).
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Fig. 8.1 (a) Schematic of mammalian epidermal differentiation. Upon exit from the cell cycle, a 
subset of keratinocytes undergoes a process of terminal differentiation and stratification, consisting 
of the upward migration of keratinocytes from the basal layer containing progenitor cells (dark 
green, Stem) transitioning into transient amplifying cells (light green, TA), into the spinous 
(orange) and granular (red) layers, to establish the outer barrier of the skin. Multiple long non- 
coding RNAs have been shown to control epidermal homeostasis. ANCR is highly expressed in the 
progenitor-containing basal layer where it reinforces the undifferentiated state, while TINCR is 
found most abundantly in the differentiated compartment and plays a major role in regulating the 
differentiation process. (Schematic courtesy of Paul A. Khavari). (b) Ectopic expression of epider-
mal differentiation proteins in the epidermal basal and lower spinous layers in TINCR and ANCR- 
depleted regenerating organotypic human epidermis (siTINCR and shANCR, respectively) using 
ANCR-specific versus scrambled control siRNA and shRNA constructs (siControl and shControl, 
respectively). TINCR-deficient epidermis stratified normally; however, expression of key differen-
tiation proteins was markedly reduced. Depletion of ANCR resulted in expression of differentia-
tion proteins in the epidermal basal layer, a compartment in which differentiation proteins are 
never normally found. Differentiation proteins (Loricrin and Transglutaminase1) detected by 
immunofluorescence (orange), basement membrane collagen VII (green), and nuclear Hoechst 
33,342 (blue). Bar, 50 mm. (Photos courtesy of Markus Kretz)
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Surprisingly, it turns out that TINCR controls human epidermal differentiation 
by a post-transcriptional mechanism. Genome-scale RNA interactome analysis 
revealed that TINCR interacts with a suite of differentiation mRNAs, and a high- 
throughput screen to analyze TINCR-protein binding revealed direct binding of 
TINCR RNA to the Staufen1 (STAU1) protein [60]. Interestingly, STAU1-deficient 
tissue recapitulated the impaired epidermal differentiation seen with TINCR deple-
tion. Furthermore, the TINCR/STAU1 complex appears to mediate stabilization of 
differentiation mRNAs, such as keratin 80 (KRT80), an important structural protein 
in keratinocyte epithelium. Taken together, these data identify TINCR as a key 
lncRNA required for epithelial differentiation through inducible lncRNA binding to 
differentiation mRNAs to ensure their expression. These findings support a poten-
tially important role for lncRNAs, and the proteins and mRNAs that interact with 
them, in the control of somatic tissue differentiation.

Lopez-Pajares and colleagues took an integrative approach by performing kinetic 
transcriptome analysis during regeneration of differentiated epidermis, and identi-
fied the transcription factors MAF and MAFB as downstream effectors of ANCR 
and TINCR lncRNAs in a genetic circuitry underlying epidermal differentiation 
[61]. In addition to revealing an unexpectedly prominent role for lncRNAs in this 
process, a first for any stratified epithelial tissue, they show that ANCR and TINCR 
converge on MAF and MAFB by either repressing them in progenitors or by stimu-
lating them in differentiation. It appears that ANCR repression of MAF:MAFB 
expression occurs in part through binding of EZH2-repressive complexes to differ-
entiation genes in progenitor keratinocytes, while TINCR-dependent upregulation 
of MAF:MAFB is mediated through its mRNA binding and stabilization [61]. A 
lncRNA-TF network is thus essential for epidermal differentiation, and may serve 
as a model for lncRNA regulatory circuits that serve similar functions in other 
tissues.

8.3.3  lncRNAs in Specific Skin Disorders

One of the strongest arguments in favor of lncRNA function is that many lncRNAs 
are associated with disease processes. For example, the lncRNA ANRIL is highly 
expressed in prostate cancer, and may be responsible for cancer initiation [62]. 
ANRIL is also associated with increased risk of heart diseases [3, 63]. As described 
above, HOTAIR is expressed in metastatic breast cancer and may be a key driver of 
cancer invasiveness [52]. Recent exciting evidence for lncRNA involvement in mel-
anoma, psoriasis, and human aging has implicated these noncoding genes as critical 
players in cutaneous disorders.
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8.3.4  SPRY4-IT1 and BANCR

SPRY4-IT1, derived from an intron of the SPRY4 gene, was identified as a 
 differentially expressed lncRNA in melanoma cell lines [64]. RNA-FISH analysis 
showed that SPRY4-IT1 is predominantly localized in the cytoplasm of melanoma 
cells, and knockdown of SPRY4-IT1 transcripts results in defects in cell growth, 
differentiation, and higher rates of apoptosis. Increased SPRY4-IT1 expression was 
also detected in vivo in samples from patients with melanoma, suggesting that dys-
regulated expression of SPRY4-IT1 may have an important role in melanoma devel-
opment, and could serve as an early biomarker and a key regulator for human 
melanoma pathogenesis. The exact molecular mechanisms through which 
SPRY4-IT1 regulates the gene expression programs affecting melanoma progres-
sion and metastasis remain to be determined.

Taking a similar approach, Flockhard and colleagues sought to define the impacts 
of oncogenic BRAF on the melanocyte transcriptome by performing massively par-
allel cDNA sequencing (RNA-seq) on genetically matched normal human melano-
cytes with and without the BRAF (V600E) mutation [65], and identified several 
annotated and unannotated intergenic transcripts. The transcripts display tissue- 
specific expression profiles with distinctive regulatory chromatin marks and tran-
scription factor binding sites indicative of active transcription. One novel lncRNA 
in particular, named BANCR (for BRAF-activated non-coding RNA), was shown to 
be involved in the migration of melanoma cells in vitro. This is an example of the 
utility of combining RNA-seq of oncogene-expressing normal cells with RNA-seq 
of their corresponding human cancers as a useful approach to discover new 
oncogene- regulated RNA transcripts of potential clinical relevance in cancer.

Similarly, Lee and colleagues, utilizing whole transcriptome sequencing in 
patients with cutaneous T-cell lymphoma (CTCL), identified multiple differentially 
expressed unannotated transcripts termed Sézary cell-associated transcripts 
(SeCATs), including lncRNAs [66]. High-throughput sequencing in archived 
tumors from additional CTCL patients confirmed the differential expression of the 
lncRNAs in CTCL, lending support to the importance of lncRNA dysregulation in 
human malignancies.

8.3.5  lncRNAs in Psoriasis

Despite the increasingly widespread identification of lncRNAs, inference of their 
functional relevance and underlying molecular mechanisms of action remains a 
challenge. For example, one of the first attempts to identify novel genetic factors 
contributing to psoriasis susceptibility centered around differential gene expression 
profiles of epidermis from patients with psoriasis compared to those from healthy 
controls [67]. A lncRNA, termed the psoriasis susceptibility-related RNA gene 
induced by stress (PRINS), was found to be present at higher levels in the skin of 
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psoriasis patients compared to that of normal controls. Real time reverse 
transcription- PCR analysis showed that stress signals such as ultraviolet-B irradia-
tion, viral infection, and translational inhibition increased the expression levels of 
PRINS [67], which also appeared to be involved in the cellular stress response. This 
dynamic regulation of PRINS expression suggests that it may function as a noncod-
ing regulatory RNA, modifying the expression of other genes involved in the prolif-
eration and survival of cells exposed to stress.

More recently, Elder and colleagues used psoriasis as a disease platform and 
identified thousands of skin-specific expressed lncRNAs, a significant percentage of 
which are differentially expressed in psoriatic lesions compared with uninvolved or 
normal skin [68]. Furthermore, many of these differentially expressed lncRNAs are 
co-expressed with genes involved in immune related functions, and novel lncRNAs 
are enriched for localization in the epidermal differentiation complex. Some of 
these lncRNAs are regulated by cytokine treatment in cultured human keratino-
cytes, implicating them in the immunopathogenesis of psoriasis as well as poten-
tially in other autoimmune disorders.

8.3.6  lncRNAs as Indicators of Solar Exposure

Prolonged exposure to ultraviolet B (UVB) radiation from the sun is well known to 
result in sunburn and premature aging, as well as in carcinogenesis; however, the 
underlying mechanisms for the resultant acute inflammatory reactions in the skin 
are not well understood. In an elegant study, Bernard et al. demonstrated that RNA 
released from keratinocytes after UVB exposure stimulates production of the 
inflammatory cytokines tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL- 
6) from non-irradiated keratinocytes and peripheral blood mononuclear cells 
(PBMCs; [69]). Whole-transcriptome sequencing revealed that UVB irradiation of 
keratinocytes induced alterations in the double-stranded domains of some noncod-
ing RNAs, and that the damaged RNAs serve as indicators for sun induced skin 
injury and participate in activating skin inflammation and repair of the skin barrier 
through interactions with toll-like receptor 3 (TLR3), a protein involved in pro- 
inflammatory responses [69]. These findings suggest the potential for noncoding 
RNAs as biomarkers of solar injury.

8.3.7  lncRNAs in Cell Cycle Control

Taking a more directed approach, Hung and colleagues hypothesized that the 
genomic loci of cell-cycle genes may harbor functional lncRNAs that are differen-
tially regulated in response to DNA damage [70]. Using human fibroblasts as a 
model, they showed that DNA damage induces several lncRNAs from the cyclin- 
dependent kinase inhibitor 1A (CDKN1A) promoter, and that one particular lncRNA, 
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named PANDA (P21 associated ncRNA DNA damage activated), is induced in a 
p53-dependent manner. Mechanistically, PANDA interacts with the transcription 
factor NF-YA to limit expression of pro-apoptotic genes; PANDA depletion mark-
edly sensitized human fibroblasts to apoptosis by doxorubicin [70]. LncRNAs- 
mediated non-canonical DNA damage response pathways may ensure that the 
response to DNA damage is diverse and reliable depending on the cellular context. 
More recently, another lncRNA—damaged induced noncoding (DINO)—was iden-
tified from human fibroblasts as a component of the DNA damage response [71]. 
Induction of DINO, by DNA damage or through overexpression, enhanced p53 pro-
tein stability and transactivation of p53 targets, revealing a feed forward mechanism 
that amplifies p53 activity in response to DNA damage [71]. This is a nice example 
of an inducible lncRNA that can create a feedback loop with its cognate transcrip-
tion factor to amplify cellular signaling networks. Thus, control of lncRNA expres-
sion is a previously unknown mechanism for cell cycle regulation, opening new 
avenues for understanding how stress adaptation, a major function of the skin, is 
accomplished in response to changing environments.

8.3.8  lncRNAs in Skin Aging

An interesting study by Chang and colleagues elucidated the gene expression pro-
gram associated with human photoaging and intrinsic skin aging and the impact of 
broadband light (BBL) treatment by comparing transcriptomes between young and 
aged human subjects [72]. The authors found skin aging to be associated with sig-
nificantly altered expression levels of thousands of coding and noncoding RNAs, 
including many lncRNAs whose expression was “rejuvenated” after BBL treat-
ment. These lncRNAs were proximally located near several known key regulators 
of organismal longevity [72], providing potential insights into the role these non-
coding genes play as molecular targets of the skin aging process.

8.4  Conclusions and Unanswered Questions

It is now clear that lncRNAs play critical roles in the developmental regulation of 
the epithelium, providing a means to integrate differentiation cues with dynamic 
nuclear responses, through control of epigenetic processes. It is very likely that 
additional functions for lncRNAs will be discovered, as only a small percentage of 
lncRNAs have been studied in detail to date. For instance, just over the past few 
months, dysregulation or mutation affecting several lncRNAs have been reported in 
a variety of cutaneous pathologies such as basal cell carcinoma [73], melanoma 
[74], squamous cell carcinoma [75, 76], scleroderma [77], keloids [78], and psoria-
sis [79]. Better characterization of the lncRNA-protein “interactome” will undoubt-
edly uncover novel mechanisms of gene regulation, both locally and at the genomic 
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level, and will allow researchers to affect cellular developmental programs by mod-
ulating transcriptional gene expression. Identification of the functions of the spe-
cific lncRNAs discussed in this Chapter represents tremendous progress, and serves 
as a foundation for future in-depth functional and mechanistic studies aimed at a 
more complete understanding of gene expression programs in cutaneous biology.

Crucial developmental processes such as X-chromosome inactivation and 
genomic imprinting have been shown to be largely regulated by lncRNAs, but direct 
evidence for a role of the majority of lncRNAs in organismal development is scant. 
However, increasingly available genomic data together with accumulating experi-
mental evidence strongly point towards key roles for lncRNAs in the determination 
of crucial decisions during certain stages in development. The time has come to 
functionally address the modes of action of these lncRNAs, utilizing state-of-the-art 
genomics approaches with experimental validation. Further studies are required to 
systematically dissect the various epigenetic activating and silencing targeting 
mechanisms, as well as their interdependencies. Global gene expression profiles 
from different model organisms and tissues, as well as from multiple disease and 
cell-differentiation states will undoubtedly continue to reveal well-interconnected 
and highly dynamic transcriptional networks underlying individual cellular func-
tions. Recent advances in high-throughput technologies to interrogate the DNA, 
RNA, and protein interactomes of lncRNAs [60, 80, 81] will no doubt accelerate the 
elucidation of their molecular mechanisms of action. Understanding how lncRNAs 
interact with chromatin as global regulators of transcription, as well as the three- 
dimensional state of chromosomal structures at large, will be critical to deciphering 
these networks. The answers are unlikely to be straightforward, but the efforts 
towards unraveling the mysteries and molecular mechanisms will undoubtedly pro-
vide invaluable new insights into the complex nature of gene regulation and the 
development of multicellular organisms.
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Chapter 9
RNA Methylation in the Control of Stem 
Cell Activity and Epidermal 
Differentiation

Abdulrahim A. Sajini and Michaela Frye

9.1  Introduction

Homeostasis in skin is achieved by stem cells that continuously maintain their 
 population (self-renewal) while generating numerous differentiated progeny. The 
balance between self-renewal and differentiation is tightly controlled, and aberrant 
epidermal differentiation leads to more than 100 human skin diseases [1]. The 
unique properties of stem cells are controlled by a dynamic interplay between 
extrinsic and intrinsic regulatory mechanisms. Extrinsic mechanisms include sig-
nalling from the neighbouring niche cells [2]; and intrinsic mechanisms involve 
epigenetic, and transcriptional pathways [3]. While the functional role of transcrip-
tional regulators in regulating epidermal stem cell fate is now increasingly under-
stood, far less is known about the roles of post-transcriptional mechanisms in 
regulating stem cell maintenance and differentiation.

Gene expression is dynamically controlled through reversible chemical modifi-
cations on both DNA and histone proteins [4, 5]. RNA modifications are more prev-
alent and diverse in their chemical nature than DNA modifications [6, 7], yet their 
importance in regulating gene expression has only recently begun to be explored. 
All transcripts are subjected to processing, quality control and surveillance path-
ways, and at each step RNA is dynamically associated with RNA-binding proteins. 
Post-transcriptional modifications have emerged as important determinants for the 
dynamic and temporally accurate binding of proteins to their targeted RNA 
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 molecules [8]. RNA modifications are crucial for development, and aberrant 
 deposition of RNA modifications can lead to complex human diseases, including 
neuro- developmental disorders and cancer [9–11].

9.2  Detection of Adenosine and Cytosine Methylation 
in the Transcriptome

There are around 150 known ribonucleoside modifications [6]. Every nucleoside 
can be chemically modified, yet the importance of many of the reported modifica-
tions, and the enzymes responsible for these, are unknown in mammals [12]. 
Methylation is one of the most common enzyme-catalyzed modifications [6, 7]. The 
majority of methyl-based modifications are conserved from bacteria to mammals 
and plants, and their functions include structural and metabolic stabilization as well 
as functional roles in regulating protein translation [13–16].

The recent development of new techniques and advances in next generation 
sequencing (NGS) have enabled the identification of methylated adenosines and 
cytosines globally and in a substrate-specific manner [17–21]. The presence of 
N6-methyladenosine (m6A) in polyadenylated mRNA was first described in the 
1970s [22, 23], and was estimated to be present at an average level of three m6A 
residues per mRNA [24–27]. The presence of cytosine-5 methylation (m5C) in RNA 
was also first described in the 1970s, and its detection involved digestion of highly 
purified RNA followed by separation techniques such as mass spectrometry, which 
only allowed the identification of m5C in stable and highly abundant RNAs such as 
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) [28–30].

Bisulfite conversion of cytosine residues to uracil is one method to detect m5C in 
both DNA and RNA (Fig.  9.1a). The chemical reaction leaves 5-methylcytosine 
residues unaffected and sequencing can then reveal the methylation status of a seg-
ment of DNA or RNA at single- nucleotide resolution (Fig. 9.1a). Due to the high 
turnover and instability of RNA, bisulfite sequencing was long thought to be unsuit-
able for RNA. However, over the last few years RNA bisulfite sequencing has been 
adapted to RNA and reproducibly and quantitatively detects m5C in tRNA, rRNA 
and other abundant non-coding RNA molecules [20, 21, 31–33]. However, RNA 
bisulfite conversion degrades RNA, which makes the detection of m5C in rare RNAs 
challenging and highly susceptible to false positive results [34].

Alternative methods to detect methylation sites are based on RNA- 
immunoprecipitation (RIP) approaches followed by deep sequencing (Fig. 9.1b). 
Antibody-mediated capture of m6A sites combined with parallel sequencing 
revealed that m6A preferentially clustered around 3’UTRs, stop codons, and within 
internal long exons in humans and mice [17, 18]. A large proportion of binding sites 
also occur within pre-microRNA regions and introns, hence indicating a potential 
role for the methyl mark in RNA processing and splicing [35–38]. Deposition of 
m6A takes place within a DRACH recognition site where D is U, G or A, and R is A 
or G, and H is C, U or A, and A is the modified base [17, 18]. Although antibody- 
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mediated sequencing for m6A is specific, it lacks single nucleotide resolution. 
Detection of the m6A signature has been achieved by different methods: The first 
method to map m6A at single nucleotides resolution was called m6A-iCLIP 
(Fig. 9.1c) [39]. m6A-iCLIP exploits recurrent mutations or cDNA truncations after 
UV cross-linking m6A antibodies to RNA targets. After UV cross-linking, specific 
antibodies against m6A either substituted the RAC cytosine into thymine, where A 
is the methylated base or induced pre-mature transcript truncations at the +1 posi-
tion of m6A during cDNA synthesis [39]. By sequencing cDNA libraries prepared 
from RNA fragments containing both antibody-induced signatures, m6A residues 
were successfully identified throughout the transcriptome at single nucleotide reso-
lution [39]. The second method detecting m6A at single nucleotide resolution 
includes site-specific cleavage and radioactive labelling followed by ligation- 
assisted extraction and thin layer chromatography (SCARLET) [40]. This method is 
based on guided RNase H cleavage of candidate 5′ end sites mediated by sequence 
specific 2′-OMe/2′-H chimeric oligonucleotide for subsequent radiolabelling, and 
TLC detection. Although this method is laborious, it is able to identify m6A success-
fully at single nucleotide resolution in mRNAs and lncRNAs. Interestingly, both 
single nucleotide resolution methods reported that m6A occurrence at its consensus 
motif DRACH is less frequent than predicted in earlier studies [39, 40].
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Fig. 9.1 Detection of m5C and m6A using sequencing based approaches. (a) Bisulfite sequencing 
of RNA that underwent chemical conversion of un-methylated cytosines to uracils detects methyl-
ated cytosines at nucleotide resolution. (b) RNA immunoprecipitation (RIP) based approaches 
allow mapping RNA–protein interactions by immunoprecipitating the modified RNA with its 
methylating enzyme. (c, d) Modified forms of individual-nucleotide resolution UV cross-linking 
and immunoprecipitation method (iCLIP) followed by high throughput sequencing to detect m6A 
(c) or m5C (d) at nucleotide resolution. The cross-linking of the antibodies or covalent binding of 
the RNA methylase (RMT) causes mis-incorporation or truncations during the reverse transcrip-
tase step that can be detected by sequencing
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To detect m5C in RNA, two similar but technically distinct approaches have 
recently been developed: 5-Azacytidine-mediated RNA Immunoprecipitation 
(Aza-IP) [21], and methylation-individual nucleotide resolution crosslinking 
immmunoprecipitation (miCLIP) (Fig. 9.1d) [19]. Both methods rely on covalent 
bond formation between the RNA methylase (RMT) and its substrate, but differ in 
the way in which the formation of the stable covalent bond is achieved. Both meth-
ods require the over-expression of the respective methylases but in principle work 
for all m5C:RNA methylases [14, 41]. However, only miCLIP detects the methyl-
ated sites at nucleotide resolution [19, 42]. RNA immunoprecipitation with antibod-
ies followed by high throughput sequencing has been also used to detect m5C 
(m5C-RIP) in tRNA, rRNA and a few coding RNAs in prokaryotes (Fig. 9.1b) [33].

9.3  Regulatory Functions of m5C in RNA

The chemistry of the deposition of a methyl mark on cytosines is well understood 
and mediated by a large family of highly conserved m5C RNA methylases. All 
RNA:m5C methyltransferases contain a catalytic domain with a common structural 
core and the S-Adenosyl methionine (AdoMet)-binding site [14]. Two conserved 
cysteines, both located within a sequence with similarity to a methyltransferase 
active site are required for the transfer of the methyl group [41]. To initiate methyla-
tion, the catalytic cysteine residue forms a covalent bond with the cytosine pyrimi-
dine ring [43]. The second conserved cysteine residue is then required to break the 
covalent adduct and releases the methylated RNA and the enzyme [41, 44].

To date, eight enzymes have been confirmed to methylate carbon-5 of cytosines 
(m5C) in RNA, NSun1-7 and Dnmt2 (Fig. 9.2) [45]. All m5C RNA methylases are 
thought to methylate cytosines in a non-redundant manner, and additional target 
specificity is given by their distinct subcellular localization (Fig. 9.2). The DNA 
methyltransferase homolog Dnmt2, NSun2, NSun3 and NSun6 all target transfer 
RNA (tRNA), yet in a non-overlapping and strict site-specific manner [32, 46–49]. 
NSun2 is currently the only m5C:RNA methylase with confirmed broader substrate 
specificity. In addition to tRNA, NSun2 also methylates other non-coding RNAs 
and a small subset of coding RNAs [19, 21, 50, 51].

The functional consequences of Dnmt2- and NSun2-mediated methylation of 
tRNAs are now well-understood. Deposition of m5C by both enzymes protects tRNAs 
from endonucleolytic cleavage [32, 47, 52]. Lack of NSun2-mediated deposition of 
m5C at the variable loop increases the affinity of the tRNA to angiogenin. Angiogenin 
is an endonuclease that cleaves tRNAs into two small non-coding RNA fragments 
(Fig. 9.3) [53]. In NSun2-depleted cells, often only the 5′ tRNA-derived small non-
coding RNA fragments accumulate, whereas the 3′ tRNA fragments are not detect-
able [32]. The molecular function of 5′ tRNA fragments is to repress cap- dependent 
translation by displacing translation initiation and elongation factors from mRNAs or 
by interfering with efficient transpeptidation [54–57]. Accordingly, global protein 
synthesis is reduced in the absence of NSun2 in vitro and in vivo (Fig. 9.3) [32, 50].
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In contrast, loss of Dnmt2-mediated methylation of tRNA AspGTC, GlyGCC, and 
ValAAC at the anticodon loop causes tRNA-specific fragmentation patterns which 
leads to specific codon mistranslation [58]. Cytosine-5 methylation of vault non- 
coding RNAs by NSun2 alters their processing into Argonaute-associated small 
RNA fragments that can function as microRNAs and regulate expression of targeted 
mRNAs [19]. The functional roles of the deposition of m5C into coding RNAs 
remain unclear [20]. Synthetic cytosine-5 methylated mRNAs exhibit increased sta-
bility, and loss of methylation in the 3′UTR of p16 has been reported to reduce its 
stability [59, 60]. However, other studies found no correlation of potentially methyl-
ated mRNAs with turnover or stability, indicating that the methyl mark might rather 
determine cellular localisation or influence protein translation rates [19].

Less is known about the other NSun proteins. Human NSun3 localizes to mito-
chondria and methylates mitochondrial methionine tRNA (mt-tRNA Met) at the 
wobble base (C34) [49, 61, 62]. NSun3 methylation of mt-tRNA Met is crucial for 
efficient mitochondrial protein synthesis and respiratory functions. Loss-of-function 
mutations in human NSun3 are linked to combined mitochondrial respiratory chain 
complex deficiency [49].

NSun4-dependent methylation of position C911 in 12S ribosomal RNA in mam-
malian is essential because NSun4-deletion is embryonic lethal in mice [63]. NSun4 
and mitochondrial transcription termination factor 4 (MTERF4) form a complex 

Fig. 9.2 Subcellular localization of the m5C RNA methylases Dnmt2, NSun1-4 and 6. NSun1, 2, 
and Dnmt2 localize to the nucleus and methylate tRNA or rRNA respectively. NSun6 is found in 
the cytoplasm and NSun3 and 4 are mitochondrial RNA methylases targeting tRNA and rRNA 
respectively
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necessary for the full maturation of mitochondrial ribosomes by assembling the 
small, and large ribosomal subunits into monosomes [64, 65]. However, MTERF4 
is dispensable for the NSun4 methyl-transferase activity [63].

The yeast  homologue of NSun5 (RCM1) targets 25S rRNA at position C2278 
for methylation. Methylation of 25S rRNA alters its structure causing global trans-
lational changes, which modulate lifespan, and impair stress responses [66]. NSun1 
(also known as NOP2 and p120) methylates 25S rRNA at position C2870 [67, 68]. 
NSun1 regulates the cell cycle and is up-regulated in cancer cells [69]. Recent evi-
dence suggests that NSun7 regulates enhancer RNA function [70]. Loss-of-function 
mutations in NSun7 are linked to male infertility in humans [71, 72].

Fig. 9.3 Expression and function of NSun2 in stem, progenitor and differentiated epidermal cells. 
Stem and progenitor cells express no or low levels of NSun2 leading to hypo-methylation of 
tRNAs and their cleavage by angiogenin. The 5′ tRNA-derived non-coding RNAs accumulate and 
inhibit global protein synthesis. External stimuli triggering lineage commitment up-regulate 
NSun2 and methylated tRNAs are protected from cleavage leading to enhanced protein translation 
rates. Terminal differentiated cells lack NSun2
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9.4  Regulatory Functions of m6A in RNA

The most abundant internal modification in mRNA is m6A [23, 28, 73]. Global 
 mapping using m6A-specific antibodies revealed that mRNA methylation is con-
served, widespread and dynamic in eukaryotes [37]. The m6A modification is 
installed by a multi-enzyme complex, which contains methyltransferase-like 3 
(Mettl3, also known as MT-A70) and methyltransferase-like 14 (Mettl14) at its 
core, and is associated with additional regulatory factors such as WTAP (Wilm’s 
tumour 1 associating protein) [74, 75]. Transcriptome-wide analyses indicate that 
METLL3, METTL14 and WTAP share around 36% of binding sites and overlap 
with the m6A consensus motif [76]. A large proportion of binding sites also occur 
in intergenic regions and introns, indicating a role for the methyl mark in pre-
mRNA processing and splicing [36, 37]. Dicer-dependent microRNAs were also 
found to modulate Mettl3 binding to mRNAs with shared sequences, and therefore 
act as an auxiliary mechanism for m6A disposition [77]. Silencing of the methyl-
transferase complex leads to enhanced abundance of m6A target transcripts, sup-
porting a role of m6A as a negative regulator of gene expression [37]. However, 
negative regulation of expression may be at least in part indirect, since m6A also 
marks primary microRNAs for processing, thereby promoting initiation of miRNA 
biogenesis [35].

In contrast to mammalian m5C, demethylases for the m6A modification are well- 
defined. FTO (fat mass and obesity-associated protein) and ALKBH5 (Alpha- 
Ketoglutarate- Dependent Dioxygenase AlkB Homolog 5) are both able to erase 
m6A [78, 79]. Homozygous FTO deficient mice are sub-viable and loss of FTO 
leads to postnatal growth retardation, significant reduction in adipose tissue, and 
lean body mass [80]. FTO enzymatic activity is essential for normal human devel-
opment of the central nervous and cardiovascular systems, and cultured skin fibro-
blasts from affected subjects show impaired proliferation and accelerated senescence 
[81]. Similar to m5C, several proteins have been described to detect m6A in 
RNA. YTH domain-containing proteins and heterogenous nuclear ribonucleopro-
tein (hnRNPs) have been described as “readers” of m6A [82–85]. YTHDF2 medi-
ates mRNA decay, thereby suggesting a role for m6A RNA as a negative regulator 
of gene expression [86]. On the other hand, YTHDF1 binding to m6A-decorated 
mRNAs promotes translation efficiency by interacting with the translation machin-
ery [87]. Thus, m6A facilitates the dynamic binding of several regulatory proteins 
that modulate gene expression, maturation and translation [37]. Recently, a novel 
nuclear m6A reader called YTHDC1 was found to promote exon inclusion on modi-
fied mRNA [88]. Mechanistically, YTHDC1 binds to m6A sites within exons and 
recruit the pre- mRNA processing protein SRSF3, but inhibit SRSF10 binding in 
order to maintain exons. Lack of YTHDC1 paves the way for SRSF10 binding and 
as a result exon exclusion of previous included exons [88]. Altogether, m6A dynamic 
pattern plays crucial roles in regulating gene expression by facilitating RNA bind-
ing proteins, which modulate RNA splicing, RNA metabolism, translation, and 
micorRNA processing.
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9.5  The Importance of m5C and m6A in Stem Cell Function 
and Epidermal Differentiation

The biological consequence of the presence of m6A in mRNA has been described 
for mouse and human embryonic stem cells (ESC) and modulates the transition of 
the pluripotent state towards differentiation. ESC are derived from the inner cell 
mass of pre-implantation embryos and are pluripotent as they self-renew and retain 
their ability differentiate into multiple cell types in vitro [89–91]. The methyltrans-
ferases METTL3 and METTL14 are expressed in ESC, and transcriptome-wide 
m6A profiling in mouse and human ESC showed that many core pluripotent genes 
and developmental regulators carry the modification in their transcripts [36, 75, 92]. 
METTL3 knockout in ESC promotes self-renewal, but impairs differentiation into 
mature cardiomyocytes and neurons [92]. METTL3 and 14 have also been associ-
ated with the self-renewal of cancer stem cells in human glioblastoma [93]. 
Molecularly, knockdown of both METTL3 and 14 in glioblastoma increases self- 
renewal and overall tumorigenicity. In contrast, overexpression of METTL3 or inhi-
bition of m6A demethylase FTO, suppress initial glioblastoma growth [93].

Studies on the effects of deletions and mutations of m6A writers, readers and 
erasers indicate that m6A methylation also plays important roles in development and 
tissue differentiation processes. For instance, ablation of METTL3 is embryonic 
lethal. METTL3 post-implantation embryos retain expression of pluripotent mark-
ers, but fail to up-regulate early differentiation markers [36, 92]. Although the role 
of METTL14 in development has not been described, WTAP, another component of 
the methylase complex, is an essential factor for early embryonic development. 
WTAP stabilizes mRNAs involved in cell cycle progression, and its deletion in mice 
is embryonic lethal due to failure of proliferation in the early [94]. The functions of 
m6A “readers” in embryonic development or stem cell fate regulation are not yet 
known; however a polymorphism in the YTHDF2 gene is associated with human 
longevity, suggesting a possible role in stem cells and ageing control [95]. 
Importantly, loss-of-function mutations of the demethylase FTO in humans lead to 
an autosomal-recessive lethal syndrome characterized by severe growth retardation, 
microcephaly, psychomotor delay, cardiac deficits, and multiple congenital malfor-
mations. At least some of these effects may be due to impaired proliferation and 
accelerated senescence [81, 96]. Similarly, FTO deficiency in mice leads to postna-
tal lethality, growth retardation, and multiple malformations [80]. Deletion of the 
other known demethylase AlkBH5 is not embryonic lethal but causes male  infertility 
in mice due to failure of spermatocytes to initiate and proceed through differentia-
tion [79].

While the precise underlying mechanisms are still not fully understood, it is 
notable that post-transcriptional pathways are often not required for stem cell self- 
renewal but are linked to impaired tissue and organ differentiation. Thus, RNA 
modification pathways are required for the accurate temporal and spatial activation 
of cellular differentiation programs.
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The only post-transcriptional modification that has been functionally linked to 
epidermal stem cell differentiation and skin homeostasis is the NSun2-mediated 
formation of m5C [32, 50, 97, 98]. The expression pattern of NSun2 during mouse 
development is dynamic and can be detected as early as E3.5 in the inner cell mass 
of the blastocyst [98]. During development, high levels of NSun2 become gradually 
restricted to skin, brain and testis. Total deletion of NSun2 delays cell differentiation 
during the development of all three of these tissues [10, 47, 98, 99]. In the brain, 
loss-of-function of NSun2 causes neurodevelopmental disorders (i.e. microcephaly) 
and cognitive deficits in mice and humans [32, 100–104].

Expression of NSun2 is predominantly found in the suprabasal layer of the 
interfollicular epidermis (IFE) at E15.5 of mouse embryonic development [98]. In 
adult mouse skin, high expression of NSun2 is confined to the hair follicle and 
changes dynamically with the hair cycle. The hair follicle offers an excellent model 
to study regeneration and stem cell fate, as it undergoes cyclic phases of growth 
(anagen), apoptosis-mediated regression (catagen) and rest (telogen) [105]. In rest-
ing skin, NSun2 expression is low or absent in all skin epithelial cells. At the onset 
of hair growth, when the progeny of bulge stem cells migrate out of their niche and 
undergo proliferation at the hair germ as progenitor cells, NSun2 expression 
appears in the lower bulge and at the hair germ. During anagen, NSun2 is most 
highly expressed in the hair matrix, in committed progenitor cells before they dif-
ferentiate into the hair shaft [98].

Ablation of NSun2 in skin causes accumulation of quiescent hair follicle stem 
cells in the hair follicle bulge at the onset of hair growth (anagen), leading to a delay 
in differentiation of hair follicle lineages [98]. Increased quiescence of NSun2- 
negative bulge cells is maintained in vitro, and cultured NSun2-depleted bulge stem 
cells fail to differentiate as efficiently as wild type bulge stem cells (Fig. 9.3) [98]. 
The delay in stem cell activation from the quiescent state may underlie the develop-
ment of alopecia observed in aged mutant mice.

The delay of differentiation in the absence of NSUN2 can be explained by the 
finding that NSun2-mediated m5C is needed for both neural and epidermal cell 
migration [50, 51]. During brain development, ablation of NSun2 results in a 
decreased number of differentiated neurons in the upper-layer of the brain cortex at 
E16.5. It is postulated that lack of NSun2 mediated m5C drives the accumulation of 
5′-derived tRNA fragments, which renders neural stem cells incapable of reacting 
to differentiation signals [51].

NSun2 methylates around 80% of all expressed tRNAs, and hypo-methylated 
tRNAs formed in the absence of NSun2 are cleaved by angiogenin, causing the 
intracellular accumulation of cleaved 5′ tRNA fragments [32]. Cleavage of tRNAs 
is a conserved response to several stress stimuli in eukaryotes and the resulting 
tRNA fragments repress protein translation [54, 57, 106]. Reduction of global pro-
tein synthesis is a well-known and integral part of stress responses to allow cells to 
alleviate cellular injury or alternatively induce apoptosis [107]. Low protein synthe-
sis is also a hallmark of stem cells in skin, brain and the hematopoietic system [50, 
108, 109], supporting the hypothesis that RNA methylation pathways are function-
ally involved in lineage commitment but not self-renewal.
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In line with the functional role of cleaved tRNAs in response to stress, 
NSun2−/− cells and tissues exhibit both reduction of global protein synthesis and 
an activated stress response [32, 50]. In skin, the accumulation of 5’tRNA frag-
ments activates oxidative stress pathways, and NSun2−/− skin is hyper-sensitive 
to UV light induced stress [32]. Importantly, 5′ tRNA fragments are sufficient and 
required to induce cellular stress pathways, and brain developmental deficits in 
NSun2 mutants can be rescued when tRNA cleavage is inhibited through the 
administration of an angiogenin inhibitor during development [32]. Thus, NSun2-
mediated RNA methylation modulates an appropriate and rapid cellular response 
to a changing microenvironment in the response to external stress stimuli, and 
down-stream of stem cell activating factors.

Together, deletion of NSun2 causes tRNA cleavage and the tRNA-derived small 
non-coding RNAs inhibit global protein synthesis. The repression of protein trans-
lation rate renders epidermal cells less responsive to external stimuli and thereby 
cause the accumulation of stem and progenitor cells. Tipping the balance between 
self- renewal and differentiation pathways towards stem cell self-renewal impacts 
cellular sensitivity to tumour development. Accordingly, NSun2-knockout mice are 
more susceptible to skin tumour formation, and NSun2 is up-regulated in human 
epithelial tumours [50, 97, 110]. Tumour-initiating cells lack NSun2 and are low-
translating when compared to non-tumourigenic cells [50]. However, in line with 
the finding that accumulation of tRNA-derived non- coding RNAs not only inhibits 
protein synthesis but also activates the stress response, NSun2- negative tumours fail 
to regenerate after chemotherapeutic drug treatments [50]. Thus, NSun2 is required 
for cell survival in response to stress stimuli, and the modulation of RNA methyla-
tion pathways may represent a novel strategy for cancer treatments.

9.6  Conclusions

Post-transcriptional modifications such as cytosine-5 methylation and 
N6-methyladenosine are dynamically regulated and are found in coding and non- 
coding RNAs. The precise mechanisms and functional roles of post-transcriptional 
methylation in regulating RNA functions are complex but appear to converge in 
modulating protein synthesis in response to external stimuli, such as stress or 
differentiation- inducing signals. Distinct post-transcriptional modifications are 
often dispensable for stem cell self-renewal, but are implicated in the accurate tem-
poral and spatial activation of cellular differentiation programs. Aberrant deposition 
of methyl marks on RNAs impairs adaptive cellular responses and differentiation 
pathways, and is linked to complex human diseases and cancer.
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10.1  Introduction

The epidermis at the surface of the skin provides a tractable and spatially hierarchical 
model to investigate the development of committed cells. The architecture of the 
epidermis provides the key structure for the physical barrier of the skin. Epidermal 
cells, or keratinocytes, in the most internal basal layer of the epidermis must strike 
a critical balance between self-renewal and differentiation in order to build a func-
tional barrier across the entire body [1]. Keratinocyte self-renewal is characterized 
by parallel cell division within the basal layer. Expression of Keratin 5 (K5) and 
Keratin 14 (K14) marks these basal proliferating keratinocytes.

During differentiation, basal keratinocytes divide asymmetrically, giving rise to 
suprabasal keratinocytes that migrate outwards, entering the spinous layer [1–3]. 
Spinous and granular keratinocytes activate Keratin 1 (K1) and Keratin 10 (K10) 
expression concomitant with K5/K14 downregulation. During late terminal differ-
entiation, the keratinocytes coordinately express many Epidermal Differentiation 
Complex (EDC) genes, including filaggrin (FLG) and FLG-like, late cornified 
envelope (LCE), small proline-rich region (SPRR), and S100 [4–7]. As the keratino-
cytes reach the outermost stratum corneum, they enucleate and are surrounded by a 
cornified envelope, the basic structural unit of the skin barrier, which is formed by 
transglutaminase- 1-mediated cross-linking of scaffold proteins. The cornified 
envelopes are sealed together by keratinocyte-derived extruded lipids to form a 
semi- permeable barrier [2]. In mice, the pattern of functional barrier acquisition 
corresponds with maturation of the cornified envelopes, and proceeds from specific 
dorsal initiation sites at embryonic day (E)16, spreading to converge at the dorsal 
and ventral midline so that the whole embryo is impermeable by E17 [8].

Epidermal differentiation can be recapitulated in vitro by exposure of proliferat-
ing keratinocytes to high calcium levels [9, 10]. This process, called calcium switch-
ing, stimulates calcium receptor (CaR) and downstream phosphokinase C (PKC) 
signaling, which activates the Fos/Jun family of transcription factors that play 
important roles in keratinocyte differentiation (reviewed in [11]). Fos and Jun 
proteins form homo- or heterodimers that compose the AP-1 transcription factor 
complex [12]. In normal epidermis as well as in organotypic epidermal cultures, the 
expression pattern of AP-1 proteins is tightly regulated even within the differenti-
ated layers [13]. Fos proteins are found in the nuclei of both basal and suprabasal 
keratinocytes. JunB and JunD are expressed in all layers of normal epidermis. 
Interestingly, c-Jun is expressed in the spinous layer, then disappears and reemerges 
in the outermost granular layer directly at the transition zone to the stratum 
corneum. As will be discussed in this chapter, many of the genes expressed in kera-
tinocytes, in either proliferative or differentiated layers of the epidermis, contain 
AP-1 binding sites in their promoter regions. This suggests that specific combina-
tions of AP-1 protein complexes bind to the enhancers for genes expressed at 
successive stages of epidermal differentiation.

Transcriptional regulation clearly plays a major role in development of the epi-
dermis. So how does the keratinocyte decipher the genome to activate a  transcriptional 
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program specific to epidermal differentiation? Early studies of gene regulation 
focused on single gene promoters and the transcription factor binding sites contained 
within [14]. However, not all transcriptional activation is attributable to biochemical 
activity at the gene promoter, thus suggesting the contribution of other loci. 
Complete sequencing of the genomes of humans and model organisms has revolu-
tionized our ability to further define, and ascertain the functions of, noncoding 
sequences in the regulation of gene expression [14–16]. Here we discuss the history 
of the conceptual advances in our understanding of the roles of enhancer elements 
in epidermal development. We discuss known functions for enhancer regulation of 
key genes that define the stages of epidermal development; the genetic, genomic 
and epigenetic features that allow us to identify enhancers; and the approaches that 
will enable a thorough understanding of the dynamic role of enhancers in gene 
activation.

10.2  What Is an Enhancer?

The concept of an “enhancer” emerged in 1981. In that year, Pierre Chambon and 
George Khoury independently discovered a non-coding 72  bp tandem repeat 
sequence, upstream of the SV40 early gene promoters that was required for tran-
scription [17, 18]. A subsequent study from Walter Schaffner identified the ability 
of the SV40 DNA sequence to “enhance” the expression of rabbit β-globin even 
when the SV40 sequence was placed thousands of base pairs away from the β-globin 
gene promoter in an expression vector [19]. Chambon observed similar results using 
the gene for conalbumin [20]. Further experiments performed by Paul Berg and 
Michael Fromm showed that the SV40 sequence was able to “enhance” transcrip-
tion independent of its location (upstream or downstream of its target gene) and 
orientation (forward or reverse) [21]. This established the SV40 sequence as the 
prototype of a novel genetic element, an enhancer, and established the definition of 
a classical enhancer as a non-coding sequence that can modulate gene expression in 
a position- and orientation-independent manner.

The discovery of the SV40 enhancer paved the way for the identification of 
enhancers in other tissue types [15]. Often, searches for enhancers were prioritized 
and interrogated in the sequences surrounding the target genes that included 
upstream or downstream sequences, including 5′ and 3′ untranslated regions 
(UTRs), introns, and intergenic regions (reviewed in [22]).

In vivo studies of putative enhancers identified the spatiotemporal specificity of 
these sequences to ensure biologically relevant cell- and tissue-specific gene expres-
sion (reviewed in [23, 24]). Biochemical studies further identified clusters or arrays 
of transcription factor binding sites that act as “building blocks” of cis-regulatory 
modules that also show enhancer activity (reviewed in [15, 16, 25]). The enrichment 
of multiple transcription factor binding sites within an enhancer facilitates cell- 
specific expression largely attributable to combinatorial and differential binding of 
transcription factor family members in the context of different microenvironments. 
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Based on these later studies, we more loosely define an enhancer as a non-coding 
sequence, containing clusters of transcription factor binding sites, that drives cell-, 
tissue-, or developmental stage-specific gene expression. Subsequent findings, 
described below, paved the way for the application of comparative genomics to 
enhancer discovery.

10.3  Transcriptional Regulation in Epidermal Development 
by Non-Promoter Sequences

Prior to the availability of whole genome sequences, biological insights into the 
transcriptional activation of key epidermal differentiation target genes initially 
focused on sequences immediately upstream of the transcription start site, relying 
on conservation of these sequences between mouse and human to identify putative 
regulatory regions [14]. These regions were cloned into reporter constructs and 
tested in vitro and in vivo to determine their ability to drive gene expression in the 
expected spatio-temporal pattern. Subsequent genetic deletion studies enabled the 
discovery of minimal promoter and regulatory core elements for activity and tissue 
specificity within segments of the cloned fragments. While the discovery of these 
promoter sequences identified key molecular players in gene activation and facili-
tated in vivo epidermal-specific genetic studies, it also highlighted the paucity of 
data to explain every nuance in gene expression for epidermal terminal 
differentiation.

10.3.1  Transcriptional Regulation of the Basal Keratin Genes 
(K5 and K14)

K5 and K14 are specifically expressed in mitotically active basal keratinocytes in 
most types of stratified epithelia. K5 and K14 proteins form stable heterodimers that 
are further cross-linked to provide structural support for cells [26, 27]. Their co- 
expression suggests that similar transcriptional mechanisms permit coordinated 
regulation of the two genes [28, 29].

Earlier studies identified marked similarities between the upstream sequences of 
K14 to viral and immunoglobulin enhancer elements [30]. Although 2.5 kb of 5′ 
upstream and 70  bp of 3′ downstream noncoding sequences of a cloned spliced 
human K14 gene are capable of directing gene expression in various cell lines, in 
vivo these regions drive epidermal-specific expression, demonstrated by reporter 
gene activity in transgenic mice that coincides with endogenous K14 expression 
[31]. An additional study of a 2 kb upstream sequence of K14 in transgenic mice 
also identified epidermal and outer root sheath hair follicle-specific reporter gene 
expression, conferred by a 700 bp sequence conserved between mouse and human, 
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that exhibited keratinocyte-specific open chromatin as measured by DNaseI hyper-
sensitivity [32]. The upstream cis-regulatory elements and promoter region of K14 
contained binding sites for the transcription factor ETS, as well as AP-2, AP-1, and 
SP1 sites shared by the K5 regulatory region [32–36] (see below).

A similar study of the human K5 upstream sequence identified a 6 kb region that 
controls cell type-specific transcriptional activity [37]. A 90 bp sequence within this 
region is sufficient to activate expression specifically in the epidermis, hair follicles, 
and tongue. However, the pattern of expression was aberrantly switched from the 
basal layer to differentiated suprabasal cells. This suggested minimal promoter 
activity in the 90 bp upstream sequence for keratinocyte-specific expression and a 
requirement for other enhancers within the 6  kb upstream region for directing 
expression to the correct layers within stratified epithelia. The link between AP-2, 
SP1 and other unknown transcription factors for K5-tissue-specific activation was 
later determined based on the discovery of these transcription factor binding sites in 
the 6 kb sequence upstream of the human K5 transcription start site and corrobo-
rated with comparative studies of the bovine K5 promoter sequence [35, 37].

The mechanisms controlling coordinate expression of K5 and K14 were further 
elucidated by the discovery that mice lacking the transcription factor p63 fail to 
express K5 or K14 and do not develop a stratified epidermis [38, 39]. Biochemical 
studies revealed the presence of p63-responsive regulatory elements in an epithelial- 
specific enhancer 1.4 kb upstream of the K14 promoter [40–43] and in a transcrip-
tionally active region upstream of K5 [44]. The shared and unique transcription 
factor binding sites harbored by the K5 and K14 enhancers suggest that both com-
mon and unique molecular mechanisms are involved in regulating their expression.

10.3.2  Transcriptional Regulation of the Suprabasal Genes

10.3.2.1  Early Differentiation: Regulation of K1 and K10 Expression

K1 and K10 are expressed in post-mitotic differentiating keratinocytes, and  like 
K14 and K5, form heterodimers that are important for tissue integrity [45]. A 
10.8 kb region surrounding the human K1 gene is sufficient to direct tissue-specific 
expression in transgenic mice during development, and is responsive to calcium 
induced differentiation in vitro [46]. Two calcium responsive elements were identi-
fied within a 1.7 kb enhancer in the 3′ flanking sequences of K1 [47, 48] including 
one element at the proximal 5′ end of the enhancer that is activated by AP-1 binding, 
and another that either suppresses or promotes the calcium response depending on 
the presence of vitamin D or retinoic acid, respectively [48]. Epidermal specific 
expression of K1 is directed by 207  bp of sequence at the distal 3′ end of this 
enhancer; however the transcription factor responsible for driving this expression 
has not been identified [47].

Insights into the transcriptional regulation of K10 expression were provided by 
analyses of mice deficient in the CCAAT/enhancer binding protein family member 
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C/EBPβ, which exhibit decreased expression of K10 and K1 and mild epidermal 
hyperplasia [49]. This work was motivated by the observed increases in C/EBPα, C/
EBPβ and C/EBPδ mRNA levels, as well as C/EBPα and C/EBPβ protein induction, 
upon calcium-induced differentiation of mouse primary keratinocytes [50]. DNaseI 
footprinting and gel-shift assays performed on the human K10 promoter, which had 
been identified via homology with the bovine sequence, revealed that C/EBP bind-
ing to three distinct elements was required for K10 expression [51]. While C/EBPα 
and C/EBPβ both activate K10, they are differentially expressed in stratified epider-
mis. C/EBPβ acts early in the basal and spinous layers of the epidermis and is later 
superseded by C/EBPα during keratinocyte differentiation and upward migration 
into the granular layer. Besides C/EBP binding to three intact C/EBP binding sites 
within the K10 promoter, full activation of K10 during differentiation also requires 
specific binding of AP-2 [51]. Consistent with co-expression of K1 and K10, con-
sensus C/EBP binding sites are also observed in the upstream promoter regions of 
the K1 gene [52, 53].

10.3.2.2  Regulation of EDC Genes

Terminal differentiation in the epidermis is marked by the expression of four gene 
families that lie within the EDC and are coordinately activated at the transcriptional 
level: small proline-rich region (SPRR), late cornified envelope (LCE), filaggrin 
(FLG) and FLG-like (FLG-like), and S100 genes [4–7]. Pioneer studies to elucidate 
gene expression in relation to epidermal differentiation targeted the SPRR gene 
family members involucrin (IVL) and loricrin (LOR). These two important marker 
genes are distinctively expressed in terminally differentiated keratinocytes, and 
encode structural proteins that are cross-linked with many of the other proteins 
encoded by EDC genes to form the cornified envelope, the basic structural unit of 
the stratum corneum [54]. IVL is cross-linked early in the formation of the cornified 
envelope [55] and LOR is in turn cross-linked to the existing scaffolding containing 
IVL [56]. In the developing mouse embryo, Ivl and Lor transcripts are upregulated 
as early as E15.5 [57], and protein expression can be observed by E16.5, corre-
sponding to the onset of skin barrier formation [6, 8]. The tight correlation of IVL 
and LOR expression with keratinocyte terminal differentiation makes them ideal 
candidates for studying the mechanisms that underlie the switch from a proliferat-
ing to a differentiating program.

10.3.2.3  Involucrin

A 3.7 kb upstream sequence of IVL directs keratinocyte-specific expression of a 
β-galactosidase reporter gene in transgenic mice [58]. Deletion analysis showed that 
this sequence comprises distal- and proximal-regulatory regions (DRR and PRR) or 
enhancers [59, 60], and contains an AP-1 binding site that is required for expression 
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and synergizes with an adjacent SP1 binding site [61]. The DRR AP-1 site binds 
FRA-1, JunB, JunD, and p300, a histone acetyltransferase often associated with 
enhancers [62, 63], while the SP1 site interacts with SP1, SP3, and KLF4 transcrip-
tion factors [59, 61, 64–66]. Because FRA-1 and KLF4 are both known to interact 
with p300 [65, 67], these data indicate that a complex of transcription factors forms 
on the DRR to drive IVL expression during keratinocyte differentiation.

10.3.2.4  Loricrin

Transcriptional activation of mouse loricrin expression was first localized to a 6.5 kb 
region spanning the loricrin gene [68]. Transgenic reporter mice in which LOR cod-
ing sequences were replaced by a β-galactosidase gene revealed that the remaining 
1.5 kb of 5′-flanking sequence, a small noncoding exon, a 1.1 kb intron, a single 
coding exon, and 2.2 kb of 3′-flanking sequence from the mouse loricrin gene drive 
epidermal-specific, but not differentiation-specific expression. Minimal promoter 
activity, dependent on an AP1 site conserved between mouse and human, was 
mapped to a 60 bp sequence upstream of the transcription start site. In the case of 
the human LOR gene, enhancers located within 1.5 kb of 5′-flanking sequence and 
9 kb of 3′-sequence are responsible for tissue- and differentiation-specific expres-
sion of a human LOR transgene in transgenic mice [69]. As few as 154 bp of 5′ 
sequence upstream from the cap site can direct expression specifically in cultured 
NHEK and HaCAT keratinocytes, in an SP1/c-Jun and p300/CREB-dependent 
manner [70]. Differential occupation of this site by SP3/CREB-1/CREMα/ATF-1/
Jun B, and an AP-2-like protein (named keratinocyte-specific repressor-1 (KSR-1)) 
in a repressive state, and SP1/c-Jun/p300/CBP in an active state during differentia-
tion, enabled LOR transcriptional resolution in stratified layers [70].

10.4  Identification of Enhancers by Comparative Genomics 
in the Post-Human Genome Era

The early studies described above identified the transcription factors responsible for 
transcriptional regulation of major epidermal differentiation genes. However, the 
molecular mechanisms underlying transcription factor-driven activation of these 
genes were less clear. Furthermore, these studies were limited to the analysis of 
proximal promoter and enhancer regions. The availability of complete genome 
sequences for a wide range of model organisms and animal species greatly facili-
tated the identification of putative enhancer and other regulatory sequences. 
Specifically, it shifted the discovery of enhancers toward a more systematic proce-
dure  – high-throughput and on a genome-wide scale. The discovery of putative 
enhancers was predicated on the identification of noncoding sequence conservation 
across multiple species and facilitated by multiple-sequence alignments [71]. 
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Indeed, a study of conserved noncoding sequences present between human and 
pufferfish or ultraconserved between human and mouse found that many of these 
conserved noncoding sequences exhibit enhancer activities that are developmental- 
and tissue-specific in transgenic mouse assays [72]. Below we discuss the discovery 
of enhancers for relevant skin biology genes using comparative genomics.

10.4.1  SPRR Genes

The availability of whole genome data enabled the discovery of conserved noncoding 
sequences (CNSs and based on sequence alignments) in the SPRR locus that is 
clustered within the EDC [73]. Small proline-rich (SPRR) proteins are the primary 
constituents of the cornified envelope [74]. Many of the SPRRs are coordinately 
upregulated under stress conditions to rapidly build a temporary barrier [73]. Of the 
DNaseI hypersensitive sites (HSs) residing within CNSs, one demonstrated 
enhancer activity under conditions when the SPRR genes are coordinately upregu-
lated, suggesting its potential as an enhancer region that coordinates SPRR gene 
expression.

10.4.2  PADI3

The family of peptidylarginine deaminases (PADs) is encoded by a cluster of 5 
PADI genes on human chromosome 1p35–36 [75]. Peptidylarginine deaminase 3 
(PADI3) encodes PAD3, which is involved in filaggrin metabolism, releasing indi-
vidual filaggrin monomers that contribute to the natural moisturizing functions of 
the skin barrier. Using a comparative genomic approach, an enhancer located 86 kb 
from the PADI3 gene promoter was identified and determined to be calcium sensi-
tive [76]. This enhancer was found to trigger expression of PADI3 upon epidermal 
keratinocyte differentiation, and links PADI3 expression to AP-1 transcription fac-
tors through chromatin opening and looping (see Sect. 10.5).

10.4.3  The Role of the CNE 923 Enhancer in Coordinate 
Regulation of the EDC

The coordinate regulation of EDC genes, as well as the synteny and linearity of the 
EDC locus across a wide range of mammalian species, suggest a molecular mecha-
nism originating at the proximal genomic level. To delineate this, investigators 
screened for enhancer elements within the EDC [7]. In 2010, 48 conserved noncod-
ing elements (CNEs) within the human EDC were identified from sequence align-
ments of orthologous EDC loci across eutherian (human, chimpanzee, macaque, 
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mouse, rat, dog) and metatherian (opossum) mammals. Approximately 50% of 
these CNEs exhibited dynamic regulatory activity, and were thus identified as 
potential cis-regulatory elements or enhancers that might synergistically or inde-
pendently coordinate EDC gene expression during skin barrier formation. Among 
these, human CNE 923, located approximately 923 kb from the transcriptional start 
site of the most 5’ EDC gene, S100A10, induced the highest luciferase reporter 
activity in proliferating and differentiated keratinocytes. CNE 923 exhibited DNaseI 
hypersensitivity in primary human keratinocytes, and was sufficient to drive reporter 
gene expression in the developing E16.5 epidermis in transgenic reporter mice. The 
activity of CNE 923 was monitored in an independent transgenic mouse line and 
was sufficient to drive β-galactosidase activity in the same dorsal to ventral pattern 
of barrier acquisition that coincided with EDC gene activation [57]. These studies 
provided compelling evidence for CNE 923 as an epidermal-specific enhancer and 
a potential LCR. CNE 923 was also noted to form dynamic chromatin interactions 
with a number of EDC genes, and this was sensitive to keratinocyte differentiation 
and dependent on the AP-1 transcription factor. The role of CNE 923 for mediating 
EDC chromatin architecture is discussed further in Sect. 10.7.

10.4.4  p63

A long-range cis-regulatory enhancer of p63 (p63LRE) spanning a 12 kb region in 
mice was recently identified by comparative genomics [77]. p63LRE comprises two 
evolutionarily conserved modules acting in concert to control tissue- and layer- 
specific expression of the p63 gene. Both modules are in an accessible and active 
chromatin state in human and mouse keratinocytes and in embryonic epidermis, and 
are strongly bound by p63. p63LRE activity is dependent on p63 expression in 
embryonic skin and also in the commitment of human induced pluripotent stem 
cells toward an epithelial cell fate. C/EBPα, C/EBPβ, and the POU domain- 
containing protein Pou3f1 repress p63 expression during keratinocyte differentia-
tion by binding the p63LRE enhancer. The availability of these transcription factors 
in the outermost layers of the epidermis accounts for increased repression of p63, 
thereby relieving p63-mediated repression of EDC and keratinocyte differentiation 
genes in these layers, and limiting p63 activity to the basal layers. We discuss p63- 
bound sites and enhancer regions on a genome-wide scale in Sect. 10.7.4.

10.5  Epigenetics and Chromatin Remodeling

So far, we have discussed studies that make compelling arguments for transcrip-
tional regulation in which the key determinants are transcription factor binding to 
individual nucleotide motifs. However, this view has been challenged by our 
increased understanding of the non-random packaging of linear DNA into histones, 
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which alters the accessibility of DNA segments to transcription factor binding, and 
by the discovery of specific post-translational modifications to histone components 
that dynamically regulate DNA accessibility. Specifically, the identification of his-
tone deacetylase (HDAC) and histone acetyltransferase (HAT) enzymes and their 
targets furnished the first direct evidence linking histone modification states to tran-
scriptional regulation [78, 79]. These findings paved the way for investigations into 
higher order chromatin structure and genome compartmentalization. HATs catalyze 
the transfer of an acetyl group from acetyl CoA to the ε-amino group of lysine resi-
dues on histones. This mark is generally associated with active genes. Conversely, 
HDACs remove the acetyl group from acetyl-lysine (Ac-Lys) to regenerate the free 
ε-amino group, causing chromatin compaction and a transcriptionally repressive 
environment (reviewed in [80, 81]). The identification and characterization of other 
classes of histone modifying enzymes soon followed, implicating kinases [82, 83], 
lysine and arginine-specific methyltransferases [84–86], arginine deiminases [87, 
88], ubiquitinases [89], deubiquitinases [90–92], and lysine- and arginine-specific 
demethylases (HDMs) in transcription regulation [93–95]. Collectively, these dis-
coveries highlighted the role of chromatin modifications in governing eukaryotic 
gene expression and other DNA-dependent functions and ushered in a new era of 
chromatin-based epigenetic studies (reviewed in [96, 97]).

Within the context of the skin, p300 and CBP, two enhancer-associated HATs, 
have been implicated in the regulation of IVL and LOR (discussed earlier) [65, 70]. 
Epidermal-specific deletion of Actl6a, an essential component of HATs, resulted in 
de-repression of KLF4 and Brg1/Brm binding, thereby aberrantly activating epider-
mal differentiation genes and abolishing epidermal progenitor function [98]. 
HDACs also play important roles in epidermal development, specifically in prevent-
ing senescence of basal progenitor cells [99, 100]. Epidermal-specific deletion of 
both HDAC1 and 2 in embryonic epidermis resulted in a phenotype resembling the 
effects of loss of p63. This phenotype was associated with de-repression of ΔNp63- 
repressed target genes including the senescence gene p16 [101]. HDAC1/2 localizes 
to the promoter regions of ΔNp63-repressed targets in cultured human keratino-
cytes, and histones in these regions are hyper-acetylated following HDAC inhibi-
tion, indicating a requirement for HDAC1/2  in ΔNp63-mediated repression. 
Together, these data reveal essential roles for histone modifying enzymes in control-
ling the activities of key regulators of epidermal development (reviewed in [102]).

Ezh2, an essential component of the polycomb repressor complex 2 (PRC2) is 
also important for epidermal development [103]. Epidermal-specific loss of Ezh2 
resulted in early epidermal differentiation owing to precocious recruitment of AP-1 
transcription factor to the EDC. This indicated a role for Ezh2 in gene repression in 
proliferating keratinocytes by promoting histone H3K27 trimethylation 
(H3K27me3). However, loss of Ezh2, while decreasing H3K27me3 marks, was not 
sufficient to alter transcriptional status unless AP-1 was also recruited to the affected 
region, emphasizing an important and direct role for AP-1  in keratinocyte 
differentiation. 

Recent cell biology studies have also highlighted the importance of chromatin 
remodeling in permitting efficient and coordinate regulation of clusters of genes in 
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epidermal development. During epidermal development, the EDC locus moves 
away from the nuclear periphery and towards the nuclear interior prior to activation 
of EDC gene expression [104]. Ablation of either p63, a master regulator of epider-
mal development [38, 39, 105], or Satb1, a higher-order genome organizer that 
binds to the EDC in epidermal progenitor cells, caused altered chromatin conforma-
tion of the EDC, and loss of expression of genes that lie in the central domain of the 
EDC [106]. These findings identified Satb1 as an important downstream target of 
p63 required for proper establishment of higher-order EDC chromatin structure and 
coordinated gene expression [106]. Similarly, p63 and its direct target Brg1 are 
essential in remodeling the higher-order chromatin structure of the EDC and posi-
tioning the locus within the 3D chromatin landscape to allow efficient expression of 
EDC genes in epidermal progenitor cells during skin development [107, 108].

10.6  Methods to Identify Enhancers by ENCODE 
in the Post-Human Genome Era

Increased understanding of the chromatin state of the genome has forced us to re- 
examine initial models for the control of gene expression that focused entirely on 
the role of cis-regulatory elements (Sect. 10.3). Following completion of the human 
genome sequence, the National Human Genome Research Institute, recognizing the 
need to more fully understand the regulation of gene expression, launched the 
Encyclopedia of Non-Coding Elements (ENCODE), a collaborative public research 
project to identify and characterize the function of noncoding elements in the 
genome, and develop the tools and technology to achieve this goal [63]. Next- 
generation sequencing was instrumental in producing these genome datasets in a 
cost-effective manner. The ENCODE studies as well as work by others have greatly 
facilitated our ability to identify enhancers on a genome-wide scale based on chro-
matin modifications that are unique to these regulatory elements, such as DNaseI 
hypersensitivity (open chromatin), histone modification epigenetic marks 
(H3K27Ac, H3K4me1), and transcription factor binding (p300, activating TFs) 
associated with functional enhancers (reviewed in [15, 25, 109]). High-throughput 
chromatin immunoprecipitation linked with deep sequencing (ChIP-seq) for spe-
cific histone modifications has enabled the discovery of new enhancers and paved 
the way for further downstream functional analyses (reviewed in [15]). Table 10.1 
lists signature genomic marks and methods to identify enhancers.

Chromatin looping and tracking have been proposed as models to explain how 
distant enhancers are able to regulate their target genes [143, 144]. The first experi-
mental demonstration of direct interactions between distantly located enhancers and 
target genes was made possible by the development of chromosome conformation 
capture (3C) techniques [125]. 3C was used to demonstrate that loop formation 
between the β-globin LCR enhancer and gene accompanied transcriptional activa-
tion [145–147], and established a paradigm that was later validated for numerous 
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Table 10.1 Genomic features of enhancers and methods for prediction and functional validation

Genomic 
landmarks Method for prediction

Features 
associated with 
enhancers

Enhancer 
prediction

Histone 
modifications

ChIP-seq [110] Enriched: 
H3K27Ac, 
H3K4me1, 
H3K4me2, 
H3K4me3, 
H3K79me2, 
H3K9Ac
Depleted: 
H3K27me3

Chromatin 
accessibility

FAIRE-seq [111], ATAC-seq [112], DNaseI 
hypersensitivity mapping (DNase-seq) [113], 
Repli-seq [114], MNase-seq [115] 

Open chromatin

Transcriptional 
activity

ChIP-seq [110], RNA-seq [116], cap analysis 
gene expression (CAGE) [117], chromatin 
interaction analysis by paired end tag sequencing 
(ChIA- PET) [118], RNA annotation and mapping 
of promoters for analysis of gene expression 
(RAMPAGE) [119], RNA-PET [120]

TFBS clusters, 
RNA pol II, 
enhancer RNA 
(eRNA)

Enhancer 
associated 
proteins

Protein sequencing by tandem mass spectrometry 
assay [121], SELEX [122123124]

CTCF, 
mediator, 
Cohesin, EP300

Long range 
DNA looping

3C-based methods (3C [125], 4C [126], 
5C [127], Hi-Seq [128]), ChIA-PET [118]

Enhancers 
associate with 
promoters and 
other enhancers

DNA 
methylation

Whole genome shotgun bisulfite 
sequencing [129], reduced representation 
bisulfite sequencing (RRBS) [130], 
MeDIP [131], MRE-seq [132]

Lower 
methylation

Conservation Multiple sequence alignment [14] Highly 
conserved

Scale Method for validation

Functional enhancer 
validation/identification

Low 
throughput

Transgenic models [133]
Enhancer trap [134]
Cell-based reporter assays [135, 136]

Medium 
throughput

Site-specific integration FACS-sequencing 
(SIF-seq) [137]

High 
throughput

Functional identification of regulatory elements 
within accessible chromatin (FIREWACh) [138]
Self-transcribing active regulatory region sequencing 
(STARR-seq) [139]
Massively parallel reporter assays (MPRAs) [140]
Cis-regulatory element sequencing (CRE-seq) [141]
Thousands of reporters integrated in parallel 
(TRIP) [142]
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other loci, including the α-globin gene cluster, TH2, IFNG, MHC class II and IgH 
loci [148]. Transcription factor ChIP-chip studies also revealed that enhancers could 
be located even further from their target genes than previously thought, as far as 
10–20 kbs to several Mbs away [149]. Often, these proximal and distal enhancers 
interact to co-regulate a target gene.

Recent improvements in chromosome  conformation capture  methods have 
allowed us to examine the chromatin interactions of genomic regions at varying 
levels of depth and resolution. 4C (circular chromosome conformation capture) 
detects all interacting sequences with a sequence of interest using a bait such as an 
enhancer [126]. 5C (chromosome conformation capture carbon-copy) is designed to 
detect many known interactions with numerous baits and typically within a gene 
locus [127], while the Hi-C approach is aimed at detecting all chromatin interac-
tions [128]. Methods such as ChIA-PET (Chromatin interaction analysis with 
paired-end tag sequencing) combine 5C and Hi-C methods to simultaneously iden-
tify genome-wide chromatin interactions and the proteins that bind interacting 
sequences [150]. Evidence for epigenetic modifications, chromatin looping, and the 
interplay between the two has been obtained relatively recently, and has provided 
new insights to our understanding of the biochemical aspects of enhancer-mediated 
transcriptional regulation.

10.7  Emerging Concepts for Understanding  
Enhancer- Promoter Interactions

10.7.1  Mechanisms Underlying Enhancer-Promoter 
Interactions and Topological Association of Chromatin 
Domains in the Regulation of Gene Expression

Apart from the aforementioned roles of p63, Satb1, Brg1, and AP-1 in transcrip-
tional regulation during epidermal differentiation, additional molecular mechanisms 
underlying transcriptional regulation by enhancers are less clear. Here we discuss 
studies that have elucidated the mechanisms of enhancer-promoter interactions in 
epidermal biology, and lessons we can learn from other tissue models.

10.7.1.1  The Formation and Biology of Enhancer-Promoter  
Chromatin Loops

Formation of enhancer-promoter chromatin loops as a mechanism to drive gene 
activation has emerged as a major concept in the exploration of enhancer-promoter 
interactions. One of the best studied loci is the evolutionarily conserved β-globin 
locus that plays key roles in hematopoiesis (reviewed in [151]). The 5 globin genes 
(ε, Gγ, Aγ, δ and β) form a cluster, and are expressed in a developmental-stage- and 
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tissue-specific manner, controlled by a LCR. The GATA-1 transcription factor and 
Ldb1 are required to form a chromatin interaction between the β-globin LCR and 
the β-globin promoter for transcriptional activation in erythroid cells [152, 153]. 
The requirement for formation of a chromatin loop for gene transcription was dem-
onstrated using artificial zinc fingers (ZF) [154] to force chromatin loop formation 
by tethering Ldb1 to the β-globin locus control region in GATA-1 null erythroblasts. 
This was found to be sufficient to activate β-globin gene expression. This work was 
the first to demonstrate the causality of chromatin spatial interactions in promoting 
gene transcription.

10.7.1.2  Regulation of the EDC by CNE 923 Via AP-1 Mediated 
Chromatin Interactions

The organization of the EDC as a conserved cluster of genes with related functions 
[7] is reminiscent of the organization of the β-globin locus [151]. Moreover, the 
identification of the EDC enhancer CNE 923 as an epidermal specific enhancer 
(described in Sect. 10.4.3), suggests its potential function as an LCR that drives 
coordinate and concomitant EDC gene expression in a manner similar to the 
β-globin LCR.  In line with this, 3C experiments performed with respect to the 
mouse orthologous CNE 923 sequence in proliferating primary mouse keratino-
cytes demonstrated that this sequence interacts with nine EDC gene promoters 
(Sprr2a1, Sprr2d, Sprr2f, Sprr1b, Sprr3, Ivl, Lce1b, Lce1a2, and Crct1 gene pro-
moters) that lie as far as 500  kb from CNE 923, despite the lack of EDC gene 
expression in these cells, suggesting a poised and enhancer-mediated chromatin 
state [57]. After calcium-induced differentiation, CNE 923 interacted with the pro-
moters of 11 EDC gene, including Lce3b, S100a6, Sprr2a1, Sprr2b, Sprr3, Sprr4, 
Ivl, Lce6a, Lce1b, Lce1e, and Crct1. The interaction between CNE 923 and S100a6, 
located 2 Mb apart, suggested that the EDC chromatin domain is compacted during 
differentiation to bring more linearly distal genes into close proximity with the 
enhancer. These results highlight dynamic chromatin looping interactions with 923 
that are associated with concomitant EDC gene expression.

Bioinformatics analysis of human CNE 923 identified two highly conserved 
sequence blocks (PhastCons) that are required for enhancer activity. A consensus 
AP-1 transcription factor binding site within the most 5′ block is required for maxi-
mal enhancer activity, and pharmacological inhibition of AP-1 binding in calcium- 
induced keratinocytes represses EDC gene expression, and causes loss of  c-Jun/
AP-1 binding to 923 and aberrant chromatin remodeling. These observations iden-
tify a link between an epidermal-specific EDC enhancer and c-Jun/AP-1 transcrip-
tion factor binding, and together with other studies [104, 106, 107], suggest that 
further analysis of the 3D structure of chromatin would aid our understanding of 
EDC regulation.
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10.7.2  Higher Level Chromatin Architecture: Topologically 
Associated Domains (TAD) and Chromosome 
Territories (CT)

Topologically associated domains (TADs) were first identified by Hi-C [155, 156], 
and are defined as distinct clusters of enhancer-promoter interactions [157, 158]. 
At the highest order of chromosome organization, spatially proximal TADs com-
pose a chromosome territory (CT), a compartment within the nucleus that is 
often segregated in a chromosome-specific manner (reviewed in [159]). Actively 
transcribed gene-rich loci that are in an open conformation are more likely to loop 
out of their CTs, suggesting that the space between CTs is important for genomic 
loci to access the transcription machinery (reviewed in [159]).

The importance of long range enhancer-promoter interactions in the context of a 
CT was demonstrated in studies of the developing limb bud [160], where differen-
tial expression of the Sonic hedgehog (Shh) gene is mediated by specific interac-
tions between the Shh promoter and a long-range enhancer MFCS1. In the 
intermediate portion of the limb bud, which lacks Shh expression, the long-range 
enhancer is spatially and linearly distant from the Shh coding region. In anterior 
limb bud cells, the long-range enhancer interacts with the Shh coding region, but the 
interactors remain in a poised state within their CT. However, in cells of the zone of 
polarizing activity (ZPA) where Shh is actively expressed, 3D-FISH showed that the 
interacting regions relocate outside the CT.

A similar mechanism has been observed in the control of EDC gene expression 
in differentiating keratinocytes, where Satb1 binds to several sites across the EDC 
locus, compacting the EDC chromatin architecture into a densely looped structure 
that, upon relocalization of the locus into the nuclear interior by Brg1, enables effi-
cient and coordinate activation of EDC genes [106, 107]. Similar mechanisms may 
be employed to control genes such as K1 and K10 which are coordinately activated 
as keratinocytes transition from basal to suprabasal layers of the epidermis.

10.7.3  Involvement of Cohesin and CTCF in Forming Active 
Chromatin Hubs

Enhancer activity can also be modulated by insulators that function as physical 
barriers to optimal enhancer-promoter formation for transcriptional activation. Here 
we discuss newly recognized attributes of enhancers and new direct roles for 
CCCTC- binding factor (CTCF) bound insulators in enhancer–promoter interactions 
and in broadly configuring the genome (Reviewed in [143, 161]).

Cohesin is a complex of proteins that holds sister chromatids together after DNA 
replication, until the sister chromatids separate at anaphase (reviewed in [162]). 
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Analysis of the effects of mutations in cohesin subunits identified a role for cohesin 
in regulating enhancer-promoter interactions and gene expression (reviewed in 
[162]). Subsequently, it was discovered that mammalian cohesin complexes can be 
recruited to DNaseI hypersensitive sites and conserved noncoding sequences by the 
CTCF DNA binding protein [163–165]. CTCF often binds at insulators and at 
boundary elements to demarcate active chromatin hubs and limit the effect of 
enhancers [166], and cohesin contributes to CTCF’s enhancer blocking activity 
[163, 165]. Studies of the apolipoprotein gene cluster [167], the globin locus [168], 
and the T-cell receptor (Tcra) locus [169] demonstrated cooperation of CTCF and 
cohesin to mediate insulators corresponding to TAD boundaries, thereby maintain-
ing proper chromatin loop formation and localization of transcriptional apparatus at 
the gene promoters to control gene expression.

These mechanisms are relevant to human disease, as chromosomal rearrange-
ments of the conserved TAD-spanning WNT6/IHH/EPHA4/PAX3 locus that disrupt 
a CTCF-associated boundary domain within a TAD, cause limb malformations in 
humans. Mice harboring the equivalent disease-relevant rearrangements were gen-
erated using CRISPR/Cas9-genome editing, and displayed ectopic limb expression 
of a gene that lies within the locus but is not normally expressed in limb develop-
ment, due to misplacement of a cluster of limb enhancers relative to TAD boundar-
ies [158]. This finding demonstrates the functional importance of TADs for 
orchestrating gene expression via genome architecture and suggests the utility of 
analyzing disease-associated large-scale chromosomal rearrangements in delineat-
ing TAD boundaries.

Genomic studies in other tissue types and loci have also greatly advanced our 
understanding of the molecular mechanisms of CTCF-mediated chromatin looping 
events. Chromatin conformation Hi-C capture data with parallel CTCF ChIP-seq 
identified a nonrandom pattern of forward and reverse orientation for a given pair of 
CTCF binding sites involved within a chromatin loop [170–172]. Subsequent stud-
ies later identified a functional role for the directionality of CTCF binding sites to 
influence chromatin topology and enhancer-promoter function [173, 174]. CRISPR/
Cas9-generated inversion of a genomic region spanning CTCF boundary elements 
in the P-cadherin enhancer altered chromatin topology [173]. Deletions of individ-
ual CTCF binding sites by CRISPR/Cas9 led to loss of CTCF, reduced cohesin 
binding, and reduced or abolished chromatin looping, while  inversions restored 
CTCF and cohesin binding but reduced chromatin looping [174]. However, the 
impact of the presence or directionality of CTCF binding sites on proximal gene 
expression varied, suggesting the influence of additional factors. This was further 
evidenced by deletions of 4 CTCF binding sites in the casein locus that did not 
affect gene expression but instead caused more distal de novo Sultd1 activation by 
way of other nearby enhancers [175]. These studies demonstrated a novel governing 
principle for chromatin architecture in controlling gene expression, and holds great 
potential for more accurate and contextual prediction of the functionality of enhanc-
ers in the skin and other tissues.
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10.7.4  The Role of Mediator and Super-Enhancers

More recently, a new class of enhancers called “super-enhancers” has been identi-
fied [176]. Super-enhancers are marked by high levels of Mediator coactivator com-
plex occupation as determined by ChIP-seq and span much larger distances than 
typical enhancers (approximately 8.7 kb versus 703 bp). Mediator is a major com-
ponent of the transcription pre-initiation complex (PIC) machinery with RNA poly-
merase II (RNA pol II) and is required for activator-dependent transcription in vitro 
and in vivo (reviewed in [177]). Reduced levels of Mediator specifically affect gene 
expression near super-enhancers [176]. This was convincingly demonstrated by the 
loss of enhancer-promoter loops of select genes upon deletion of Mediator [178, 
179]. Mediator-occupied super-enhancers also exhibited enriched binding of tran-
scription factors that are master regulators involved in cell-identity in ESCs, pro-B 
cells, T helper cells, myotubes, and macrophages, among other cell types. However, 
one can argue that Mediator and even cohesin binding may not be entirely necessary 
for gene activation as it was recently determined that chromatin looping between 
the globin LCR and the β globin locus via Ldb1 was established in the absence of 
Mediator and cohesion binding [180]. More recent work identified an emergent 
paradigm for super-enhancers in the direct biogenesis of master regulator miRNAs 
for tissue specificity [181].

A role for super-enhancers was recently identified in epidermal stem cells [182]. 
The target genes associated with epidermal stem cell-specific super-enhancers iden-
tified by H3K27Ac and Mediator ChIP-seq methods contain a high frequency of 
binding motifs for the transcription factors Sox9, Lhx2, Nfatc1 and Nfib, that are 
important for maintaining hair follicle stem cells [183–186]. ChIP-seq experiments 
showed that these transcription factors bind at high frequency to super-enhancers 
relative to typical enhancers. Lineage tracing during mouse epidermal development, 
wound-healing, and in cell culture showed that super-enhancers are remodeled 
according to their cellular environment, supporting the idea that enhancers are acti-
vated or silenced in a lineage-specific fashion. The dynamic behavior of these regu-
latory elements in human keratinocyte progenitors as well as in their differentiating 
progeny was further supported by the discovery of genomic profiles for superen-
hancers (H3K27ac) and typical enhancers (H3K4me1, H3K27ac, H3K4me3) [187] 
that were different across these distinct keratinocyte states. Binding of the p63 mas-
ter regulator for keratinocyte differentiation was observed in a core set of super- 
enhancers and enhancers (shared between mouse and human) associated with 
keratinocyte- specific gene expression, but also notably in mouse-specific regions 
that underlie species-specific transcriptional differences [188].

Analysis of sites bound by Mediator thus enables identification of key transcrip-
tion factors and enhancer sequences in a variety of cell types and their sensitivity to 
changing conditions, highlighting the potential of this approach as a tool to pinpoint 
important regulatory sequences involved in cell and tissue homeostasis, even with-
out prior knowledge of the transcription factors or genes involved.
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10.7.5  Non-coding RNAs

As discussed above, the establishment and maintenance of chromosome territories 
or TADs bring enhancer and promoter interactions into close proximity to facilitate 
gene activation (reviewed in [157]). In addition to the roles of cohesin and CTCF 
occupation in enhancer-promoter interactions, long non-coding RNAs (or lncRNAs) 
may also serve as a scaffold for the assembly of transcription factors and chromatin 
remodeling enzymes at the promoter [189]. The lncRNA HOTAIR, first discovered 
in adult skin [190], targets members of the polycomb repressive complex 2 (PRC2) 
to specific genomic loci, including Ezh2 [189] which, as discussed earlier, regulates 
epidermal differentiation [103]. HOTAIR also directly interacts with LSD1 [189], a 
protein complex that is associated with maintenance of epidermal stem cells in an 
undifferentiated state [191]. Moreover, PRC2 and LSD1 interact in a HOTAIR 
dependent manner [189], suggesting a potential role for HOTAIR in epidermal 
development.

More recently, evidence of transcription of functional enhancer RNA (eRNA) 
from non-coding enhancer sequences has emerged [192]. eRNAs are considered a 
separate class of non-coding RNA. Unlike lncRNAs, which are marked by H3K4me3 
at their promoters and are frequently spliced and polyadenylated, eRNAs are tran-
scribed from enhancer regions marked by H3K4me1, an absence of H3K4me3 his-
tone modifications, and to a lesser extent, post-transcriptional modifications. During 
transcriptional activation, enhancer RNAs participate in a bi-directional enhancer- 
promoter activation feedback loop, whereby chromatin looping between the 
enhancer and promoter brings the bi-directionally transcribed eRNA near the target 
gene to drive gene expression, at the same time allowing the eRNA to stabilize the 
enhancer- promoter loop with the help of the Mediator complex (reviewed in [87]). 
This mechanism for eRNA mediated gene activation has been identified in the 
expression of various lineage-specific genes, including macrophage-specific genes 
[193], estrogen-regulated genes in breast cancer cells [194], and p53-regulated 
genes that induce cell cycle arrest [195]. To date, a role for eRNAs in epidermal 
development has yet to be identified, but should be kept in mind as a possible mode 
of gene regulation.

10.8  Conclusion

In this Chapter, we have outlined the history of scientific discoveries related to the 
transcriptional regulation of key genes involved in skin biology leading up to the 
concept of enhancers and the molecular mechanisms that orchestrate this process at 
the chromatin level in the post-human genome and post-ENCODE eras. Our current 
knowledge of the mechanisms regulating expression of genes involved in determin-
ing the proliferative or differentiated state of keratinocytes identifies common pat-
terns in modes of regulation. These observations are consistent with mechanisms 
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identified in other tissue systems. However, regulation of keratinocyte-specific genes 
appears to heavily utilize p63, AP-1, SP1, and C/EBP transcription factors in 
particular.

Earlier studies of proximal regions of epidermal genes including keratin genes, 
IVL, and LOR, and functional genetic approaches to delineate the sequences that 
drive transcriptional activities, underscored the role of the complex interplay of 
AP-1 proteins, SP1 and C/EBP transcription factors in epidermal gene regulation. 
However, we have yet to understand the larger regulatory landscape of the keratin 
gene clusters.

By contrast, studies of the EDC locus have benefited from the availability of 
bioinformatics tools and high-throughput methods, revealing that proper control of 
gene expression is an intricate hierarchy of events that depends firstly on appropri-
ate post-translational regulation of histones to designate chromatin regions as 
accessible or inaccessible, followed by further organization and remodeling of the 
EDC together with proper nuclear spatial positioning  [106, 107]. The establish-
ment of regulatory landscapes and chromosome territories or topologically associ-
ated domains (TADs) brings regulatory enhancers and promoters into close 
proximity, allowing AP-1, together with other as yet unknown factors, to be poised 
for efficient coordinate activation of the EDC genes upon induction of epidermal 
differentiation [57].

The varied roles of AP-1 transcription factors provide an example of how differ-
ent combinations of common transcription factors are brought together to form 
complexes to modulate or alter gene expression under different conditions such as 
spatial context and developmental stage. Distinct complexes may be formed by 
altering the occupancy of DNA binding proteins at arrays of enhancer elements in 
close proximity to gene promoters. Complex assembly may also be driven in part by 
long-range chromatin interactions that bring distal enhancers close to their target 
gene promoters, and this can be mediated in a myriad of ways. Within the field of 
skin biology, we have only recently begun to define the mechanisms by which 
enhancer-promoter interactions initially occur.

10.9  Future Studies

Further dissection of the regulatory principles underlying the gene expression pat-
terns that accompany and drive epidermal development will require a two-pronged 
approach. The availability of whole genome sequences from increasing numbers of 
species [196], high-throughput techniques such as ChIP-seq, RNA-seq, ATAC-seq, 
and the development of bioinformatics tools to allow the integration of such data 
[197], have made it possible to approach the analyses of gene regulation at the 
genomics level. Specifically, these advances have enabled researchers to identify 
enhancer landscapes across the genome and further elucidate the principles that gov-
ern enhancer-promoter interactions and genome organization relevant to gene expres-
sion. Such an approach identified a surprising role for the DNA methyltransferases, 
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Dnmt3a and Dnmt3b, in occupying enhancers and functionally linked them to epi-
dermal stem cell function [198]. Furthermore, the discovery of skin disease sequence 
variants enriched in superenhancers highlights the clinical  impact of this research 
and future studies in this area [187].

While several key mechanisms, such as the roles of chromatin looping, 3D 
genomic architecture, and non-coding RNAs were first demonstrated in non- 
epidermal tissues and cell-types, they are crucial in constructing a framework for 
understanding epidermal-specific enhancer-promoter interactions. For example, 
cohesin and CTCF have been shown to play a role in maintaining enhancer- promoter 
interactions in a multitude of cell-types and tissues [167–169, 199]. This strongly 
suggests that they are also likely to be major players in mediating the formation of 
chromatin loops in differentiating keratinocytes. This could be tested by identifying 
changes in CTCF and cohesin occupation in the different epidermal layers, as well 
as through functional genetic studies.

In order to completely understand the mechanisms driving enhancer regulated 
gene expression, we must continue to incorporate multi-disciplinary approaches 
and novel methods to approach the problem from genetic, molecular and cellular 
perspectives. Drawing from the expertise of the evolutionary biology field, we are 
now able to identify candidate regions with regulatory potential faster than ever 
before [71, 72, 200]. Additional enhancers that are not evolutionarily conserved can 
be identified using sequencing technologies (see Table  10.1 and [201]). Current 
advances in genome editing (CRISPR/Cas9, TALENs) have also made it easier to 
test the functions of endogenous enhancers [158, 202–204] and provide an improve-
ment over the use of artificial transgenes that remove enhancers from their appropri-
ate genomic context. The precision of these genome-editing methods enables us to 
directly test hypotheses regarding enhancer functions at specific locus/loci within 
the regulatory landscape. For example, CRISPR/Cas9 genome editing of several 
enhancers has demonstrated their requirement for gene expression [158, 202–204]. 
A high- throughput genetic screen for a targeted set of regulatory elements in the 
POU5F1 locus using CRISPR/Cas9 editing has also confirmed the functional role 
of enhancers for POU5F1 expression, while simultaneously revealing a new class 
of “TEMP” enhancers that are characterized by temporary loss of gene expression 
and weak reporter activity [205]. CRISPR/Cas9-mediated recombination of orthol-
ogous yet divergent enhancer sequences in mice has also provided a comparative 
functional assay to further assess the importance of transcription factor binding sites 
during development [204]. For instance, in  vivo replacement of a mouse Sonic 
hedgehog enhancer with the orthologous snake-specific Sonic hedgehog enhancer 
led to a limb defect that was rescued by introduction of an ETS binding site that had 
been lost in the snake. In addition to modern genetics and genomics approaches, 
molecular tools, such as live-imaging and high-resolution microscopy and biome-
chanics studies will extend our understanding of the dynamics of enhancer-pro-
moter interactions.

Elucidation of the molecular biology and biochemistry of enhancer-promoter 
interactions has set the stage for a new era of investigation into the mechanisms of 
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transcriptional regulation. Armed with new methodologies for genome sequencing 
and editing and protein engineering to both discover enhancers and to rapidly test 
their functions, we are well placed to achieve a more comprehensive understanding 
of the principles of genome architecture that modulate cellular transcriptomes.
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LAP1 Lamina-associated polypeptide 1
LAP2 Lamina-associated polypeptide 2
LBR Lamin B receptor
LINC Linker of Nucleoskeleton and Cytoskeleton
MEF Mouse embryonic fibroblast
RGD Arginylglycylaspartic acid
TAN lines Transmembrane actin-associated nuclear lines

11.1  Introduction: Skin Epithelial Keratinocytes 
and the Nucleus

The skin and its appendages, including hair follicles, sweat glands, and sebaceous 
glands, provide essential functions for animal survival, such as protection from 
water loss and environmental insults, as well as the capacity for tactile sense. The 
interfollicular epidermis (IFE), which composes the outermost layer of the skin, 
consists of a series of functionally and structurally distinct stratified layers. The 
basal layer contains proliferative progenitor keratinocytes that tightly bind to extra-
cellular matrix (ECM) molecules in the basement membrane, which separates the 
epidermis from the underlying dermis. During embryonic development, basal kera-
tinocytes divide asymmetrically, giving rise to daughter cells that move upwards to 
form the suprabasal layers (spinous, granular, and stratum corneum); the resulting 
cells of the stratified epithelium generate a cornified envelope essential for the 
 barrier function of the skin [1]. A subset of basal cells also gives rise to hair follicles 
and other appendages [2–4].

Keratinocyte differentiation during epidermal development requires coordinated 
changes in the cytoskeleton that support the generation and mechanical stability of 
cell-cell adhesions, including adherens junctions (AJs), desmosomes, and tight 
junctions. Keratin intermediate filament proteins, the major structural component of 
the IFE, interact with integrin-based hemidesmosome adhesions that connect the 
basal IFE to the dermis (Fig.  11.1a). E-cadherin-mediated cell-cell junctions, 
located throughout the epidermis and its appendages, connect to actin and microtu-
bule networks through catenin molecules [5]. As basal cells move upward during 
differentiation, another class of intercellular junction, desmosomes, which contain 
desmosomal cadherins and are connected to keratins, becomes abundant (Fig. 11.1a). 
Desmosome density and desmosomal cadherin composition markedly change as 
cells differentiate [6]. Finally, tight junctions assemble in the granular layer [7–9]. 
These junctions provide mechanical stability to the epidermis and are essential for 
the barrier function of the skin.

During the process of terminal differentiation in the IFE and during hair follicle 
stem cell activation and differentiation, the cell nucleus goes through remarkable 
changes in shape and size [10]. In the most differentiated cells in the IFE and hair 
follicle, a poorly understood process leads to beneficial loss of the nucleus. When 
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intact, the nucleus is bounded by the nuclear envelope that serves to physically and 
functionally segregate the genome from the cytoplasmic milieu. Research over the 
last several decades has highlighted that, in addition to this role, the nucleus addi-
tionally serves to integrate transcriptional, biochemical, and mechanical networks 
within cells and tissues. In this chapter, we will discuss how the structure and orga-
nization of the nucleus impacts gene expression, genome integrity, cell and tissue 
level mechanics, and disease in the context of skin homeostasis and regeneration.

11.2  The Nuclear Lamina and Nuclear Organization

The nucleus is organized into distinct but dynamic subnuclear compartments, 
including chromosome territories and nuclear bodies (nucleoli, Cajal bodies, etc). 
One critical nuclear landmark is the nuclear envelope, which is contiguous with the 
endoplasmic reticulum and is comprised of both an inner and outer nuclear mem-
brane (INM and ONM, respectively). The interface between the nuclear interior and 
the INM is characterized by the nuclear lamina, a highly complex proteinaceous 
structure that consists of a meshwork of the nuclear lamins, an array of lamin-inter-
acting integral INM proteins, and the associated chromatin, which is typically het-
erochromatic in nature [11]. In addition, the nuclear lamina is physically connected 
across the nuclear envelope lumen to integral ONM proteins that mechanically 
attach the cytoskeleton to the chromatin in the nuclear interior [12].

In vitro studies have provided some insight into the potential structure of lamins, 
which are members of the type V intermediate filament protein family [13]. Much 
like other intermediate filament proteins, the lamins exist as parallel coiled-coil 
dimers in vitro, and interact in a head-to-tail fashion to generate long polymers [14]. 
These polymers also associate with one another in parallel to give rise to large net-
works [15–17]. In vivo studies using super-resolution microscopy suggest that the 
A-type and B-type lamins are organized into distinct meshworks associated with the 
INM [18, 19]. The lamins are classified as A-type or B-type depending on their 
chemical and structural qualities. The B-type lamins, lamin B1 and B2, are tran-
scribed from the separate LMNB1 and LMNB2 genes, while A-type lamins, lamins 
A and C (lamin A/C), are derived from alternative splicing of the single LMNA gene. 
While B-type lamins are expressed in all metazoan cell types throughout develop-
ment, including embryonic stem cells, A-type lamins are only found in differenti-
ated cells [20–25]. Most A- and B-type lamins are farnesylated during biosynthesis, 
the exception being lamin C. While farnesylation of B-type lamins appears to be 
constitutive and promotes association with the INM, A-type lamins undergo proteo-
lytic cleavage by the zinc metalloproteinase Zmpste24 to remove the farnesylated 
C-terminal region [26]. This processing is critical, as a mutation that disrupts cleav-
age of the lamin A farnesylated tail gives rise to the pathogenic “progerin” form of 
lamin A and is the cause of the accelerated aging disorder progeria [27].

Interestingly, lamin composition varies with both differentiation state and tissue 
type [22, 23]. Although the broad requirements for lamin A/C in skin biology have 
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Fig. 11.1 (a) The nuclear lamina allows crosstalk between the nuclear envelope and plasma mem-
brane. The nuclear periphery is a richly complicated cellular compartment that functions in chroma-
tin organization, transcriptional regulation, mechanosensing, integration of the nucleus into the 
cytoskeleton, and DNA damage repair, among other functions. In epidermal keratinocytes, the 
nuclear lamina network is mechanically integrated into the cytoskeleton via nuclear envelope-span-
ning LINC complexes. Actin, microtubules, and intermediate filaments interact with the LINC com-
plex through either direct or indirect interactions. Through these cytoskeletal connections, forces 
exerted on plasma membrane adhesions from either the extracellular matrix, mediated by Fig. 
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not yet been examined in great depth, lamins have been shown to play roles in epi-
dermal differentiation and development. Interestingly, lamin A/C and LBR appear 
to have temporally distinct functions during cellular differentiation in various mam-
malian cell types, although at least one must be present for proper tethering of het-
erochromatin to the INM [28]. Using the hair follicle as a model tissue that contains 
both highly differentiated and undifferentiated cells, the authors of this study found 
that transit amplifying matrix progenitors and bulge stem cells in the hair follicle 
express only LBR, while the more differentiated cells of the follicular dermal 
papilla, epidermis, and dermis express lamin A/C [28]. Emerin and other LEM 
domain proteins may be particularly important in dermal papilla cells [28]. Further, 
mice expressing the progerin form of lamin A that is associated with premature 
aging exhibit aberrant LBR expression in suprabasal layers, in many cases con-
comitant with aberrant compaction of DNA at the nuclear periphery [29]. Epidermal 
differentiation appears sensitive to these defects, as these mice also display epider-
mal thickening and mislocalization of keratin 5 to suprabasal layers [29]. Other 
work has shown that simultaneous ablation of lamins A/C, lamin B1, and lamin 
B2 in mice produces a thickened epidermis with abnormal development of the stra-
tum corneum and hypotrophic hair follicles, coincident with incursion of endoplas-
mic reticulum components into the chromatin of epidermal keratinocytes [30].

While lamin B1 and B2 are uniformly distributed in human epidermal cells, 
lamin A/C may be expressed at lower levels in human basal layer cells of the IFE 
[24]. However, a similar analysis of lamin expression in murine skin found high 
levels of lamin A/C in the basal layer, with decreased expression in suprabasal 

11.1 (continued) integrin-based focal adhesions and hemidesmosomes, or from adjacent cells, 
mediated by adherens junctions and desmosomes, can be transmitted to the nuclear interior to alter 
cellular function. Likewise, recent work indicates that changes at the nuclear envelope can alter the 
function of the cytoskeleton and plasma membrane adhesions. Thus, crosstalk exists between 
plasma membrane adhesions, the cytoskeleton, and components of the nuclear periphery. (b) 
Schematic of nuclear periphery components involved in epidermal homeostasis. The nuclear enve-
lope is composed of both inner and outer nuclear membranes (INM and ONM), as well as conduits 
for macromolecular transport known as nuclear pore complexes (NPCs). Constituents of the nuclear 
periphery, including integral INM proteins, peripheral membrane proteins, and chromatin-binding 
proteins have all been shown to influence epidermal development and function. The LINC complex, 
which consists of SUN and KASH domain proteins, spans the INM, perinuclear space, and ONM 
to connect the nuclear periphery to the cytoskeleton. A number of other significant integral INM 
proteins function at the nuclear periphery, including the LAP2-Emerin-MAN1 (LEM) domain pro-
teins, lamin B receptor (LBR), LAP1/Torsin, and a multitude of additional nuclear envelope trans-
membrane proteins (NETs) with currently unknown functions. Lamins A/C and lamin B1 and B2 
form a meshwork underlying the INM. A number of chromatin-binding proteins, which also exhibit 
crosstalk with other nuclear periphery components, modulate chromatin organization and function, 
including the chromatin remodeling factor Brg1, the chromatin organizer Satb1, polycomb group 
proteins, heterochromatin-binding protein HP-1, histone methyltransferases (HMTs), histone 
deacetylases (HDACs), and a number of transcription factors including p63 and the AP-1 complex. 
In general, lamina-associated domains (LADs) are rich in the histone mark H3K9me, while 
H3K27me is commonly found at the LAD borders, known as variable LADs (vLAD). In the context 
of epidermal differentiation, a switch from H3K27me to H3K4me and H3K79me marks has been 
shown to mediate the transcriptional activation of lineage commitment genes
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 layers, suggesting either differences in the expression pattern of these proteins in 
mice and humans, or differences in antibody accessibility [25, 31].

The disassembly of lamin A/C during keratinocyte terminal differentiation is 
required for epidermal function [32]. Normally, lamin A/C are highly phosphory-
lated by the serine/threonine kinase AKT1 in the granular and cornified layers of the 
IFE, and loss of this activity results in parakeratosis, the retention of undegraded 
nuclei [32]. Deletion of AKT1 also produces increased BMP2/SMAD1 signaling 
and altered terminal differentiation in the IFE, including decreased keratin 1/10 and 
loricrin expression [32]. Interestingly, mice lacking keratins 1/10 exhibit premature 
nuclear degradation, with concomitant reductions in the levels of lamin A/C and the 
INM proteins emerin and SUN1 in suprabasal keratinocytes [33]. These results sug-
gest that a feedback mechanism exists in the IFE between the nuclear lamina and 
cellular signaling, although the mechanistic basis for this signaling circuit remains 
unclear.

In addition to farnesylation, multiple lamin-binding integral INM proteins rein-
force interactions between the lamins and the INM. The largest class of these pro-
teins is comprised of members of the LAP2, emerin, and MAN1 (LEM) domain 
family [34]. These proteins share a common 40 amino acid motif known as the LEM 
domain that facilitates their interaction with chromatin through the DNA-binding 
Barrier-to-Autointegration Factor (BAF or BANF1). Additional proteins such as 
LAP1 (lamina-associated polypeptide 1), LAP2 (lamina-associated polypeptide 2) 
and LBR (lamin B receptor) also interact with lamins, as well as carrying out dis-
tinct biochemical functions [35–37]. Of particular interest are the lamin-binding 
SUN (Sad2/UNC-84) domain proteins that make up the nuclear aspect of the LInker 
of Nucleoskeleton and Cytoskeleton (LINC) complex. SUN domain proteins, found 
in the INM, bind to the ONM-resident KASH (Klarsicht/ANC-1/SYNE homology) 
domain proteins (also called Nesprins) in the nuclear envelope lumen, allowing 
LINC complexes to bridge both membranes of the nuclear envelope [12]. KASH 
domain proteins facilitate either direct or indirect interactions with actin, microtu-
bules, and intermediate filaments in the cytoplasm, thereby facilitating a continuous 
connection between the nuclear interior and cytoplasmic cytoskeleton [12]. 
Interestingly, mutations in many of the lamin-associated INM proteins drive dis-
eases (so-called “nuclear envelopathies”) that phenocopy those associated with 
mutations in the lamins themselves [38], suggesting both complex and integrated 
functions for the nuclear lamina.

11.3  The Nuclear Lamina Is Mechanically Integrated 
into the Cell by the LINC Complex

As in most tissues, the cells of the epidermis and dermis contain an interconnected 
cytoskeletal network that can propagate forces from externally applied mechanical 
stimuli. Forces from both ECM adhesions and cell-cell junctions can propagate to 
the nuclear interior [39, 40] (Fig. 11.1a) and reorganize nuclear proteins [22, 41, 42]. 
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One of the earliest demonstrations of this continuous connection was performed by 
applying pulling forces to plasma membrane-localized integrins on single cells using 
RGD-coated microbeads and monitoring nuclear distention in the direction of pull-
ing [40]. Magnetic twisting cytometry induces dissociation of the nuclear-localized 
Cajal body components coilin and SMN within seconds in HeLa cells, indicating 
that mechanical stimulation is sufficient to induce changes to nuclear architecture 
[42]. Intranuclear movements have also been observed in response to compressive 
and shear forces [43].

How are mechanical signals communicated between the cell surface and the 
nuclear interior? The LINC complexes at the nuclear envelope provide a conduit for 
forces to be transmitted from the ECM or adjacent cells, through the cytoskeleton, 
to the nuclear lamina (Fig. 11.1a). Indeed, the LINC complex is essential for cyto-
skeletal-nuclear force transmission, as its disruption eliminates the nuclear response 
to mechanical stimuli [44–47] and abrogates cytoskeleton-dependent nuclear posi-
tioning in a broad range of contexts (reviewed in [48]). An emerging area of research 
also suggests that alterations in the composition of the nuclear lamina can likewise 
impact cell-ECM adhesions [49–54] (Fig. 11.1a).

While the nuclear response to ECM-derived forces is well established, cell-
cell adhesion can also deliver forces on the nucleus to alter nuclear position [55, 
56], suggesting a link between the nucleus and intercellular adhesions. Several 
components of the LINC complex are expressed in the IFE and its appendages, 
including multiple KASH domain-containing proteins and the widely expressed 
SUN domain proteins SUN1 and SUN2. Surprisingly, SUN1 is absent from the 
hair follicle after morphogenesis, and mice lacking SUN2 display transient alo-
pecia during the first hair growth cycle [56]. Ultrastructural and cell culture 
experiments revealed alterations in the integrity of cell-cell adhesion, possibly 
due to a loss of LINC complex-dependent organization and/or maintenance of 
the cytoskeletal network and desmosome based adhesions [56]. Thus, the nucleus 
plays an essential role in allowing epidermal keratinocytes to generate mechani-
cally stable cell-cell adhesions.

In addition to changes in nuclear position and the organization of intranuclear 
components, forces propagated to the nuclear interior can also influence the nuclear 
proteome and nuclear mechanics (Fig.  11.2). The expression level of lamin A/C 
scales with tissue stiffness in vivo and with substrate stiffness in vitro: lamin A/C 
levels are high in stiff tissues like bone and lower in soft tissues like brain [22]. As 
a result, nuclear stiffness scales with ECM stiffness, giving rise to the concept of 
“mechanical reciprocity” between the nucleus and the substrate that cells are grown 
on. Interestingly, the correlation of lamin expression level with stiffness appears to 
be a specific function of lamin A/C, as lamin B levels do not vary as drastically 
between tissue or substrate types [22]. Additionally, B-type lamins do not seem to 
play the same role as lamin A/C in influencing nuclear mechanics [57]. Importantly, 
while low substrate stiffness is known to decrease keratinocyte-ECM adhesion to 
induce differentiation [58], the effect of cell-ECM or intercellular adhesion-derived 
forces on lamin A/C levels and/or their polymerization state in keratinocytes has not 
yet been investigated.
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Fig. 11.2 The mechanosensitive function of the nuclear periphery modulates epidermal function. 
On softer substrates/tissues or when cells are not exposed to stretch, cytoskeletal tension is low. 
Signaling proteins involved in the sensing of cytoskeletal tension, like MKL and YAP/TAZ, remain 
inactive in the cytoplasm. Low levels of force are exerted on the LINC complex via the cytoskel-
eton. Emerin is localized to the inner nuclear membrane, where it associates with lamins A/C. Under 
these conditions, epitopes in lamins A/C are available for phosphorylation, leading to rapid turn-
over of the lamin network. In human epidermal stem cells, epidermal differentiation loci on chro-
mosomes 1 and 18 associate with the lamina, most likely mediated by H3K9me chromatin marks. 
On stiffer substrates/tissues or upon cell stretching, higher cytoskeletal forces are exerted on the 
LINC complex and transmitted to the nuclear interior; cellular compression forces can also be 
transmitted to the nuclear interior without the LINC complex. These changes in cytoskeletal orga-
nization promote nuclear localization of MKL and YAP/TAZ, and the transcriptional activation of 
their target genes; importantly, the nuclear periphery plays a role in modulating the activity of 
these factors. Lamins A/C undergo reinforcement in response to elevated cytoskeletal tension, 
leading to multimerization and stabilization of the lamin network. This process may involve the 
burial of force-sensitive epitopes in lamins A/C, preventing their phosphorylation and turnover. 
When under tension, the LINC complex exhibits stronger association with lamins A/C, while 
emerin is phosphorylated, potentially weakening its interaction with the nuclear lamina. In human 
epidermal stem cells, this altered association with lamins A/C could drive the relocation of emerin 
from the inner nuclear membrane to the outer nuclear membrane, allowing for the emerin-depen-
dent formation of an actomyosin cage around the nucleus. Reduced emerin localization to the inner 
nuclear membrane facilitates loss of H3K9me and accumulation of H3K27me marks on the pro-
moters of epidermal differentiation loci, resulting in global chromatin rearrangements and disso-
ciation from the periphery. Combined with PRC2 association and reduced RNAPII accumulation 
at promoters, these changes drive transcriptional silencing of lineage commitment genes. The rein-
forcement of the lamin network, the formation of a perinuclear actomyosin cage, and the release 
of chromatin from the nuclear periphery may protect the genome from force-induced damage 
under conditions of high cytoskeletal strain
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While the structural integrity provided by the lamin A/C polymer network is 
proposed to impart nuclear stiffness directly, the associated chromatin may also 
influence the mechanical properties of the nucleus. Mechanical measurements made 
with optical tweezers on isolated nuclei derived from a fission yeast model, 
Schizosaccharomyces pombe, which lacks lamins, have shown that chromatin asso-
ciation with the nuclear periphery can impart nuclear stiffness in the absence of 
lamins, and can influence the viscoelastic properties of nuclei [59]. Thus, the periph-
erally localized heterochromatin that associates with the lamina may also play a role 
in defining the mechanics of nuclei. Indeed, evidence suggests that heterochromatin 
may also buffer forces exerted on the nucleus, acting in concert with the lamins 
[60–62]. Cell migration, which is a mechanically taxing process for the nucleus, 
leads to an increase in facultative heterochromatin at the leading edge of the nucleus 
in a mouse melanoma cell line, further suggesting that chromatin condensation and 
nuclear mechanical challenge can be linked [63]. The lamin network may also influ-
ence local chromatin mobility, which is limited by the association of heterochroma-
tin with the nuclear periphery [64]. Indeed, the loss of lamin A in mammalian cells 
[65] or INM proteins in yeast [59] results in increased chromatin mobility, which 
can strongly influence nuclear mechanics, particularly nuclear viscosity, and there-
fore nuclear function.

In addition to changes in expression level, a central theme in the response of the 
nuclear lamina to mechanical input appears to be force-dependent changes in lamin 
A/C multimerization [31], which may serve several functions (Fig.  11.2). First, 
reinforcement of the lamin A/C network and subsequent nuclear stiffening may 
improve the efficiency of force transmission from the cytoskeleton through the 
LINC complex to the lamin network. This change in nuclear stiffness would be 
important for processes where the nucleus must be actively positioned or moved, 
such as during polarization prior to cell migration [66]. Second, the differential 
exposure of binding sites for interaction partners, including chromatin, histones, 
and INM proteins, may serve as a regulatory mechanism for guiding signal trans-
duction and/or transcription. Finally, modulation of the lamin network may influ-
ence how susceptible the genome is to mechanically-induced DNA damage. Defects 
in the remodeling of the lamina, including chromatin, in response to force could 
result in increased damage; this may explain why the ablation of SUN proteins or 
lamin A/C can produce increases in baseline DNA damage [67] and apoptosis in 
response to mechanical challenge [68].

11.4  The Nuclear Lamina and Chromatin Organization

In addition to its roles in defining nuclear mechanics, the nuclear lamina, and lamin 
A/C and LBR in particular, sequester heterochromatic regions of the genome at the 
nuclear periphery [28, 69, 70]. Lamina associated domains (LADs), which account 
for 40% of the mammalian genome [71], are recruited to lamins through the coordi-
nated activity of transcription factors, distinctly localized heterochromatic marks, 
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and sequence specificity (Fig.  11.1b). Lamina-associated sequences, sometimes 
enriched in extended GA-rich sequence motifs, in combination with the facultative 
heterochromatin marks H3K27me3 and H3K9me2/3, are capable of driving periph-
eral association of ectopic LADs [72, 73]. These marks have been identified in other 
studies as important facilitators of lamina tethering [71, 74, 75]. However, GA 
repeats are not found in all LADs [71], and indeed non-GA sequences in LADs 
appear to be sufficient for lamina-targeting [72]. The transcription factor YY1, as 
well as histone deacetylase 3 (HDAC3), LAP2β, and lamin A/C appear to be 
required for peripheral recruitment [72], although additional transcription factors 
such as Zbtb7b may also be involved in particular cases, such as in recruiting the 
IgH locus to the lamina in fibroblasts [73]. Interestingly, either lamin C alone, or an 
optimum ratio of lamin A to lamin C, may specifically be involved in this process, 
suggesting distinct roles for lamin A and lamin C in LAD tethering [72].

Efforts to understand whether the tethering of individual genes to the nuclear 
periphery is sufficient to repress gene transcription have given mixed results, 
depending on the experimental system analyzed [76, 77]. Importantly, lamins 
appear dispensable for repression at the nuclear periphery, just as transcriptional 
repression is not an essential requirement for peripheral recruitment. Indeed, 
genomic loci with transcriptionally active histone marks are also found in this sub-
nuclear compartment (reviewed in [78]). Further, the release of LADs from the 
nuclear periphery is not sufficient to induce their transcriptional activation [79]. 
Thus, lamin A/C does not seem to directly influence heterochromatinization, and 
instead merely sequesters these regions at the nuclear periphery. However, several 
INM proteins have an established connection with the regulation of chromatin state. 
For example, emerin interacts with HDAC3, an HDAC found in the NCoR complex 
that represses transcription, recruiting it to the nuclear lamina, and promoting its 
activity [80].

While techniques such as ChIP-seq and Hi-C have allowed static “images” of 
genome-nuclear lamina interactions to be identified, dynamic alterations in genome 
organization have also been observed using microscopy-based techniques [75]. 
Using these methods, it has been observed that LADs in mammalian cells undergo 
stochastic rearrangements in sub-nuclear localization, from peripheral to nucleolar 
regions, following mitosis [75]. These results suggest that the peripheral localiza-
tion of LADs is not an essential regulator of gene expression and cell function in 
differentiated cells. Further, Hi-C analysis of chromosome territories in single 
mammalian cells suggests that chromosome organization is highly dynamic and 
variable between individual cells [81]. Similar analyses of LAD dynamics in dif-
ferentiating epidermal cells will be an essential avenue of experimental inquiry.

While association with the lamina is not generally sufficient to predict transcrip-
tional state, several studies suggest that the nuclear lamina helps tune gene expres-
sion in different tissue types and at different stages of cellular differentiation and 
development [82]. The characteristic changes in nuclear shape and size that occur 
during epidermal terminal differentiation occur concomitantly with changes in the 
3D architecture, and therefore the “transcriptional microenvironment”, of epidermal 
keratinocytes [10]. Indeed, while basal progenitors exhibit markers of active 
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 transcription, increasingly suprabasal cells show global decreases in active 
 transcriptional markers and increases in pericentromeric heterochromatin [10]. 
Further, a chromosomal region termed the epidermal differentiation complex 
(EDC), that  consists of sixty consecutive genes necessary for epidermal stratifica-
tion and the production of a cornified envelope (reviewed in [83]), has been observed 
to associate more frequently with pericentromeric heterochromatin regions in 
suprabasal cells, and relocates away from the nuclear periphery towards the nuclear 
interior [10, 84, 85]. These results suggest that functional reorganization of chroma-
tin within the nucleus occurs during epidermal differentiation. Interestingly, reloca-
tion of the EDC locus is accompanied by the increased transcription of EDC genes, 
and is dependent on the chromatin remodeling factor Brg1 and the chromatin orga-
nizer Satb1; both of these chromatin interactors are regulated by p63, a transcription 
factor essential for epidermal specification and progenitor activity [85, 86]. In addi-
tion, the differentiation process is associated with the loss of H3K27me3 chromatin 
marks on differentiation-specific genes, and their replacement with H3K79me2 and 
H3K4me3 marks, although the full complexity of this transition is still under inves-
tigation [87] (Fig. 11.1b).

More generally, regulated histone deacetylation is important for both epidermal 
development and hair follicle specification. The chromatin remodeling factor Brg1, 
which interacts with HDAC proteins, is required for epidermal differentiation [88]. 
Conditional deletion of Mi-2b, a component of the HDAC1 and HDAC2-containing 
NURD complex, results in failure of hair follicle specification and atrophic epider-
mis due to loss of epidermal progenitor cells [89]. Similarly, deletion of both 
HDAC1 and HDAC2 in murine epidermis results in thin skin due to the upregula-
tion of the specific target genes normally repressed by p63, as well as increases in 
acetylated p53 [90]. Furthermore, these mutant mice do not form hair follicles, 
teeth, or tongue papillae, all of which derive from basal epidermal keratinocytes. 
Additionally, treatment of adult skin with the HDAC inhibitor trichostatin A can 
induce hair follicle stem cell activity [91], while deletion of HDAC1 and HDAC2 
postnatally in the epidermis results in alopecia, claw dystrophy, and hyperkeratosis 
[92]. Whether these functions of HDACs are related to the regulation of transcrip-
tional repression at the nuclear periphery is unknown. Interestingly, mice lacking 
p63 display aberrant nuclear morphology, as well as alterations in the expression of 
LINC complex components, including the increased expression of SUN2 and 
decreased expression of SUN1, Nesprin 3, lamin A/C, lamin B1, and plectin [85, 
93]. These changes are further linked to relocation of repressive heterochromatin 
marks H3K27me3, H3K9me3, and HP1α away from the nuclear periphery, as well 
as reorganization of the keratin-encoding loci KtyI and KtyII towards repressive 
chromocenters [93]. Thus, p63 may carry out aspects of its influence on transcrip-
tional control of epidermal differentiation in coordination with the nuclear lamina.

In addition to histone deacetylation and chromatin remodelers, the nuclear lam-
ina can also serve as a platform for the concentration of transcription factors and 
components of signaling pathways, thereby influencing gene expression. For exam-
ple, the lamin A/C scaffold is postulated to regulate the transcription factor c-Fos, 
which heterodimerizes with c-Jun to form the AP-1 complex. The sequestration of 
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c-Fos at the nuclear periphery by lamin A/C prevents c-Fos/c-Jun  heterodimerization, 
attenuating AP-1 DNA binding and transcription [94]. The interaction of c-Fos with 
lamin A/C appears to be regulated by ERK1/2-dependent c-Fos  phosphorylation, 
which allows it to be released from the periphery and activate transcription [95]. 
Interestingly, AP-1 regulates EDC gene expression in both proliferating and differ-
entiating keratinocytes in vitro [96] and coordinates with Ezh2  in the polycomb 
complex to regulate epidermal differentiation [97]. Thus, the nuclear lamina may 
support epidermal differentiation by regulating AP-1 activity.

Several additional nuclear envelope components can influence specific signal 
transduction cascades, including signaling through the Wnt pathway, itself an 
important regulator of stem cell renewal and differentiation in the epidermis [98]. 
Emerin interacts with β-catenin via its adenomatous polyposis coli (APC) homol-
ogy domain and antagonizes Wnt signaling, potentially by promoting β-catenin 
export from the nucleus [99–101]. Conversely, the LINC complex component 
Nesprin-2 may positively regulate the nuclear localization of β-catenin [102]. Thus, 
because the level of β-catenin signaling influences stem cell lineage choice (reviewed 
in [98, 103]), the nuclear lamina-dependent tuning of nuclear β-catenin levels may 
impact lineage selection.

TGF-β is another important modulator of epidermal stem cell activity and wound 
healing that is regulated by nuclear lamina components. MAN1 antagonizes TGF-β/
BMP signaling by binding Smad2 and Smad3, upstream regulators of TGF-β sig-
naling, although the mechanism of inhibition is unclear [104, 105]. Disruption of 
this activity by a loss-of-function mutation in MAN1 is linked to Buschke-Ollendorff 
syndrome, characterized by skeletal dysplasia and skin abnormalities [106]. 
Interestingly, increased TGF-β signaling is often seen in fibrotic skin disorders, such 
as those that characterize the early aging disorder progeria, associated with expres-
sion of the progerin form of lamin A [107, 108]. Once again, Nesprin-2 may act 
conversely to promote Smad activity, as mice expressing a mutant actin-binding 
domain-null Nesprin-2G exhibit delayed nuclear accumulation of Smad2/3, as well 
as delayed wound healing in vivo [109]. These changes have also been linked to 
aberrant fibroblast differentiation and keratinocyte proliferation in response to 
wounding [109]. Thus, in addition to the lamins, other nuclear envelope compo-
nents likely act to modulate signaling cascades leading to proper stimulation and 
repression of signaling circuits in the epidermis.

11.5  Maintenance of Genome Integrity

In addition to regulating chromatin dynamics, activation state, and organization, 
increasing data suggest that the lamina also plays a role in maintaining genome 
integrity. Although this topic has been less well studied to date, there are likely two 
primary mechanisms that underlie the functions of the lamina in genome integrity: 
one in the prevention of DNA double-strand breaks (DSBs), and the other in mod-
ulating the efficiency and fidelity of repairing the DSBs that do occur. Mechanical 
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stresses have been shown to induce DNA damage, leading to apoptosis, in vascular 
smooth muscle cells [110]. A role for the nuclear lamina in supporting mechanical 
stability when high force is exerted on the nucleus may protect the genome from 
damage. For example, mechanical stresses in the form of nuclear deformation dur-
ing cellular migration through pores have been shown to induce apoptosis in lung 
carcinoma A549 cells with partial knockdown of lamin A [68]. While this study 
did not directly examine whether DNA damage was the driver of the apoptotic 
response, increases in genome instability, including DNA lesions and telomere 
dysfunction, have been observed in response to mutations in nuclear lamina com-
ponents. For example, mouse embryonic fibroblasts (MEFs) from Sun1/Sun2−/− 
mice exhibit elevated basal DNA damage and increased sensitivity to DNA 
damaging agents [67], as do C. elegans deficient for the SUN domain-containing 
protein UNC-84 [111].

In addition, the nuclear lamina likely contributes to DSB repair pathway choice. 
Components of the nuclear lamina have been found to directly interact with DNA 
damage signaling or repair-associated proteins. Nesprin-1 physically interacts with 
MSH2 and MSH6, components of the mismatch repair pathway [112]. A Nesprin-2 
isoform lacking a KASH domain may also influence the DNA damage response 
(DDR), specifically influencing ATM localization to sites of damage through its 
interaction with ERK1/2 [113]. Further, SUN1 and SUN2 have been implicated in 
modulating DDR in MEFs [67], and the budding yeast SUN protein Mps3p recruits 
DSBs to the nuclear periphery [114, 115]. Interestingly, the bridging of persistent 
DSBs through the LINC complex to dynamic cytoplasmic microtubules promotes 
homology-directed repair in fission yeast [116], while a similar LINC complex-
mediated process may inhibit non-homologous end joining in favor of homology-
directed repair in the C. elegans germline [111]. Lamin A/C may also influence 
DDR by directly interacting with DDR components, such as Ku70 and γ-H2AX 
[117], and influencing the formation of repair foci (reviewed in [118–122]). Indeed, 
MEFs null for Zmpste24 or expressing unprocessed prelamin A exhibit delayed 
53BP1 and Rad51 recruitment to sites of damage, leading to defective repair and 
irreparable DSBs [121]. Further, defects in DNA damage repair were identified in a 
restrictive dermopathy-like disease – characterized by severe epidermal defects – 
which arose through mutation of lamin A and subsequent postnatal loss of mature 
lamin A expression [123]. This lamin A mutation resulted in the accumulation of 
DSBs in vivo, as well as decreased 53BP1 localization at breaks and impaired DNA 
repair in human fibroblasts [123].

While it is not yet mechanistically clear if or how defects in DNA repair contrib-
ute to progeria and other diseases of the lamina, fibroblasts from progeria patients, 
Zmpste24−/− mice (defective in lamin A processing), or MEFs overexpressing 
unprocessed prelamin A all show increased susceptibility to DNA damage [121]. 
Interestingly, SUN1 has been shown to accumulate in progeroid-expressing and 
lamin A-null mouse fibroblasts [124]. Given the potential role of SUN proteins in 
the DDR, Lei et al. proposed a mechanism for progerin-toxicity where excessive 
accumulation of SUN1 at the nuclear envelope could lead to hyperactive DDR sig-
naling [67]. Indeed, the loss of SUN1 is capable of rescuing many of the defects in 
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a mouse model of progeria [124]. The loss of SUN1  in this context would 
 theoretically reduce DDR signaling in lamin A mutant mice, and minimize the asso-
ciated defects. However, it remains possible that the amelioration of the progeria 
 phenotype may instead be due to a concomitant decrease in the number of LINC 
complexes, and therefore the force exerted on the nucleus. The emerging connection 
between lamins A/C, lamin B1, and autophagy [125–130] may additionally play a 
role in modulating cellular senescence and aging in progeria patients. For example, 
epidermal keratinocytes deficient for Atg7 exhibit decreased lamin B1 expression 
coupled with increased DNA damage foci, altered lipid metabolism, and cellular 
senescence [129]. As an alternative model, progerin itself may interfere with the 
activity of repair factors, thereby promoting irreparable DSBs [119, 131].

As genome integrity is essential for skin homeostasis and regeneration (reviewed 
in [132]), a potential role for the nuclear lamina in protecting the genome and even 
repairing DNA has significant consequences for epidermal function. The homeosta-
sis of different components of the epidermis, including the stratified epithelium, 
hair follicles, and the sebaceous glands, is maintained by resident stem cell niches; 
in the case of the hair follicle, stem cells located in the bulge region promote hair 
follicle regeneration throughout adulthood [133]. Adult bulge stem cells may utilize 
distinct DNA repair strategies at different developmental stages, as these cells rely 
on non-homologous end joining and expression of the anti-apoptotic protein Bcl2 
during the resting phase of the hair cycle [134]. Interestingly, progerin has been 
implicated in suppressing 53BP1-mediated non-homologous end joining in human 
keratinocytes following UVA radiation [135]. Further, ablation of BRCA1, an 
important mediator of homologous recombination, in the murine epidermis results 
in DNA damage accumulation, apoptosis, and loss of transit amplifying cells and 
bulge stem cells, preventing adult regeneration of hair follicles [136]. Additional 
work must be carried out to determine if the nuclear lamina’s regulation of DNA 
repair has implications for skin homeostasis and tumorigenesis.

11.6  Mechanosensing: The Lamina and the LINC Complex

In addition to biochemical signaling, mechanical signals are also known to influ-
ence chromatin structure, gene expression, and differentiation (reviewed in [137, 
138] (Fig. 11.2). Cell geometry can influence gene expression downstream of 
MKL1/SRF signaling and HDAC3 localization [139], while modulation of the 
cytoskeleton and/or LINC complexes can modify nuclear morphology, chroma-
tin organization, and gene expression [140–142]. Similarly, cell geometry, sub-
strate stiffness, and intracellular tension can influence stem cell lineage selection 
[58, 143, 144].

Interaction of the nucleus with the cytoskeleton through LINC complexes pro-
vides a mechanism for external forces to be propagated from the ECM or adjacent 
cells to the nuclear interior directly. Thus, in addition to the modulation of nuclear 
mechanics in response to extracellular biochemical cues, mechanosensing at the 
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nuclear lamina is also likely critical for the cell to integrate and respond to mechani-
cal cues from adhesions and the cytoskeleton. An attractive model is the possibility 
that the nuclear lamina responds to mechanical inputs in a fashion  similar to that 
described for E-cadherin-based AJs and integrin-based focal adhesions, which 
increase in size in response to exogenous force [145–147]. The acute application of 
force on Nesprin-1 molecules on isolated nuclei using magnetic tweezers has been 
shown to produce nuclear stiffening within seconds, an effect dependent on the 
LINC complex, emerin, and lamin A/C [46]. Further, force application to nuclei in 
this context increases the association of lamin A/C with LINC complexes [46]. 
Nuclear stiffening in response to stress has been observed in other contexts as well: 
endothelial cell nuclei stiffen in response to shear stress [148], while HeLa cells 
exposed to shear exhibit increased peripheral recruitment of lamin A/C [149]. 
Interestingly, acute force application to isolated nuclei also results in emerin phos-
phorylation [46]. This process is required for force-induced nuclear stiffening, as 
the expression of a phosphomutant emerin prevents nuclear stiffening and abrogates 
an increased association of LINC complexes with lamin A/C [46]. As both SUN2 
and emerin bind to the same region of lamin A/C, the force-induced phosphoryla-
tion of emerin in this context may decrease lamin A/C-emerin affinity and promote 
a lamin A/C-SUN2 interaction. In support of this notion, emerin-null nuclei exhibit 
increased nuclear stiffness, suggesting that the association of lamin A/C with SUN 
proteins is even greater than in control nuclei [46] (Fig. 11.2).

Interestingly, uniaxial stretch applied to human epidermal progenitor cells drives 
the redistribution of emerin from the INM to the ONM, leading to the formation of 
a perinuclear non-muscle myosin II-actin scaffold, nuclear actin depletion and inac-
tivation of RNAPII, and the subsequent H3K27me3- and PRC2-dependent tran-
scriptional repression of genes associated with epidermal differentiation [150] 
(Fig. 11.2). While a role for emerin phosphorylation in this process has not yet been 
identified, reduced association between lamin A/C and emerin could facilitate the 
redistribution of emerin to the ONM in this context. Additional nuclear lamina com-
ponents may have the capacity to swap between the INM and ONM, such as short 
nesprin isoforms [151–154] and LUMA [155].

Like emerin, lamin A/C has also been shown to undergo force-induced phos-
phorylation, perhaps in response to unfolding of its immunoglobulin-like domain 
[22, 41]. During mitosis, lamin A is phosphorylated on Ser22, prompting disassem-
bly of the lamin network in preparation for nuclear envelope breakdown [156]. This 
same modification appears to be sensitive to mechanical input: increased intracel-
lular cytoskeletal tension, induced by growing mesenchymal stem cells on stiff sub-
strates, decreases phosphorylation of Ser22, while reduced tension, either through 
plating on soft substrates or inhibition of myosin II, increases phosphorylation [22, 
41] (Fig. 11.2). These changes in phosphorylation level are seen within tens of min-
utes, and correspond to changes in nuclear stiffness as measured by micropipette 
aspiration [41].

While a definitive role for forced unfolding has not yet been identified in lamin 
A/C function, the discovery of two mechanically-regulated epitopes of lamin A/C 
hints at such a mechanism [31]. The first epitope is located within the first 50 
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 residues of the N-terminus, while the second is a conformational epitope consisting 
of sequences in the Ig domain and the Ig-proximal unstructured linker. These 
regions become inaccessible to antibodies at the basal side of nuclei in response to 
 compressive forces, including those applied by an apical actin cap [31], an actin-
rich meshwork found in close association with the nucleus in various cell types 
[157]. The observed differential lamin A epitope accessibility is regulated by cyto-
skeletal tension, and requires intact LINC complexes [31]. Further, steered molecu-
lar dynamics simulations show that the loss of the epitope can be linked to lamin 
A/C multimerization, and therefore reinforcement of the lamin network [31]. 
Several previously identified stress-sensitive phosphorylation sites [22], including 
Ser22, are present in the two epitopes. These results suggest that cytoskeletal ten-
sion could regulate the phosphorylation state of lamin A/C by influencing the expo-
sure of phosphorylation sites to kinases and/or phosphatases, potentially through 
partial unfolding of the Ig domain and concomitant multimerization of lamins 
(Fig. 11.2).

This force-dependent exposure of lamin A/C epitopes may play an important role 
in stem cell lineage selection. Fascinatingly, human mesenchymal stem cells that 
are shunted down osteogenic or adipogenic lineages exhibit different levels of basal 
epitope exposure, with the lamin epitope more polarized in osteoblasts than in adi-
pocytes [31]. Previous work has also identified actin cap and LINC complex-depen-
dent polarization of lamin A/C to the apical side of nuclei, as well as the apical 
polarization of histone marks H3K12ac and H4K5ac, which are associated with 
active transcription [158]. Interestingly, the conformational epitope in lamin A/C 
overlaps with binding sites for DNA, histones, emerin, and SUN proteins [31]. 
Thus, the force-dependent differential exposure of these binding sites may influence 
the interaction of lamin A/C with the genome, either directly or through modulation 
of the activity of its binding partners. As described earlier, emerin is capable of 
binding to DNA, and can also interact with and activate HDAC3 [80]. Again, these 
responses harken back to the force-dependent modulation of adhesion morphology 
and function at the cell surface.

Interestingly, Ihalainen et  al. showed that integrin-based connectivity to the 
nucleus might play a crucial role in determining the polarity of lamin A/C epitope 
exposure, suggesting this activity of lamins may be important for cell types that are 
exposed to both cell-cell and cell-ECM adhesions. Thus, the polarized, force-depen-
dent exposure of lamin A/C epitopes may be particularly relevant for the skin, where 
polarized basal layer cells – which contact both the basal lamina and other keratino-
cytes – must differentiate in a highly regulated manner to correctly form the layers 
of the IFE. Further, other work has shown that the geometry of exogenous force 
application to cells may influence nuclear lamina-dependent regulation of gene 
expression by modulating the extent of chromatin stretch [159].

While mechanosensing at the nuclear interior by lamin A requires the LINC 
complex, likely for force transduction across the nuclear envelope, it is also possible 
that the LINC complex is itself mechanoresponsive. The majority of the extranu-
clear domains of Nesprin proteins are composed of spectrin repeats, known to 
undergo force-induced unfolding, which could serve multiple functions [160, 161]. 
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As with other mechanosensitive proteins, such as talin [162], this unfolding could 
either abrogate or reveal cryptic interacting sites, potentially influencing signaling 
pathways or LINC complex oligomerization [153, 163]. Increased affinity between 
Nesprins under tension could allow increased force to be transmitted to the nuclear 
lamina and could therefore mediate changes in lamina-regulated signaling, chroma-
tin interactions, and transcription. Alternatively, unfolding of the spectrin repeats 
could instead release tension on LINC complexes, preventing excessive and poten-
tially dangerous levels of force from being exerted on the nuclear interior. Indeed, 
using an optical tweezers assay to apply force to LINC complexes on isolated 
nuclei, Balikov et al. showed that nesprin spectrin repeats may undergo unfolding in 
response to physiological levels of force [164]. Interestingly, the LINC complex is 
not only capable of adapting to the sustained application of high forces, such as dur-
ing the formation of TAN lines for nuclear positioning, but also to transient (10s of 
milliseconds) [42, 45] or low magnitude [165] mechanical signals. This suggests 
that the LINC complex may be able to coordinate differential responses tuned to the 
magnitude and geometries of forces exerted on the nucleus, which could in turn dif-
ferentially influence lamin A/C activity.

Thus far, studies of nuclear lamina mechanosensitivity have focused on isolated 
cells in which mechanical cues are driven exclusively by cell-ECM adhesions. 
Indeed, little is known about the potential role intercellular adhesions, and the bal-
ance between forces generated at cell-cell and cell-ECM adhesions, may have on 
the lamina, particularly in tissues. In the current model, mechanical signals originat-
ing at intercellular adhesions would be relayed to the nucleus in the same way as 
signals from cell-ECM adhesions, resulting in changes in lamin A/C phosphoryla-
tion and structure. However, the types of mechanical inputs studied to date represent 
unnaturally high levels of force or asymmetrical compressive forces (due to apical 
actin cap formation). In an epithelial sheet, the force distribution at intercellular 
adhesions reaches a homeostatic equilibrium, suggesting that these cells may 
respond differently to changes in tension in vivo [166].

Many of the mechanosensing functions of cells are dependent upon YAP/TAZ 
and/or MKL/SRF signaling [167]. YAP1 regulates epidermal stem cell proliferation 
and tissue expansion [168, 169] and is downstream of α-catenin, which links YAP 
signaling to cadherin junctions [170]. MKL/SRF signaling is an essential regulator 
of epidermal differentiation [171–173] and hair follicle morphogenesis [174]. SRF 
further regulates epidermal differentiation by modulating actomyosin-guided 
mitotic spindle orientation during asymmetric divisions of basal layer cells to pro-
mote epidermal stratification [171], as well as controlling the expression and local-
ization of AP-1 family members, and the C/EBPα transcription factor [174]. 
Postnatal deletion of SRF in mice yields alterations in cell-cell and cell-ECM adhe-
sion as well as altered differentiation and actin organization, leading to an inflam-
matory hyperproliferative phenotype similar to psoriasis [172].

Interestingly, YAP/TAZ and MKL/SRF are regulated by the nuclear lamina 
(Fig.  11.2). In MEFs, the transcription of the mechanically sensitive immediate 
early genes egr-1 and iex-1 in response to cyclic strain requires lamin A/C and 
emerin [175, 176]. Further, YAP/TAZ and MKL/SRF signaling are perturbed upon 
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loss of lamin A/C [22, 177, 178] and a nonphosphorylatable mutant lamin A/C has 
been shown to increase gene expression compared to a phosphomimetic, suggest-
ing that the structure of the lamin network can influence mechanosensitive tran-
scription [41]. Further, emerin, through its mechanosensing capacity, is specifically 
required for MKL/SRF-dependent gene expression on stiff versus soft substrates, 
implicating it in the regulation of fibrosis and other pathologies involving tissue 
stiffening [179].

Thus, a model is emerging in which a mechanical stimulus can be rapidly trans-
mitted from the cytoskeleton to the nuclear interior through LINC complexes, lead-
ing to force-induced changes in posttranslational modifications of nuclear lamina 
components, subsequent lamina reinforcement, and transcriptional regulation. This 
model is consistent with recent work showing that YAP/TAZ works with AP-1 to 
activate target genes via chromatin looping [180]. Phosphorylation of emerin may 
link nuclear lamina changes to these signaling pathways by promoting MKL/SRF 
signaling, potentially by promoting actin polymerization and/or organization in the 
cytoplasm and nucleoplasm [177, 181]. However, mutant emerin protein that cannot 
be phosphorylated does not influence YAP/TAZ transcription [46], suggesting that 
modulation of these two pathways may occur through distinct mechanisms. These 
changes may promote increased stiffness of the nuclear lamina through reinforce-
ment of the lamin network [22, 41, 46]. How the nuclear lamina functions in mecha-
nosensing and through these signaling pathways during epidermal differentiation 
and homeostasis will be an interesting area of future investigation.

11.7  The Nuclear Lamina and Human Disease

Disruption of the nuclear lamina leads to a host of rare diseases, known as lami-
nopathies and nuclear envelopathies, which include muscle dystrophies, premature 
aging, lipodystrophies, peripheral nerve disorders, and bone diseases (reviewed in 
[182]). These disorders are often associated with hallmark defects in epidermal 
structure and function, which hints at the special role the nuclear lamina plays in 
epidermal homeostasis. While we are just beginning to dissect the etiology of 
human diseases associated with the nuclear lamina, the burgeoning field of epider-
mal nuclear biology highlight the importance of this domain in regulating epidermal 
development and integrity.

In particular, mutations in lamin A, associated with either Hutchinson-Gilford 
Progeria Syndrome (HGPS) or other laminopathies, have been implicated in alter-
ing interactions between LADs and the nuclear lamina. Numerous studies have 
shown that loss of lamin A/C, or expression of lamin A/C mutants, can result in 
global changes in 3D genome organization and gene expression. Further, global 
changes in H3K27me3 marks, dissociation of chromatin from lamin A/C and the 
lamina, and gene expression changes have been identified in epidermal fibroblasts 
from HGPS patients [183]. However, in line with the fact that lamin association 
does not necessarily influence transcriptional state, these changes do not always 
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induce altered gene expression. Other work suggests that progerin expression is not 
sufficient to induce such vast perturbation of chromatin organization and transcrip-
tion [79]. While progerin preferentially interacts with a subset of genes distinct 
from lamin A/C, these altered associations are not associated with global expression 
changes [79]. A complex array of interactions between nuclear lamina proteins and 
chromatin-interactors or –modifiers has been identified. These interactions may be 
disrupted in diseases where the nuclear lamina is altered, such as in HGPS and 
restrictive dermopathy [184]. Further work will be required to understand the exact 
changes that occur upon lamin A/C disruption, and the mechanisms by which these 
occur. The use of sophisticated tools to map the dynamic interactions of chromatin 
with the nuclear periphery over time [75], including in embryonic development, 
will prove an essential component in understanding the etiology of laminopathies 
and nuclear envelopathies.

11.8  Summary

Skin is subject to constant mechanical challenge through external insults and as a 
result of the cellular changes that occur during development and homeostasis. 
Recent data suggest that tissue homeostasis requires crosstalk between the cell sur-
face (in the form of cell-ECM and cell-cell adhesions) and the nucleus to coordinate 
biochemical and mechanical cues. The LINC complex, which spans the nuclear 
envelope, plays a critical role in communicating mechanical information from the 
cytoskeleton to the nuclear interior. The nuclear lamina responds to forces trans-
duced by the LINC complex by coordinating changes in chromatin organization and 
transcriptional output; the lamina also helps to maintain genome integrity, although 
the mechanisms at play will require further investigation. Understanding how the 
lamina coordinates these integrated functions will be critical to defining how lamin 
dysfunction contributes to defects in epidermal structure and function.

References

 1. Candi E, Schmidt R, Melino G. The cornified envelope: a model of cell death in the skin. Nat 
Rev Mol Cell Biol. 2005;6:328–40. https://doi.org/10.1038/nrm1619.

 2. Blanpain C, Fuchs E. Epidermal homeostasis: a balancing act of stem cells in the skin. Nat 
Rev Mol Cell Biol. 2009;10:207–17. https://doi.org/10.1038/nrm2636.

 3. Lechler T, Fuchs E. Asymmetric cell divisions promote stratification and differentiation of 
mammalian skin. Nature. 2005;437:275–80. https://doi.org/10.1038/nature03922.

 4. Koster MI, Roop DR. Asymmetric cell division in skin development: a new look at an old 
observation. Dev Cell. 2005;9:444–6. https://doi.org/10.1016/j.devcel.2005.09.009.

 5. Simpson CL, Patel DM, Green KJ. Deconstructing the skin: cytoarchitectural determinants of 
epidermal morphogenesis. Nat Rev Mol Cell Biol. 2011;12:565–80. https://doi.org/10.1038/
nrm3175.

 6. Delva E, Tucker DK, Kowalczyk AP.  The desmosome. Cold Spring Harb Perspect Biol. 
2009;1:a002543. https://doi.org/10.1101/cshperspect.a002543.

11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery…

https://doi.org/10.1038/nrm1619
https://doi.org/10.1038/nrm2636
https://doi.org/10.1038/nature03922
https://doi.org/10.1016/j.devcel.2005.09.009
https://doi.org/10.1038/nrm3175
https://doi.org/10.1038/nrm3175
https://doi.org/10.1101/cshperspect.a002543


282

 7. Furuse M, Hata M, Furuse K, Yoshida Y, Haratake A, Sugitani Y, Noda T, Kubo A, Tsukita 
S. Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson 
from claudin-1-deficient mice. J  Cell Biol. 2002;156:1099–111. https://doi.org/10.1083/
jcb.200110122.

 8. Morita K, Itoh M, Saitou M, Ando-Akatsuka Y, Furuse M, Yoneda K, Imamura S, 
Fujimoto K, Tsukita S.  Subcellular distribution of tight junction-associated proteins 
(occludin, ZO-1, ZO-2) in rodent skin. J  Invest Dermatol. 1998;110:862–6. https://doi.
org/10.1046/j.1523-1747.1998.00209.x.

 9. Schlüter H, Wepf R, Moll I, Franke WW. Sealing the live part of the skin: the integrated 
meshwork of desmosomes, tight junctions and curvilinear ridge structures in the cells of the 
uppermost granular layer of the human epidermis. Eur J Cell Biol. 2004;83:655–65. https://
doi.org/10.1078/0171-9335-00434.

 10. Gdula MR, Poterlowicz K, Mardaryev AN, Sharov AA, Peng Y, Fessing MY, Botchkarev 
VA.  Remodeling of three-dimensional organization of the nucleus during terminal kerati-
nocyte differentiation in the epidermis. J Invest Dermatol. 2013;133:2191–201. https://doi.
org/10.1038/jid.2013.66.

 11. Burke B, Stewart CL. The nuclear lamins: flexibility in function. Nat Rev Mol Cell Biol. 
2013;14:13–24. https://doi.org/10.1038/nrm3488.

 12. Chang W, Worman HJ, Gundersen GG. Accessorizing and anchoring the LINC complex for 
multifunctionality. J Cell Biol. 2015;208:11–22. https://doi.org/10.1083/jcb.201409047.

 13. Peter A, Stick R. Evolutionary aspects in intermediate filament proteins. Curr Opin Cell Biol. 
2015;32:48–55. https://doi.org/10.1016/j.ceb.2014.12.009.

 14. Heitlinger E, Peter M, Lustig A, Villiger W, Nigg EA, Aebi U. The role of the head and tail 
domain in lamin structure and assembly: analysis of bacterially expressed chicken lamin A 
and truncated B2 lamins. J Struct Biol. 1992;108:74–89.

 15. Herrmann H, Aebi U.  Intermediate filaments: molecular structure, assembly mechanism, 
and integration into functionally distinct intracellular Scaffolds. Annu Rev Biochem. 
2004;73:749–89. https://doi.org/10.1146/annurev.biochem.73.011303.073823.

 16. Gruenbaum Y, Medalia O. Lamins: the structure and protein complexes. Curr Opin Cell Biol. 
2015;32:7–12. https://doi.org/10.1016/j.ceb.2014.09.009.

 17. Turgay Y, Eibauer M, Goldman AE, Shimi T, Khayat M, Ben-Harush K, Dubrovsky-Gaupp 
A, Sapra KT, Goldman RD, Medalia O. The molecular architecture of lamins in somatic 
cells. Nature. 2017;543:261–4. https://doi.org/10.1038/nature21382.

 18. Shimi T, Kittisopikul M, Tran J, Goldman AE, Adam SA, Zheng Y, Jaqaman K, Goldman 
RD. Structural organization of nuclear lamins A, C, B1 and B2 revealed by super-resolution 
microscopy. Mol Biol Cell. 2015;26(22):4075–86. https://doi.org/10.1091/mbc.E15-07-0461.

 19. Xie W, Chojnowski A, Boudier T, Lim JSY, Ahmed S, Ser Z, Stewart C, Burke B. A-type 
Lamins form distinct filamentous networks with differential nuclear pore complex associa-
tions. Curr Biol. 2016;26:2651–8. https://doi.org/10.1016/j.cub.2016.07.049.

 20. Worman HJ, Lazaridis I, Georgatos SD. Nuclear lamina heterogeneity in mammalian cells. 
Differential expression of the major lamins and variations in lamin B phosphorylation. J Biol 
Chem. 1988;263:12135–41.

 21. Constantinescu D, Gray HL, Sammak PJ, Schatten GP, Csoka AB. Lamin A/C expression is 
a marker of mouse and human embryonic stem cell differentiation. Stem Cells. 2006;24:177–
85. https://doi.org/10.1634/stemcells.2004-0159.

 22. Swift J, Ivanovska IL, Buxboim A, Harada T, Dingal PCDP, Pinter J, Pajerowski JD, Spinler 
KR, Shin J-W, Tewari M, Rehfeldt F, Speicher DW, Discher DE. Nuclear lamin-A scales with 
tissue stiffness and enhances matrix-directed differentiation. Science. 2013;341:1240104. 
https://doi.org/10.1126/science.1240104.

 23. Shin J-W, Spinler KR, Swift J, Chasis JA, Mohandas N, Discher DE. Lamins regulate cell 
trafficking and lineage maturation of adult human hematopoietic cells. Proc Natl Acad Sci 
USA. 2013;110:18892–7. https://doi.org/10.1073/pnas.1304996110.

 24. Venables RS, McLean S, Luny D, Moteleb E, Morley S, Quinlan RA, Lane EB, Hutchison 
CJ.  Expression of individual lamins in basal cell carcinomas of the skin. Br J  Cancer. 
2001;84:512–9. https://doi.org/10.1054/bjoc.2000.1632.

R. M. Stewart et al.

https://doi.org/10.1083/jcb.200110122
https://doi.org/10.1083/jcb.200110122
https://doi.org/10.1046/j.1523-1747.1998.00209.x
https://doi.org/10.1046/j.1523-1747.1998.00209.x
https://doi.org/10.1078/0171-9335-00434
https://doi.org/10.1078/0171-9335-00434
https://doi.org/10.1038/jid.2013.66
https://doi.org/10.1038/jid.2013.66
https://doi.org/10.1038/nrm3488
https://doi.org/10.1083/jcb.201409047
https://doi.org/10.1016/j.ceb.2014.12.009
https://doi.org/10.1146/annurev.biochem.73.011303.073823
https://doi.org/10.1016/j.ceb.2014.09.009
https://doi.org/10.1038/nature21382
https://doi.org/10.1091/mbc.E15-07-0461
https://doi.org/10.1016/j.cub.2016.07.049
https://doi.org/10.1634/stemcells.2004-0159
https://doi.org/10.1126/science.1240104
https://doi.org/10.1073/pnas.1304996110
https://doi.org/10.1054/bjoc.2000.1632


283

 25. Hanif M, Rosengardten Y, Sagelius H, Rozell B, Eriksson M. Differential expression of A-type 
and B-type lamins during hair cycling. PLoS One. 2009;4:e4114. https://doi.org/10.1371/
journal.pone.0004114.

 26. Rusiñol AE, Sinensky MS. Farnesylated lamins, progeroid syndromes and farnesyl transfer-
ase inhibitors. J Cell Sci. 2006;119:3265–72. https://doi.org/10.1242/jcs.03156.

 27. De Sandre-Giovannoli A, Bernard R, Cau P, Navarro C, Amiel J, Boccaccio I, Lyonnet S, 
Stewart CL, Munnich A, Le Merrer M, Lévy N. Lamin a truncation in Hutchinson-Gilford 
progeria. Science. 2003;300:2055. https://doi.org/10.1126/science.1084125.

 28. Solovei II, Wang ASA, Thanisch KK, Schmidt CSC, Krebs SS, Zwerger MM, Cohen TVT, 
Devys DD, Foisner RR, Peichl LL, Herrmann HH, Blum HH, Engelkamp DD, Stewart CLC, 
Leonhardt HH, Joffe BB. LBR and lamin A/C sequentially tether peripheral heterochromatin 
and inversely regulate differentiation. Cell. 2013;152:584–98.

 29. McKenna T, Rosengardten Y, Viceconte N, Baek J-H, Grochová D, Eriksson M. Embryonic 
expression of the common progeroid lamin A splice mutation arrests postnatal skin develop-
ment. Aging Cell. 2014;13:292–302. https://doi.org/10.1111/acel.12173.

 30. Jung H-J, Tatar A, Tu Y, Nobumori C, Yang SH, Goulbourne CN, Herrmann H, Fong LG, 
Young SG.  An absence of nuclear lamins in keratinocytes leads to ichthyosis, defective 
epidermal barrier function, and intrusion of nuclear membranes and endoplasmic reticu-
lum into the nuclear chromatin. Mol Cell Biol. 2014;34:4534–44. https://doi.org/10.1128/
MCB.00997-14.

 31. Ihalainen TO, Aires L, Herzog FA, Schwartlander R, Moeller J, Vogel V. Differential basal-
to-apical accessibility of lamin A/C epitopes in the nuclear lamina regulated by changes in 
cytoskeletal tension. Nat Mater. 2015. https://doi.org/10.1038/nmat4389.

 32. Naeem AS, Zhu Y, Di WL, Marmiroli S, O'Shaughnessy RFL. AKT1-mediated Lamin A/C 
degradation is required for nuclear degradation and normal epidermal terminal differentia-
tion. Cell Death Differ. 2015. https://doi.org/10.1038/cdd.2015.62.

 33. Wallace L, Roberts-Thompson L, Reichelt J.  Deletion of K1/K10 does not impair epi-
dermal stratification but affects desmosomal structure and nuclear integrity. J  Cell Sci. 
2012;125:1750–8. https://doi.org/10.1242/jcs.097139.

 34. Barton LJ, Soshnev AA, Geyer PK. Networking in the nucleus: a spotlight on LEM-domain 
proteins. Curr Opin Cell Biol. 2015;34:1–8. https://doi.org/10.1016/j.ceb.2015.03.005.

 35. Shin J-Y, Dauer WT, Worman HJ. Lamina-associated polypeptide 1: protein interactions and 
tissue-selective functions. Semin Cell Dev Biol. 2014;29:164–8. https://doi.org/10.1016/j.
semcdb.2014.01.010.

 36. Gesson K, Vidak S, Foisner R. Lamina-associated polypeptide (LAP)2α and nucleoplasmic 
lamins in adult stem cell regulation and disease. Semin Cell Dev Biol. 2014;29:116–24. 
https://doi.org/10.1016/j.semcdb.2013.12.009.

 37. Olins AL, Rhodes G, Welch DBM, Zwerger M, Olins DE. Lamin B receptor: multi-tasking at 
the nuclear envelope. Nucleus. 2010;1:53–70. https://doi.org/10.4161/nucl.1.1.10515.

 38. Dauer WT, Worman HJ. The nuclear envelope as a signaling node in development and dis-
ease. Dev Cell. 2009;17:626–38. https://doi.org/10.1016/j.devcel.2009.10.016.

 39. Wang N, Tytell JD, Ingber DE. Mechanotransduction at a distance: mechanically coupling 
the extracellular matrix with the nucleus. Nat Rev Mol Cell Biol. 2009;10:75–82. https://doi.
org/10.1038/nrm2594.

 40. Maniotis AJ, Ingber DE, Chen CS. Demonstration of mechanical connections between integ-
rins, cytoskeletal filaments, and nucleoplasm that stabilize nuclear structure. Proc Natl Acad 
Sci USA. 1997;94:849–54.

 41. Buxboim A, Swift J, Irianto J, Spinler KR, Dingal PCDP, Athirasala A, Kao Y-RC, Cho S, 
Harada T, Shin J-W, Discher DE. Matrix elasticity regulates lamin-A,C phosphorylation and 
turnover with feedback to actomyosin. Curr Biol. 2014;24:1909–17. https://doi.org/10.1016/j.
cub.2014.07.001.

 42. Poh Y-C, Shevtsov SP, Chowdhury F, Wu DC, Na S, Dundr M, Wang N. Dynamic force-
induced direct dissociation of protein complexes in a nuclear body in living cells. Nat 
Commun. 2012;3:866. https://doi.org/10.1038/ncomms1873.

11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery…

https://doi.org/10.1371/journal.pone.0004114
https://doi.org/10.1371/journal.pone.0004114
https://doi.org/10.1242/jcs.03156
https://doi.org/10.1126/science.1084125
https://doi.org/10.1111/acel.12173
https://doi.org/10.1128/MCB.00997-14
https://doi.org/10.1128/MCB.00997-14
https://doi.org/10.1038/nmat4389
https://doi.org/10.1038/cdd.2015.62
https://doi.org/10.1242/jcs.097139
https://doi.org/10.1016/j.ceb.2015.03.005
https://doi.org/10.1016/j.semcdb.2014.01.010
https://doi.org/10.1016/j.semcdb.2014.01.010
https://doi.org/10.1016/j.semcdb.2013.12.009
https://doi.org/10.4161/nucl.1.1.10515
https://doi.org/10.1016/j.devcel.2009.10.016
https://doi.org/10.1038/nrm2594
https://doi.org/10.1038/nrm2594
https://doi.org/10.1016/j.cub.2014.07.001
https://doi.org/10.1016/j.cub.2014.07.001
https://doi.org/10.1038/ncomms1873


284

 43. Booth-Gauthier EA, Alcoser TA, Yang G, Dahl KN.  Force-induced changes in subnu-
clear movement and rheology. Biophys J.  2012;103:2423–31. https://doi.org/10.1016/j.
bpj.2012.10.039.

 44. Lombardi ML, Jaalouk DE, Shanahan CM, Burke B, Roux KJ, Lammerding J. The interac-
tion between nesprins and sun proteins at the nuclear envelope is critical for force transmis-
sion between the nucleus and cytoskeleton. J Biol Chem. 2011;286:26743–53. https://doi.
org/10.1074/jbc.M111.233700.

 45. Chambliss AB, Khatau SB, Erdenberger N, Robinson DK, Hodzic D, Longmore GD, Wirtz 
D. The LINC-anchored actin cap connects the extracellular milieu to the nucleus for ultrafast 
mechanotransduction. Sci Rep. 2013;3:1087. https://doi.org/10.1038/srep01087.

 46. Guilluy C, Osborne LD, Van Landeghem L, Sharek L, Superfine R, Garcia-Mata R, Burridge 
K. Isolated nuclei adapt to force and reveal a mechanotransduction pathway in the nucleus. 
Nat Cell Biol. 2014;16:376–81. https://doi.org/10.1038/ncb2927.

 47. Morgan JT, Pfeiffer ER, Thirkill TL, Kumar P, Peng G, Fridolfsson HN, Douglas GC, Starr 
DA, Barakat AI. Nesprin-3 regulates endothelial cell morphology, perinuclear cytoskeletal 
architecture, and flow-induced polarization. Mol Biol Cell. 2011;22:4324–34. https://doi.
org/10.1091/mbc.E11-04-0287.

 48. Gundersen GG, Worman HJ.  Nuclear positioning. Cell. 2013;152:1376–89. https://doi.
org/10.1016/j.cell.2013.02.031.

 49. Thakar K, May CK, Rogers A, Carroll CW. Opposing roles for distinct LINC complexes 
in regulation of the small GTPase RhoA.  Mol Biol Cell. 2017;28:182–91. https://doi.
org/10.1091/mbc.E16-06-0467.

 50. Mounkes LC, Kozlov SV, Rottman JN, Stewart CL. Expression of an LMNA-N195K variant 
of A-type lamins results in cardiac conduction defects and death in mice. Hum Mol Genet. 
2005;14:2167–80. https://doi.org/10.1093/hmg/ddi221.

 51. Frock RL, Chen SC, Da D-F, Frett E, Lau C, Brown C, Pak DN, Wang Y, Muchir A, Worman 
HJ, Santana LF, Ladiges WC, Rabinovitch PS, Kennedy BK. Cardiomyocyte-specific expres-
sion of lamin a improves cardiac function in Lmna-/- mice. PLoS One. 2012;7:e42918. 
https://doi.org/10.1371/journal.pone.0042918.

 52. Hale CM, Shrestha AL, Khatau SB, Stewart-Hutchinson PJ, Hernandez L, Stewart CL, Hodzic 
D, Wirtz D. Dysfunctional connections between the nucleus and the actin and microtubule 
networks in laminopathic models. Biophys J.  2008;95:5462–75. https://doi.org/10.1529/
biophysj.108.139428.

 53. Lee JSH, Hale CM, Panorchan P, Khatau SB, George JP, Tseng Y, Stewart CL, Hodzic D, 
Wirtz D. Nuclear lamin A/C deficiency induces defects in cell mechanics, polarization, and 
migration. Biophys J. 2007;93:2542–52. https://doi.org/10.1529/biophysj.106.102426.

 54. Kim D-H, Khatau SB, Feng Y, Walcott S, Sun SX, Longmore GD, Wirtz D. Actin cap associ-
ated focal adhesions and their distinct role in cellular mechanosensing. Sci Rep. 2012;2:555. 
https://doi.org/10.1038/srep00555.

 55. Dupin I, Camand E, Etienne-Manneville S.  Classical cadherins control nucleus and cen-
trosome position and cell polarity. J  Cell Biol. 2009;185:779–86. https://doi.org/10.1083/
jcb.200812034.

 56. Stewart RM, Zubek AE, Rosowski KA, Schreiner SM, Horsley V, King MC.  Nuclear-
cytoskeletal linkages facilitate cross talk between the nucleus and intercellular adhesions. 
J Cell Biol. 2015;209:403–18. https://doi.org/10.1083/jcb.201502024.

 57. Lammerding J, Fong LG, Ji JY, Reue K, Stewart CL, Young SG, Lee RT. Lamins A and C 
but not lamin B1 regulate nuclear mechanics. J Biol Chem. 2006;281:25768–80. https://doi.
org/10.1074/jbc.M513511200.

 58. Trappmann B, Gautrot JE, Connelly JT, Strange DGT, Li Y, Oyen ML, Cohen Stuart MA, 
Boehm H, Li B, Vogel V, Spatz JP, Watt FM, Huck WTS. Extracellular-matrix tethering regu-
lates stem-cell fate. Nat Mater. 2012;11:642–9. https://doi.org/10.1038/nmat3339.

 59. Schreiner SM, Koo PK, Zhao Y, Mochrie SGJ, King MC.  The tethering of chromatin to 
the nuclear envelope supports nuclear mechanics. Nat Commun. 2015;6:7159. https://doi.
org/10.1038/ncomms8159.

R. M. Stewart et al.

https://doi.org/10.1016/j.bpj.2012.10.039
https://doi.org/10.1016/j.bpj.2012.10.039
https://doi.org/10.1074/jbc.M111.233700
https://doi.org/10.1074/jbc.M111.233700
https://doi.org/10.1038/srep01087
https://doi.org/10.1038/ncb2927
https://doi.org/10.1091/mbc.E11-04-0287
https://doi.org/10.1091/mbc.E11-04-0287
https://doi.org/10.1016/j.cell.2013.02.031
https://doi.org/10.1016/j.cell.2013.02.031
https://doi.org/10.1091/mbc.E16-06-0467
https://doi.org/10.1091/mbc.E16-06-0467
https://doi.org/10.1093/hmg/ddi221
https://doi.org/10.1371/journal.pone.0042918
https://doi.org/10.1529/biophysj.108.139428
https://doi.org/10.1529/biophysj.108.139428
https://doi.org/10.1529/biophysj.106.102426
https://doi.org/10.1038/srep00555
https://doi.org/10.1083/jcb.200812034
https://doi.org/10.1083/jcb.200812034
https://doi.org/10.1083/jcb.201502024
https://doi.org/10.1074/jbc.M513511200
https://doi.org/10.1074/jbc.M513511200
https://doi.org/10.1038/nmat3339
https://doi.org/10.1038/ncomms8159
https://doi.org/10.1038/ncomms8159


285

 60. Dahl KN, Kahn SM, Wilson KL, Discher DE.  The nuclear envelope lamina network has 
elasticity and a compressibility limit suggestive of a molecular shock absorber. J Cell Sci. 
2004;117:4779–86. https://doi.org/10.1242/jcs.01357.

 61. Stephens AD, Banigan EJ, Adam SA, Goldman RD, Marko JF.  Chromatin and lamin A 
determine two different mechanical response regimes of the cell nucleus. Mol Biol Cell. 
2017;28:1984–96. https://doi.org/10.1091/mbc.E16-09-0653.

 62. Furusawa T, Rochman M, Taher L, Dimitriadis EK, Nagashima K, Anderson S, Bustin 
M. Chromatin decompaction by the nucleosomal binding protein HMGN5 impairs nuclear 
sturdiness. Nat Commun. 2015;6:6138. https://doi.org/10.1038/ncomms7138.

 63. Gerlitz G, Bustin M. Efficient cell migration requires global chromatin condensation. J Cell 
Sci. 2010;123:2207–17. https://doi.org/10.1242/jcs.058271.

 64. Chubb JR, Boyle S, Perry P, Bickmore WA. Chromatin motion is constrained by association 
with nuclear compartments in human cells. Curr Biol. 2002;12:439–45.

 65. Bronshtein I, Kepten E, Kanter I, Berezin S, Lindner M, Redwood AB, Mai S, Gonzalo S, 
Foisner R, Shav-Tal Y, Garini Y. Loss of lamin A function increases chromatin dynamics in 
the nuclear interior. Nat Commun. 2015;6:8044. https://doi.org/10.1038/ncomms9044.

 66. Luxton GWG, Gomes ER, Folker ES, Vintinner E, Gundersen GG.  Linear arrays of 
nuclear envelope proteins harness retrograde actin flow for nuclear movement. Science. 
2010;329:956–9. https://doi.org/10.1126/science.1189072.

 67. Lei K, Zhu X, Xu R, Shao C, Xu T, Zhuang Y, Han M. Inner nuclear envelope proteins SUN1 
and SUN2 play a prominent role in the DNA damage response. Curr Biol. 2012;22:1609–15. 
https://doi.org/10.1016/j.cub.2012.06.043.

 68. Harada T, Swift J, Irianto J, Shin J-W, Spinler KR, Athirasala A, Diegmiller R, Dingal PCDP, 
Ivanovska IL, Discher DE. Nuclear lamin stiffness is a barrier to 3D migration, but softness 
can limit survival. J Cell Biol. 2014;204:669–82. https://doi.org/10.1083/jcb.201308029.

 69. Mattout A, Pike BL, Towbin BD, Bank EM, Gonzalez-Sandoval A, Stadler MB, Meister P, 
Gruenbaum Y, Gasser SM. An EDMD mutation in C. elegans lamin blocks muscle-specific 
gene relocation and compromises muscle integrity. Curr Biol. 2011;21:1603–14. https://doi.
org/10.1016/j.cub.2011.08.030.

 70. Towbin BD, Meister P, Pike BL, Gasser SM. Repetitive transgenes in C. elegans accumulate 
heterochromatic marks and are sequestered at the nuclear envelope in a copy-number- and 
lamin-dependent manner. Cold Spring Harb Symp Quant Biol. 2010;75:555–65. https://doi.
org/10.1101/sqb.2010.75.041.

 71. Guelen L, Pagie L, Brasset E, Meuleman W, Faza MB, Talhout W, Eussen BH, de Klein 
A, Wessels L, de Laat W, van Steensel B.  Domain organization of human chromosomes 
revealed by mapping of nuclear lamina interactions. Nature. 2008;453:948–51. https://doi.
org/10.1038/nature06947.

 72. Harr JC, Luperchio TR, Wong X, Cohen E, Wheelan SJ, Reddy KL. Directed targeting of 
chromatin to the nuclear lamina is mediated by chromatin state and A-type lamins. J Cell 
Biol. 2015;208:33–52. https://doi.org/10.1083/jcb.201405110.

 73. Zullo JM, Demarco IA, Piqué-Regi R, Gaffney DJ, Epstein CB, Spooner CJ, Luperchio TR, 
Bernstein BE, Pritchard JK, Reddy KL, Singh H. DNA sequence-dependent compartmental-
ization and silencing of chromatin at the nuclear lamina. Cell. 2012;149:1474–87. https://doi.
org/10.1016/j.cell.2012.04.035.

 74. Towbin BD, González-Aguilera C, Sack R, Gaidatzis D, Kalck V, Meister P, Askjaer P, 
Gasser SM. Step-wise methylation of histone H3K9 positions heterochromatin at the nuclear 
periphery. Cell. 2012;150:934–47. https://doi.org/10.1016/j.cell.2012.06.051.

 75. Kind J, Pagie L, Ortabozkoyun H, Boyle S, de Vries SS, Janssen H, Amendola M, Nolen LD, 
Bickmore WA, van Steensel B. Single-cell dynamics of genome-nuclear lamina interactions. 
Cell. 2013;153:178–92. https://doi.org/10.1016/j.cell.2013.02.028.

 76. Kumaran RI, Spector DL.  A genetic locus targeted to the nuclear periphery in living 
cells maintains its transcriptional competence. J  Cell Biol. 2008;180:51–65. https://doi.
org/10.1083/jcb.200706060.

11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery…

https://doi.org/10.1242/jcs.01357
https://doi.org/10.1091/mbc.E16-09-0653
https://doi.org/10.1038/ncomms7138
https://doi.org/10.1242/jcs.058271
https://doi.org/10.1038/ncomms9044
https://doi.org/10.1126/science.1189072
https://doi.org/10.1016/j.cub.2012.06.043
https://doi.org/10.1083/jcb.201308029
https://doi.org/10.1016/j.cub.2011.08.030
https://doi.org/10.1016/j.cub.2011.08.030
https://doi.org/10.1101/sqb.2010.75.041
https://doi.org/10.1101/sqb.2010.75.041
https://doi.org/10.1038/nature06947
https://doi.org/10.1038/nature06947
https://doi.org/10.1083/jcb.201405110
https://doi.org/10.1016/j.cell.2012.04.035
https://doi.org/10.1016/j.cell.2012.04.035
https://doi.org/10.1016/j.cell.2012.06.051
https://doi.org/10.1016/j.cell.2013.02.028
https://doi.org/10.1083/jcb.200706060
https://doi.org/10.1083/jcb.200706060


286

 77. Reddy KL, Zullo JM, Bertolino E, Singh H. Transcriptional repression mediated by repo-
sitioning of genes to the nuclear lamina. Nature. 2008;452:243–7. https://doi.org/10.1038/
nature06727.

 78. Van de Vosse DW, Wan Y, Wozniak RW, Aitchison JD. Role of the nuclear envelope in genome 
organization and gene expression. Wiley Interdiscip Rev Syst Biol Med. 2011;3:147–66. 
https://doi.org/10.1002/wsbm.101.

 79. Kubben N, Adriaens M, Meuleman W, Voncken JW, van Steensel B, Misteli T. Mapping of 
lamin A- and progerin-interacting genome regions. Chromosoma. 2012;121:447–64. https://
doi.org/10.1007/s00412-012-0376-7.

 80. Demmerle J, Koch AJ, Holaska JM. The nuclear envelope protein emerin binds directly to his-
tone deacetylase 3 (HDAC3) and activates HDAC3 activity. J Biol Chem. 2012;287:22080–8. 
https://doi.org/10.1074/jbc.M111.325308.

 81. Nagano T, Lubling Y, Stevens TJ, Schoenfelder S, Yaffe E, Dean W, Laue ED, Tanay A, 
Fraser P. Single-cell Hi-C reveals cell-to-cell variability in chromosome structure. Nature. 
2013;502:59–64. https://doi.org/10.1038/nature12593.

 82. Andrés V, González JM. Role of A-type lamins in signaling, transcription, and chromatin 
organization. J Cell Biol. 2009;187:945–57. https://doi.org/10.1083/jcb.200904124.

 83. Kypriotou M, Huber M, Hohl D.  The human epidermal differentiation complex: corni-
fied envelope precursors, S100 proteins and the “fused genes” family. Exp Dermatol. 
2012;21:643–9. https://doi.org/10.1111/j.1600-0625.2012.01472.x.

 84. Williams RRE, Broad S, Sheer D, Ragoussis J. Subchromosomal positioning of the epider-
mal differentiation complex (EDC) in keratinocyte and lymphoblast interphase nuclei. Exp 
Cell Res. 2002;272:163–75. https://doi.org/10.1006/excr.2001.5400.

 85. Mardaryev AN, Gdula MR, Yarker JL, Emelianov VU, Emelianov VN, Poterlowicz K, 
Sharov AA, Sharova TY, Scarpa JA, Joffe B, Solovei I, Chambon P, Botchkarev VA, Fessing 
MY. p63 and Brg1 control developmentally regulated higher-order chromatin remodelling 
at the epidermal differentiation complex locus in epidermal progenitor cells. Development. 
2014;141:101–11. https://doi.org/10.1242/dev.103200.

 86. Fessing MY, Mardaryev AN, Gdula MR, Sharov AA, Sharova TY, Rapisarda V, Gordon KB, 
Smorodchenko AD, Poterlowicz K, Ferone G, Kohwi Y, Missero C, Kohwi-Shigematsu T, 
Botchkarev VA. p63 regulates Satb1 to control tissue-specific chromatin remodeling dur-
ing development of the epidermis. J  Cell Biol. 2011;194:825–39. https://doi.org/10.1083/
jcb.201101148.

 87. Lien W-H, Guo X, Polak L, Lawton LN, Young RA, Zheng D, Fuchs E. Genome-wide maps 
of histone modifications unwind in vivo chromatin states of the hair follicle lineage. Cell 
Stem Cell. 2011;9:219–32. https://doi.org/10.1016/j.stem.2011.07.015.

 88. Indra AK, Dupé V, Bornert J-M, Messaddeq N, Yaniv M, Mark M, Chambon P, Metzger 
D. Temporally controlled targeted somatic mutagenesis in embryonic surface ectoderm and 
fetal epidermal keratinocytes unveils two distinct developmental functions of BRG1 in limb 
morphogenesis and skin barrier formation. Development. 2005;132:4533–44. https://doi.
org/10.1242/dev.02019.

 89. Kashiwagi M, Morgan BA, Georgopoulos K.  The chromatin remodeler Mi-2beta is 
required for establishment of the basal epidermis and normal differentiation of its progeny. 
Development. 2007;134:1571–82. https://doi.org/10.1242/dev.001750.

 90. LeBoeuf M, Terrell A, Trivedi S, Sinha S, Epstein JA, Olson EN, Morrisey EE, Millar 
SE. Hdac1 and Hdac2 act redundantly to control p63 and p53 functions in epidermal pro-
genitor cells. Dev Cell. 2010;19:807–18. https://doi.org/10.1016/j.devcel.2010.10.015.

 91. Frye M, Fisher AG, Watt FM. Epidermal stem cells are defined by global histone modifica-
tions that are altered by Myc-induced differentiation. PLoS One. 2007;2:e763. https://doi.
org/10.1371/journal.pone.0000763.

 92. Hughes MW, Jiang T-X, Lin S-J, Leung Y, Kobielak K, Widelitz RB, Chuong CM. Disrupted 
ectodermal organ morphogenesis in mice with a conditional histone deacetylase 1, 2 deletion 
in the epidermis. J Invest Dermatol. 2014;134:24–32. https://doi.org/10.1038/jid.2013.283.

R. M. Stewart et al.

https://doi.org/10.1038/nature06727
https://doi.org/10.1038/nature06727
https://doi.org/10.1002/wsbm.101
https://doi.org/10.1007/s00412-012-0376-7
https://doi.org/10.1007/s00412-012-0376-7
https://doi.org/10.1074/jbc.M111.325308
https://doi.org/10.1038/nature12593
https://doi.org/10.1083/jcb.200904124
https://doi.org/10.1111/j.1600-0625.2012.01472.x
https://doi.org/10.1006/excr.2001.5400
https://doi.org/10.1242/dev.103200
https://doi.org/10.1083/jcb.201101148
https://doi.org/10.1083/jcb.201101148
https://doi.org/10.1016/j.stem.2011.07.015
https://doi.org/10.1242/dev.02019
https://doi.org/10.1242/dev.02019
https://doi.org/10.1242/dev.001750
https://doi.org/10.1016/j.devcel.2010.10.015
https://doi.org/10.1371/journal.pone.0000763
https://doi.org/10.1371/journal.pone.0000763
https://doi.org/10.1038/jid.2013.283


287

 93. Rapisarda V, Malashchuk I, Asamaowei IE, Poterlowicz K, Fessing MY, Sharov AA, 
Karakesisoglou I, Botchkarev VA, Mardaryev A. p63 transcription factor regulates nuclear 
shape and expression of nuclear envelope-associated genes in epidermal keratinocytes. 
J Invest Dermatol. 2017. https://doi.org/10.1016/j.jid.2017.05.013.

 94. Ivorra C, Kubicek M, González JM, Sanz-González SM, Alvarez-Barrientos A, O'Connor 
J-E, Burke B, Andrés V. A mechanism of AP-1 suppression through interaction of c-Fos with 
lamin A/C. Genes Dev. 2006;20:307–20. https://doi.org/10.1101/gad.349506.

 95. González JM, Navarro-Puche A, Casar B, Crespo P, Andrés V. Fast regulation of AP-1 activ-
ity through interaction of lamin A/C, ERK1/2, and c-Fos at the nuclear envelope. J Cell Biol. 
2008;183:653–66. https://doi.org/10.1083/jcb.200805049.

 96. Oh IY, Albea DM, Goodwin ZA, Quiggle AM, Baker BP, Guggisberg AM, Geahlen JH, 
Kroner GM, de Guzman Strong C. Regulation of the dynamic chromatin architecture of the 
epidermal differentiation complex is mediated by a c-Jun/AP-1-modulated enhancer. J Invest 
Dermatol. 2014;134:2371–80. https://doi.org/10.1038/jid.2014.44.

 97. Ezhkova E, Pasolli HA, Parker JS, Stokes N, Su I-H, Hannon G, Tarakhovsky A, Fuchs 
E. Ezh2 orchestrates gene expression for the stepwise differentiation of tissue-specific stem 
cells. Cell. 2009;136:1122–35. https://doi.org/10.1016/j.cell.2008.12.043.

 98. Blanpain C, Fuchs E. Epidermal stem cells of the skin. Annu Rev Cell Dev Biol. 2006;22:339–
73. https://doi.org/10.1146/annurev.cellbio.22.010305.104357.

 99. Markiewicz E, Tilgner K, Barker N, van de Wetering M, Clevers H, Dorobek M, Hausmanowa-
Petrusewicz I, Ramaekers FCS, Broers JLV, Blankesteijn WM, Salpingidou G, Wilson RG, 
Ellis JA, Hutchison CJ. The inner nuclear membrane protein emerin regulates beta-catenin 
activity by restricting its accumulation in the nucleus. EMBO J. 2006;25:3275–85. https://
doi.org/10.1038/sj.emboj.7601230.

 100. Tilgner K, Wojciechowicz K, Jahoda C, Hutchison C, Markiewicz E. Dynamic complexes of 
A-type lamins and emerin influence adipogenic capacity of the cell via nucleocytoplasmic 
distribution of beta-catenin. J Cell Sci. 2009;122:401–13. https://doi.org/10.1242/jcs.026179.

 101. Stubenvoll A, Rice M, Wietelmann A, Wheeler M, Braun T. Attenuation of Wnt/β-catenin 
activity reverses enhanced generation of cardiomyocytes and cardiac defects caused by the 
loss of emerin. Hum Mol Genet. 2015;24:802–13. https://doi.org/10.1093/hmg/ddu498.

 102. Neumann S, Schneider M, Daugherty RL, Gottardi CJ, Eming SA, Beijer A, Noegel AA, 
Karakesisoglou I.  Nesprin-2 interacts with {alpha}-catenin and regulates Wnt signal-
ing at the nuclear envelope. J  Biol Chem. 2010;285:34932–8. https://doi.org/10.1074/jbc.
M110.119651.

 103. Lim X, Nusse R. Wnt signaling in skin development, homeostasis, and disease. Cold Spring 
Harb Perspect Biol. 2013;5:a008029. https://doi.org/10.1101/cshperspect.a008029.

 104. Lin F, Morrison JM, Wu W, Worman HJ. MAN1, an integral protein of the inner nuclear 
membrane, binds Smad2 and Smad3 and antagonizes transforming growth factor-beta signal-
ing. Hum Mol Genet. 2005;14:437–45. https://doi.org/10.1093/hmg/ddi040.

 105. Bengtsson L. What MAN1 does to the Smads. TGFbeta/BMP signaling and the nuclear enve-
lope. FEBS J. 2007;274:1374–82.

 106. Hellemans J, Preobrazhenska O, Willaert A, Debeer P, Verdonk PCM, Costa T, Janssens 
K, Menten B, Van Roy N, Vermeulen SJT, Savarirayan R, Van Hul W, Vanhoenacker F, 
Huylebroeck D, De Paepe A, Naeyaert J-M, Vandesompele J, Speleman F, Verschueren K, 
Coucke PJ, Mortier GR.  Loss-of-function mutations in LEMD3 result in osteopoikilosis, 
Buschke-Ollendorff syndrome and melorheostosis. Nat Genet. 2004. Published online: 10 
December 2001; doi:101038/ng789 36:1213–18. doi: https://doi.org/10.1038/ng1453.

 107. Asano Y, Ihn H, Yamane K, Kubo M, Tamaki K. Impaired Smad7-Smurf-mediated negative 
regulation of TGF-beta signaling in scleroderma fibroblasts. J Clin Invest. 2004;113:253–64. 
https://doi.org/10.1172/JCI16269.

 108. Mori Y, Chen S-J, Varga J. Expression and regulation of intracellular SMAD signaling in 
scleroderma skin fibroblasts. Arthritis Rheum. 2003;48:1964–78. https://doi.org/10.1002/
art.11157.

11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery…

https://doi.org/10.1016/j.jid.2017.05.013
https://doi.org/10.1101/gad.349506
https://doi.org/10.1083/jcb.200805049
https://doi.org/10.1038/jid.2014.44
https://doi.org/10.1016/j.cell.2008.12.043
https://doi.org/10.1146/annurev.cellbio.22.010305.104357
https://doi.org/10.1038/sj.emboj.7601230
https://doi.org/10.1038/sj.emboj.7601230
https://doi.org/10.1242/jcs.026179
https://doi.org/10.1093/hmg/ddu498
https://doi.org/10.1074/jbc.M110.119651
https://doi.org/10.1074/jbc.M110.119651
https://doi.org/10.1101/cshperspect.a008029
https://doi.org/10.1093/hmg/ddi040
https://doi.org/10.1038/ng1453
https://doi.org/10.1172/JCI16269
https://doi.org/10.1002/art.11157
https://doi.org/10.1002/art.11157


288

 109. Rashmi RN, Eckes B, Glöckner G, Groth M, Neumann S, Gloy J, Sellin L, Walz G, Schneider 
M, Karakesisoglou I, Eichinger L, Noegel AA. The nuclear envelope protein Nesprin-2 has 
roles in cell proliferation and differentiation during wound healing. Nucleus. 2012;3:172–86. 
https://doi.org/10.4161/nucl.19090.

 110. Mayr M, Hu Y, Hainaut H, Xu Q. Mechanical stress-induced DNA damage and rac-p38MAPK 
signal pathways mediate p53-dependent apoptosis in vascular smooth muscle cells. FASEB 
J. 2002;16:1423–5. https://doi.org/10.1096/fj.02-0042fje.

 111. Lawrence KS, Tapley EC, Cruz VE, Li Q, Aung K, Hart KC, Schwartz TU, Starr DA, 
Engebrecht J. LINC complexes promote homologous recombination in part through inhibi-
tion of nonhomologous end joining. J Cell Biol. 2016;215:801–21. https://doi.org/10.1083/
jcb.201604112.

 112. Sur I, Neumann S, Noegel AA.  Nesprin-1 role in DNA damage response. Nucleus. 
2014;5:173–91. https://doi.org/10.4161/nucl.29023.

 113. Warren DT, Tajsic T, Porter LJ, Minaisah RM, Cobb A, Jacob A, Rajgor D, Zhang QP, 
Shanahan CM. Nesprin-2-dependent ERK1/2 compartmentalisation regulates the DNA dam-
age response in vascular smooth muscle cell ageing. Cell Death Differ. 2015;22:1540–50. 
https://doi.org/10.1038/cdd.2015.12.

 114. Oza P, Jaspersen SL, Miele A, Dekker J, Peterson CL. Mechanisms that regulate localization 
of a DNA double-strand break to the nuclear periphery. Genes Dev. 2009;23:912–27. https://
doi.org/10.1101/gad.1782209.

 115. Kalocsay M, Hiller NJ, Jentsch S. Chromosome-wide Rad51 spreading and SUMO-H2A.Z-
dependent chromosome fixation in response to a persistent DNA double-strand break. Mol 
Cell. 2009;33:335–43. https://doi.org/10.1016/j.molcel.2009.01.016.

 116. Swartz RK, Rodriguez EC, King MC. A role for nuclear envelope-bridging complexes in 
homology-directed repair. Mol Biol Cell. 2014;25:2461–71. https://doi.org/10.1091/mbc.
E13-10-0569.

 117. Kubben N, Voncken JW, Demmers J, Calis C, van Almen G, Pinto Y, Misteli T. Identification 
of differential protein interactors of lamin A and progerin. Nucleus. 2010;1:513–25. https://
doi.org/10.4161/nucl.1.6.13512.

 118. Gonzalez-Suarez I, Gonzalo S. Nurturing the genome: A-type lamins preserve genomic sta-
bility. Nucleus. 2010;1:129–35. https://doi.org/10.4161/nucl.1.2.10797.

 119. Gonzalo S.  DNA damage and lamins. Adv Exp Med Biol. 2014;773:377–99. https://doi.
org/10.1007/978-1-4899-8032-8_17.

 120. Manju K, Muralikrishna B, Parnaik VK.  Expression of disease-causing lamin A mutants 
impairs the formation of DNA repair foci. J  Cell Sci. 2006;119:2704–14. https://doi.
org/10.1242/jcs.03009.

 121. Liu B, Wang J, Chan KM, Tjia WM, Deng W, Guan X, Huang J-D, Li KM, Chau PY, Chen 
DJ, Pei D, Pendas AM, Cadiñanos J, López-Otín C, Tse HF, Hutchison C, Chen J, Cao Y, 
Cheah KSE, Tryggvason K, Zhou Z. Genomic instability in laminopathy-based premature 
aging. Nat Med. 2005;11:780–5. https://doi.org/10.1038/nm1266.

 122. Mahen R, Hattori H, Lee M, Sharma P, Jeyasekharan AD, Venkitaraman AR. A-type lamins 
maintain the positional stability of DNA damage repair foci in mammalian nuclei. PLoS One. 
2013;8:e61893. https://doi.org/10.1371/journal.pone.0061893.

 123. Starke S, Meinke P, Camozzi D, Mattioli E, Pfaeffle R, Siekmeyer M, Hirsch W, Horn LC, 
Paasch U, Mitter D, Lattanzi G, Wehnert M, Kiess W. Progeroid laminopathy with restrictive 
dermopathy-like features caused by an isodisomic LMNA mutation p.R435C. Aging (Albany 
NY). 2013;5:445–59.

 124. Chen C-Y, Chi Y-H, Mutalif RA, Starost MF, Myers TG, Anderson SA, Stewart CL, Jeang 
K-T. Accumulation of the inner nuclear envelope protein Sun1 is pathogenic in progeric and 
dystrophic laminopathies. Cell. 2012;149:565–77. https://doi.org/10.1016/j.cell.2012.01.059.

 125. Choi JC, Worman HJ.  Reactivation of autophagy ameliorates LMNA cardiomyopathy. 
Autophagy. 2013;9:110–1. https://doi.org/10.4161/auto.22403.

R. M. Stewart et al.

https://doi.org/10.4161/nucl.19090
https://doi.org/10.1096/fj.02-0042fje
https://doi.org/10.1083/jcb.201604112
https://doi.org/10.1083/jcb.201604112
https://doi.org/10.4161/nucl.29023
https://doi.org/10.1038/cdd.2015.12
https://doi.org/10.1101/gad.1782209
https://doi.org/10.1101/gad.1782209
https://doi.org/10.1016/j.molcel.2009.01.016
https://doi.org/10.1091/mbc.E13-10-0569
https://doi.org/10.1091/mbc.E13-10-0569
https://doi.org/10.4161/nucl.1.6.13512
https://doi.org/10.4161/nucl.1.6.13512
https://doi.org/10.4161/nucl.1.2.10797
https://doi.org/10.1007/978-1-4899-8032-8_17
https://doi.org/10.1007/978-1-4899-8032-8_17
https://doi.org/10.1242/jcs.03009
https://doi.org/10.1242/jcs.03009
https://doi.org/10.1038/nm1266
https://doi.org/10.1371/journal.pone.0061893
https://doi.org/10.1016/j.cell.2012.01.059
https://doi.org/10.4161/auto.22403


289

 126. Choi JC, Muchir A, Wu W, Iwata S, Homma S, Morrow JP, Worman HJ. Temsirolimus acti-
vates autophagy and ameliorates cardiomyopathy caused by lamin A/C gene mutation. Sci 
Transl Med. 2012;4:144ra102. https://doi.org/10.1126/scitranslmed.3003875.

 127. Lenain C, Gusyatiner O, Douma S, van den Broek B, Peeper DS. Autophagy-mediated deg-
radation of nuclear envelope proteins during oncogene-induced senescence. Carcinogenesis. 
2015;36:1263–74. https://doi.org/10.1093/carcin/bgv124.

 128. Dou Z, Xu C, Donahue G, Shimi T, Pan J-A, Zhu J, Ivanov A, Capell BC, Drake AM, Shah 
PP, Catanzaro JM, Ricketts MD, Lamark T, Adam SA, Marmorstein R, Zong W-X, Johansen 
T, Goldman RD, Adams PD, Berger SL. Autophagy mediates degradation of nuclear lamina. 
Nature. 2015;527:105–9. https://doi.org/10.1038/nature15548.

 129. Song X, Narzt MS, Nagelreiter IM, Hohensinner P, Terlecki-Zaniewicz L, Tschachler E, 
Grillari J, Gruber F.  Autophagy deficient keratinocytes display increased DNA damage, 
senescence and aberrant lipid composition after oxidative stress in vitro and in vivo. Redox 
Biol. 2017;11:219–30. https://doi.org/10.1016/j.redox.2016.12.015.

 130. Akinduro O, Sully K, Patel A, Robinson DJ, Chikh A, McPhail G, Braun KM, Philpott MP, 
Harwood CA, Byrne C, O'Shaughnessy RFL, Bergamaschi D. Constitutive autophagy and 
Nucleophagy during epidermal differentiation. J Invest Dermatol. 2016;136:1460–70. https://
doi.org/10.1016/j.jid.2016.03.016.

 131. Musich PR, Zou Y.  DNA-damage accumulation and replicative arrest in Hutchinson-
Gilford progeria syndrome. Biochem Soc Trans. 2011;39:1764–9. https://doi.org/10.1042/
BST20110687.

 132. Sotiropoulou PA, Blanpain C.  Development and homeostasis of the skin epidermis. Cold 
Spring Harb Perspect Biol. 2012;4:a008383. https://doi.org/10.1101/cshperspect.a008383.

 133. Goldstein J, Horsley V. Home sweet home: skin stem cell niches. CMLS, Cell Mol Life Sci. 
2012;69:2573–82. https://doi.org/10.1007/s00018-012-0943-3.

 134. Sotiropoulou PA, Candi A, Mascré G, De Clercq S, Youssef KK, Lapouge G, Dahl E, 
Semeraro C, Denecker G, Marine J-C, Blanpain C. Bcl-2 and accelerated DNA repair medi-
ates resistance of hair follicle bulge stem cells to DNA-damage-induced cell death. Nat Cell 
Biol. 2010;12:572–82. https://doi.org/10.1038/ncb2059.

 135. Huang X, Pan Y, Cao D, Fang S, Huang K, Chen J, Chen A.  UVA-induced upregulation 
of progerin suppresses 53BP1-mediated NHEJ DSB repair in human keratinocytes via 
progerin-lamin A complex formation. Oncol Rep. 2017;37:3617–24. https://doi.org/10.3892/
or.2017.5603.

 136. Sotiropoulou PA, Karambelas AE, Debaugnies M, Candi A, Bouwman P, Moers V, Revenco 
T, Rocha AS, Sekiguchi K, Jonkers J, Blanpain C. BRCA1 deficiency in skin epidermis leads 
to selective loss of hair follicle stem cells and their progeny. Genes Dev. 2013;27:39–51. 
https://doi.org/10.1101/gad.206573.112.

 137. Vogel V. Mechanotransduction involving multimodular proteins: converting force into bio-
chemical signals. Annu Rev Biophys Biomol Struct. 2006;35:459–88. https://doi.org/10.1146/
annurev.biophys.35.040405.102013.

 138. Ivanovska IL, Shin J-W, Swift J, Discher DE. Stem cell mechanobiology: diverse lessons from 
bone marrow. Trends Cell Biol. 2015;25:523–32. https://doi.org/10.1016/j.tcb.2015.04.003.

 139. Jain N, Iyer KV, Kumar A, Shivashankar GV.  Cell geometric constraints induce modular 
gene-expression patterns via redistribution of HDAC3 regulated by actomyosin contractility. 
Proc Natl Acad Sci USA. 2013;110:11349–54. https://doi.org/10.1073/pnas.1300801110.

 140. Ramdas NM, Shivashankar GV. Cytoskeletal control of nuclear morphology and chromatin 
organization. J Mol Biol. 2015;427:695–706. https://doi.org/10.1016/j.jmb.2014.09.008.

 141. Versaevel M, Braquenier J-B, Riaz M, Grevesse T, Lantoine J, Gabriele S. Super-resolution 
microscopy reveals LINC complex recruitment at nuclear indentation sites. Sci Rep. 
2014;4:7362. https://doi.org/10.1038/srep07362.

 142. Alam SG, Zhang Q, Prasad N, Li Y, Chamala S, Kuchibhotla R, Kc B, Aggarwal V, Shrestha 
S, Jones AL, Levy SE, Roux KJ, Nickerson JA, Lele TP. The mammalian LINC complex reg-

11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery…

https://doi.org/10.1126/scitranslmed.3003875
https://doi.org/10.1093/carcin/bgv124
https://doi.org/10.1038/nature15548
https://doi.org/10.1016/j.redox.2016.12.015
https://doi.org/10.1016/j.jid.2016.03.016
https://doi.org/10.1016/j.jid.2016.03.016
https://doi.org/10.1042/BST20110687
https://doi.org/10.1042/BST20110687
https://doi.org/10.1101/cshperspect.a008383
https://doi.org/10.1007/s00018-012-0943-3
https://doi.org/10.1038/ncb2059
https://doi.org/10.3892/or.2017.5603
https://doi.org/10.3892/or.2017.5603
https://doi.org/10.1101/gad.206573.112
https://doi.org/10.1146/annurev.biophys.35.040405.102013
https://doi.org/10.1146/annurev.biophys.35.040405.102013
https://doi.org/10.1016/j.tcb.2015.04.003
https://doi.org/10.1073/pnas.1300801110
https://doi.org/10.1016/j.jmb.2014.09.008
https://doi.org/10.1038/srep07362


290

ulates genome transcriptional responses to substrate rigidity. Sci Rep. 2016;6:38063. https://
doi.org/10.1038/srep38063.

 143. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape, cytoskeletal ten-
sion, and RhoA regulate stem cell lineage commitment. Dev Cell. 2004;6:483–95. https://doi.
org/10.1038/nrm1413.

 144. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage speci-
fication. Cell. 2006;126:677–89. https://doi.org/10.1016/j.cell.2006.06.044.

 145. le Duc Q, Shi Q, Blonk I, Sonnenberg A, Wang N, Leckband D, de Rooij J. Vinculin poten-
tiates E-cadherin mechanosensing and is recruited to actin-anchored sites within adherens 
junctions in a myosin II-dependent manner. J  Cell Biol. 2010;189:1107–15. https://doi.
org/10.1083/jcb.201001149.

 146. Yonemura S, Wada Y, Watanabe T, Nagafuchi A, Shibata M. Alpha-catenin as a tension trans-
ducer that induces adherens junction development. Nat Cell Biol. 2010;12:533–42. https://
doi.org/10.1038/ncb2055.

 147. Galbraith CG, Yamada KM, Sheetz MP. The relationship between force and focal complex 
development. J Cell Biol. 2002;159:695–705. https://doi.org/10.1083/jcb.200204153.

 148. Deguchi S, Maeda K, Ohashi T, Sato M. Flow-induced hardening of endothelial nucleus as an 
intracellular stress-bearing organelle. J Biomech. 2005;38:1751–9. https://doi.org/10.1016/j.
jbiomech.2005.06.003.

 149. Philip JT, Dahl KN. Nuclear mechanotransduction: response of the lamina to extracellular 
stress with implications in aging. J  Biomech. 2008;41:3164–70. https://doi.org/10.1016/j.
jbiomech.2008.08.024.

 150. Le HQ, Ghatak S, Yeung C-YC, Tellkamp F, Günschmann C, Dieterich C, Yeroslaviz A, 
Habermann B, Pombo A, Niessen CM, Wickström SA. Mechanical regulation of transcrip-
tion controls Polycomb-mediated gene silencing during lineage commitment. Nat Cell Biol. 
2016;18:864–75. https://doi.org/10.1038/ncb3387.

 151. Morris GE, Randles KN. Nesprin isoforms: are they inside or outside the nucleus? Biochem 
Soc Trans. 2010;38:278–80. https://doi.org/10.1042/BST0380278.

 152. Wheeler MA, Davies JD, Zhang Q, Emerson LJ, Hunt J, Shanahan CM, Ellis JA. Distinct 
functional domains in nesprin-1alpha and nesprin-2beta bind directly to emerin and both 
interactions are disrupted in X-linked Emery-Dreifuss muscular dystrophy. Exp Cell Res. 
2007;313:2845–57. https://doi.org/10.1016/j.yexcr.2007.03.025.

 153. Mislow JMK, Holaska JM, Kim MS, Lee KK, Segura-Totten M, Wilson KL, McNally 
EM. Nesprin-1alpha self-associates and binds directly to emerin and lamin A in vitro. FEBS 
Lett. 2002;525:135–40.

 154. Haque F, Lloyd DJ, Smallwood DT, Dent CL, Shanahan CM, Fry AM, Trembath RC, 
Shackleton S.  SUN1 interacts with nuclear lamin A and cytoplasmic nesprins to provide 
a physical connection between the nuclear lamina and the cytoskeleton. Mol Cell Biol. 
2006;26:3738–51. https://doi.org/10.1128/MCB.26.10.3738-3751.2006.

 155. Bengtsson L, Otto H. LUMA interacts with emerin and influences its distribution at the inner 
nuclear membrane. J Cell Sci. 2008;121:536–48. https://doi.org/10.1242/jcs.019281.

 156. Heald R, McKeon F.  Mutations of phosphorylation sites in lamin A that prevent nuclear 
lamina disassembly in mitosis. Cell. 1990;61:579–89.

 157. Khatau SB, Kim D-H, Hale CM, Bloom RJ, Wirtz D. The perinuclear actin cap in health and 
disease. Nucleus. 2010;1:337–42. https://doi.org/10.4161/nucl.1.4.12331.

 158. Kim D-H, Wirtz D. Cytoskeletal tension induces the polarized architecture of the nucleus. 
Biomaterials. 2015;48:161–72. https://doi.org/10.1016/j.biomaterials.2015.01.023.

 159. Tajik A, Zhang Y, Wei F, Sun J, Jia Q, Zhou W, Singh R, Khanna N, Belmont AS, Wang 
N. Transcription upregulation via force-induced direct stretching of chromatin. Nat Mater. 
2016;15:1287–96. https://doi.org/10.1038/nmat4729.

 160. Autore F, Pfuhl M, Quan X, Williams A, Roberts RG, Shanahan CM, Fraternali F. Large-
scale modelling of the divergent spectrin repeats in nesprins: giant modular proteins. PLoS 
One. 2013;8:e63633. https://doi.org/10.1371/journal.pone.0063633.

R. M. Stewart et al.

https://doi.org/10.1038/srep38063
https://doi.org/10.1038/srep38063
https://doi.org/10.1038/nrm1413
https://doi.org/10.1038/nrm1413
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1083/jcb.201001149
https://doi.org/10.1083/jcb.201001149
https://doi.org/10.1038/ncb2055
https://doi.org/10.1038/ncb2055
https://doi.org/10.1083/jcb.200204153
https://doi.org/10.1016/j.jbiomech.2005.06.003
https://doi.org/10.1016/j.jbiomech.2005.06.003
https://doi.org/10.1016/j.jbiomech.2008.08.024
https://doi.org/10.1016/j.jbiomech.2008.08.024
https://doi.org/10.1038/ncb3387
https://doi.org/10.1042/BST0380278
https://doi.org/10.1016/j.yexcr.2007.03.025
https://doi.org/10.1128/MCB.26.10.3738-3751.2006
https://doi.org/10.1242/jcs.019281
https://doi.org/10.4161/nucl.1.4.12331
https://doi.org/10.1016/j.biomaterials.2015.01.023
https://doi.org/10.1038/nmat4729
https://doi.org/10.1371/journal.pone.0063633


291

 161. Johnson CP, Tang H-Y, Carag C, Speicher DW, Discher DE. Forced unfolding of proteins 
within cells. Science. 2007;317:663–6. https://doi.org/10.1126/science.1139857.

 162. Fillingham I, Gingras AR, Papagrigoriou E, Patel B, Emsley J, Critchley DR, Roberts GCK, 
Barsukov IL. A vinculin binding domain from the talin rod unfolds to form a complex with 
the vinculin head. Structure. 2005;13:65–74. https://doi.org/10.1016/j.str.2004.11.006.

 163. Lu W, Schneider M, Neumann S, Jaeger V-M, Taranum S, Munck M, Cartwright S, 
Richardson C, Carthew J, Noh K, Goldberg M, Noegel AA, Karakesisoglou I. Nesprin inter-
chain associations control nuclear size. CMLS, Cell Mol Life Sci. 2012;69:3493–509. https://
doi.org/10.1007/s00018-012-1034-1.

 164. Balikov DA, Brady SK, Ko UH, Shin JH, de Pereda JM, Sonnenberg A, Sung H-J, Lang 
MJ. The nesprin-cytoskeleton interface probed directly on single nuclei is a mechanically 
rich system. Nucleus. 2017;5:1–14. https://doi.org/10.1080/19491034.2017.1322237.

 165. Uzer G, Thompson WR, Sen B, Xie Z, Yen SS, Miller S, Bas G, Styner M, Rubin CT, Judex S, 
Burridge K, Rubin J. Cell Mechanosensitivity to extremely low-magnitude signals is enabled 
by a LINCed nucleus. Stem Cells. 2015;33:2063–76. https://doi.org/10.1002/stem.2004.

 166. Tambe DT, Hardin CC, Angelini TE, Rajendran K, Park CY, Serra-Picamal X, Zhou EH, 
Zaman MH, Butler JP, Weitz DA, Fredberg JJ, Trepat X. Collective cell guidance by coopera-
tive intercellular forces. Nat Mater. 2011;10:469–75. https://doi.org/10.1038/nmat3025.

 167. Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, Zanconato F, Le Digabel 
J, Forcato M, Bicciato S, Elvassore N, Piccolo S. Role of YAP/TAZ in mechanotransduction. 
Nature. 2011;474:179–83. https://doi.org/10.1038/nature10137.

 168. Zhang H, Pasolli HA, Fuchs E.  Yes-associated protein (YAP) transcriptional coactiva-
tor functions in balancing growth and differentiation in skin. Proc Natl Acad Sci USA. 
2011;108:2270–5. https://doi.org/10.1073/pnas.1019603108.

 169. Schlegelmilch K, Mohseni M, Kirak O, Pruszak J, Rodriguez JR, Zhou D, Kreger BT, 
Vasioukhin V, Avruch J, Brummelkamp TR, Camargo FD. Yap1 acts downstream of α-catenin 
to control epidermal proliferation. Cell. 2011;144:782–95. https://doi.org/10.1016/j.
cell.2011.02.031.

 170. Silvis MR, Kreger BT, Lien W-H, Klezovitch O, Rudakova GM, Camargo FD, Lantz DM, 
Seykora JT, Vasioukhin V. α-catenin is a tumor suppressor that controls cell accumulation 
by regulating the localization and activity of the transcriptional coactivator Yap1. Sci Signal. 
2011;4:ra33. https://doi.org/10.1126/scisignal.2001823.

 171. Luxenburg C, Pasolli HA, Williams SE, Fuchs E. Developmental roles for Srf, cortical cyto-
skeleton and cell shape in epidermal spindle orientation. Nat Cell Biol. 2011;13:203–14. 
https://doi.org/10.1038/ncb2163.

 172. Koegel H, Tobel von L, Schäfer M, Alberti S, Kremmer E, Mauch C, Hohl D, Wang X-J, 
Beer H-D, Bloch W, Nordheim A, Werner S. Loss of serum response factor in keratinocytes 
results in hyperproliferative skin disease in mice. J Clin Invest. 2009;119:899–910. https://
doi.org/10.1172/JCI37771.

 173. Connelly JT, Gautrot JE, Trappmann B, Tan DW-M, Donati G, Huck WTS, Watt FM. Actin 
and serum response factor transduce physical cues from the microenvironment to regulate 
epidermal stem cell fate decisions. Nat Cell Biol. 2010;12:711–8. https://doi.org/10.1038/
ncb2074.

 174. Lin C, Hindes A, Burns CJ, Koppel AC, Kiss A, Yin Y, Ma L, Blumenberg M, Khnykin 
D, Jahnsen FL, Crosby SD, Ramanan N, Efimova T. Serum response factor controls tran-
scriptional network regulating epidermal function and hair follicle morphogenesis. J Invest 
Dermatol. 2013;133:608–17. https://doi.org/10.1038/jid.2012.378.

 175. Lammerding J, Schulze PC, Takahashi T, Kozlov S, Sullivan T, Kamm RD, Stewart CL, Lee 
RT.  Lamin A/C deficiency causes defective nuclear mechanics and mechanotransduction. 
J Clin Invest. 2004;113:370–8. https://doi.org/10.1172/JCI19670.

 176. Lammerding J, Hsiao J, Schulze PC, Kozlov S, Stewart CL, Lee RT. Abnormal nuclear shape 
and impaired mechanotransduction in emerin-deficient cells. J Cell Biol. 2005;170:781–91. 
https://doi.org/10.1083/jcb.200502148.

11 Integration of Biochemical and Mechanical Signals at the Nuclear Periphery…

https://doi.org/10.1126/science.1139857
https://doi.org/10.1016/j.str.2004.11.006
https://doi.org/10.1007/s00018-012-1034-1
https://doi.org/10.1007/s00018-012-1034-1
https://doi.org/10.1080/19491034.2017.1322237
https://doi.org/10.1002/stem.2004
https://doi.org/10.1038/nmat3025
https://doi.org/10.1038/nature10137
https://doi.org/10.1073/pnas.1019603108
https://doi.org/10.1016/j.cell.2011.02.031
https://doi.org/10.1016/j.cell.2011.02.031
https://doi.org/10.1126/scisignal.2001823
https://doi.org/10.1038/ncb2163
https://doi.org/10.1172/JCI37771
https://doi.org/10.1172/JCI37771
https://doi.org/10.1038/ncb2074
https://doi.org/10.1038/ncb2074
https://doi.org/10.1038/jid.2012.378
https://doi.org/10.1172/JCI19670
https://doi.org/10.1083/jcb.200502148


292

 177. Ho CY, Jaalouk DE, Vartiainen MK, Lammerding J.  Lamin A/C and emerin regulate 
MKL1-SRF activity by modulating actin dynamics. Nature. 2013;497:507–11. https://doi.
org/10.1038/nature12105.

 178. Bertrand AT, Ziaei S, Ehret C, Duchemin H, Mamchaoui K, Bigot A, Mayer M, Quijano-Roy 
S, Desguerre I, Lainé J, Ben Yaou R, Bonne G, Coirault C. Cellular microenvironments reveal 
defective mechanosensing responses and elevated YAP signaling in LMNA-mutated muscle 
precursors. J Cell Sci. 2014;127:2873–84. https://doi.org/10.1242/jcs.144907.

 179. Willer MK, Carroll CW. Substrate stiffness-dependent regulation of the SRF-Mkl1 co-activa-
tor complex requires the inner nuclear membrane protein Emerin. J Cell Sci. 2017;130:2111–
8. https://doi.org/10.1242/jcs.197517.

 180. Zanconato F, Forcato M, Battilana G, Azzolin L, Quaranta E, Bodega B, Rosato A, Bicciato 
S, Cordenonsi M, Piccolo S.  Genome-wide association between YAP/TAZ/TEAD and 
AP-1 at enhancers drives oncogenic growth. Nat Cell Biol. 2015;17:1218–27. https://doi.
org/10.1038/ncb3216.

 181. Holaska JM, Kowalski AK, Wilson KL. Emerin caps the pointed end of actin filaments: evi-
dence for an actin cortical network at the nuclear inner membrane. PLoS Biol. 2004;2:E231. 
https://doi.org/10.1371/journal.pbio.0020231.

 182. Schreiber KH, Kennedy BK.  When lamins go bad: nuclear structure and disease. Cell. 
2013;152:1365–75. https://doi.org/10.1016/j.cell.2013.02.015.

 183. McCord RP, Nazario-Toole A, Zhang H, Chines PS, Zhan Y, Erdos MR, Collins FS, Dekker J, 
Cao K. Correlated alterations in genome organization, histone methylation, and DNA-lamin 
A/C interactions in Hutchinson-Gilford progeria syndrome. Genome Res. 2013;23:260–9. 
https://doi.org/10.1101/gr.138032.112.

 184. Gonzalo S, Kreienkamp R.  DNA repair defects and genome instability in Hutchinson-
Gilford progeria syndrome. Curr Opin Cell Biol. 2015;34:75–83. https://doi.org/10.1016/j.
ceb.2015.05.007.

R. M. Stewart et al.

https://doi.org/10.1038/nature12105
https://doi.org/10.1038/nature12105
https://doi.org/10.1242/jcs.144907
https://doi.org/10.1242/jcs.197517
https://doi.org/10.1038/ncb3216
https://doi.org/10.1038/ncb3216
https://doi.org/10.1371/journal.pbio.0020231
https://doi.org/10.1016/j.cell.2013.02.015
https://doi.org/10.1101/gr.138032.112
https://doi.org/10.1016/j.ceb.2015.05.007
https://doi.org/10.1016/j.ceb.2015.05.007


293© Springer International Publishing AG, part of Springer Nature 2018 
V. A. Botchkarev, S. E. Millar (eds.), Epigenetic Regulation of Skin 
Development and Regeneration, Stem Cell Biology and Regenerative Medicine, 
https://doi.org/10.1007/978-3-319-16769-5_12

Chapter 12
Epigenetic Regulation of Skin Wound 
Healing

Andrei N. Mardaryev

List of Abbreviations

DNMT DNA methyltransferase
ECM extracellular matrix
EMT epithelial–mesenchymal transition
HAT histone acetyltransferase
HDAC histone deacetylase
INFγ interferon γ
LPS lipopolysaccharide
MMP matrix metalloproteinase
PCAF P300/CBP-associated factor
PcG polycomb group protein
PRC2 Polycomb Repressive Complex 2
T2D type II diabetes
TET ten-eleven translocation
TLR Toll-like receptor
TSA trichostatin A
VEGF vascular endothelial growth factor

12.1  Introduction

The skin evolved as a vital barrier protecting animals from damaging external fac-
tors, such as mechanical and chemical insults and microorganisms, as well as pre-
venting water loss. The skin barrier must be restored expeditiously after injury to 
maintain homeostasis and survival. To achieve this, a complex and dynamic process 
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has evolved that involves coordinated multicellular events to repair the structure and 
function of damaged tissue.

At the wound site, coordinated production and influx of growth factors, extracel-
lular matrix components, and various cell types mediate the healing process and its 
transition through distinct yet overlapping phases of inflammation, proliferation, 
and remodeling [1, 2]. Multiple cell lineages in the skin respond to injury by tran-
siently activating or repressing up to 1000 different genes to achieve skin closure 
[3]. During the last two decades, significant progress has been made in understand-
ing the complex regulatory mechanisms that control gene expression during wound 
healing [1, 4–6]. While the roles of signaling pathways and transcription factors 
have been studied extensively, the role of epigenetic regulators in skin repair is an 
emerging area of interest.

The molecular basis of epigenetic processes is complex and involves modulation 
of chromatin structure via covalent DNA and histone modifications, ATP-dependent 
chromatin remodelling and positioning of histone variants, regulation of non- coding 
RNAs, as well as higher-order chromatin remodelling to bring distal regulatory ele-
ments to genes in three-dimensional (3D) nuclear space [7, 8]. Epigenetic changes 
in chromatin structure are dynamic and potentially reversible; thus, a thorough 
understanding of these processes may help to uncover new therapeutic targets for 
many pathological conditions, including poor wound healing.

Recent progress in the field of cutaneous epigenetics revealed that chromatin 
regulators are essential for epidermal homeostasis and contribute to the pathogene-
sis of several skin diseases, including skin cancer and psoriasis [9–13]. Recent stud-
ies have revealed that certain epigenetic factors regulate aspects of the wound 
healing process such as cell migration, cell proliferation, angiogenesis and myofi-
broblast differentiation; however, there is still a need for more research to clarify 
their exact roles during cutaneous wound healing further. Gaining a complete pic-
ture of the biological functions of chromatin regulators, their genomic targets, and 
their mechanisms of action will enable appropriate manipulation of epigenetic 
mechanisms to promote wound closure and functional restoration of the skin barrier 
after injury.

The roles of noncoding/microRNAs are covered elsewhere in this volume and in 
several recent reviews and original publications [14–17]. In this Chapter, I will sum-
marize recent advances in our understanding of the roles of epigenetic factors in 
controlling gene expression and behavior of multiple cell lineages at successive 
stages of wound healing. I will also discuss alterations in epigenetic mechanisms 
that are linked to poor wound healing and excessive pathological scarring, and will 
suggest the potential utility of targeting epigenetic factors for the treatment of these 
conditions.
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12.2  Dynamic Expression of Epigenetic Regulators in Skin 
Injury

The importance of epigenetic modulators in regulation of skin repair is highlighted 
by their contrasting spatial and temporal expression patterns in the intact and heal-
ing skin. Research to date has focused in particular on selected polycomb group 
proteins (PcG) and histone deacetylases (HDACs) that display dynamic expression 
in human or mouse skin after injury. Shaw and Martin [18] found that expression 
levels of mRNAs for the Polycomb Repressive Complex 2 (PRC2) genes Ezh2, 
Suz12, and Eed that mediate trimethylation of lysine 27 on histone H3 (H3K27me3) 
are transiently decreased in wounded epithelium. Immunohistochemical analysis 
revealed reduced levels of Eed and Ezh2 proteins at the wound margin, while their 
expression was abundant at sites distant from the wound [18]. In contrast, the 
expression levels of H3K27 histone demethylases Jmjd3 (also known as Kdm6b) 
and Utx, which generally act in opposition to PcG factors, are transiently increased 
at the wound edge immediately after wounding [18, 19]. Levels of both Eed and 
Ezh2 are, however, restored once the regenerated epidermis has fully matured, sug-
gesting that activation of repair genes via loss of PcG- mediated silencing occurs 
transiently [18, 19].

The expression levels of histone deacetylases also change dynamically during 
wound healing. For example, HDAC2 is specifically up-regulated at wound margins 
along with an abundant presence of HDAC2 high-expressing dermal cells in the 
wound bed at later stages of healing in both mouse and human skin wounds [20]. By 
contrast, expression levels of HDAC1, 4, or 7 are unchanged in wounded epidermis 
and dermis after injury [20].

Further research is required to delineate the expression patterns of other epigen-
etic regulators in wound healing. Systematic screening for differentially expressed 
chromatin modifiers would help to create a clearer picture of the involvement of the 
epigenetic machinery in regulation of repair genes in the skin, and to lay the ground-
work for functional studies. The identification of cell type-specific and/or wound 
stage-specific epigenetic factors would be of particular interest. This could be 
achieved by isolating pure cell populations from the distinct lineages involved in 
wound healing, including epithelial, dermal, adipose, endothelial and immune cells, 
using fluorescent flow cytometry-based cell sorting, followed by high-throughput 
transcriptome analysis (RNA-seq) and genome-wide mapping of selected epigene-
tic factors (ChIP-seq) at different phases of the wound healing process.
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12.3  Epigenetic Regulation of the Inflammatory Response 
After Skin Injury

Immediately after skin injury, activation of the innate immune system leads to a 
local inflammatory reaction. This rapid response is initiated by activated platelets 
that release the contents of their granules, as well as injury-induced degranulation 
of local mast cells at the site of injury. Inflammatory cytokines produced by acti-
vated platelets and mast cells attract phagocytic immune cells leading to initial infil-
tration of the wound bed by polymorphonuclear leukocytes, and followed by 
recruitment of monocytes and their differentiation into macrophages [21]. Both 
types of inflammatory cells provide non-specific defense against pathogens by 
clearing necrotic tissue at the site of injury and producing pro-inflammatory cyto-
kines. Inflammatory cells also secrete growth factors, which activate cell migration, 
proliferation, angiogenesis, and extracellular matrix (ECM) synthesis at later stages 
of wound healing [1, 6, 22, 23]. Therefore, the inflammatory response to the injury 
is a critical step that is ubiquitously employed for proper wound healing in multiple 
tissues; however, it must be tightly controlled to allow the reparative process to take 
place [24, 25].

Macrophages are key effector cells that play pleotropic roles in both the induc-
tion and resolution of inflammation after injury. Upon recruitment to the site of 
injury, bone marrow-derived monocytes are stimulated to differentiate into M1 pro- 
inflammatory macrophages by pro-inflammatory cytokine interferon γ (INFγ) in 
cooperation with bacterial-derived Toll-like receptor (TLR) ligands such as lipo-
polysaccharide (LPS) [26, 27]. Activated M1 macrophages produce a number of 
inflammatory cytokines and reactive oxygen and nitrogen species (i.e. NO, O2-) that 
promote the inflammatory response and help to clear pathogens and damaged tissue 
[28, 29].

Inflammatory stimuli, including TNF-α, IL-1, and exposure to bacterial LPS, 
activate the canonical NFκB, IRF and STAT signaling pathways, which in turn regu-
late expression of key inflammatory genes in M1 macrophages [30–33]. Importantly, 
NFκB-controlled cytokines, such as IL-1, IL-6, IL-8, IL-12 and TNF-α mediate the 
inflammatory response during wound healing [1, 6, 23, 34].

Recent studies highlighted an important contribution of epigenetic mechanisms 
to NFκB-mediated expression of pro-inflammatory cytokines in activated M1 
macrophages.

Balanced activity of histone acetyltransferases (HATs) and HDACs, that respec-
tively regulate histone acetylation and deacetylation at gene promoter regions, is 
important for controlling inflammatory gene expression in macrophages. Bacterial 
LPS regulates several members of the HDAC family at the mRNA level in murine 
bone marrow-derived macrophages. LPS transiently represses and then induces 
expression of a number of HDACs (HDACs 1, 4, 5, 7, 8), coinciding with up- 
regulation and repression of several pro-inflammatory genes [35]. Furthermore, in 
alveolar macrophages, reduction of HDAC activity induces rapid CBP/p300- 
mediated acetylation at the promoter regions of several pro-inflammatory cytokines 
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such as CXCL8/IL8, leading to their transcriptional activation and sustained chronic 
inflammation in airways [36]. These studies suggest that HDACs act as potent and 
selective negative regulators of pro-inflammatory gene expression and prevent 
excessive inflammatory responses in macrophages [35]. However, the roles of 
HDACs in the regulation of inflammation are complex as these factors can repress 
both pro- and anti-inflammatory genes [37]. Furthermore, small molecule inhibitors 
of HDACs (HDACi) are found to trigger both pro- and anti-inflammatory effects in 
a range of inflammation-relevant cell types [38, 39].

Jmjd3/Kdm6b, a selective H3K27me3 demethylase, is another direct NFκB tar-
get that is induced in macrophages in response to bacterial products and inflamma-
tory cytokines [40]. Upon stimulation with LPS, Jmjd3 de-represses PcG target 
genes by reducing the levels of H3K27me3 [40]. Surprisingly, however, Jmjd3 also 
plays roles in inflammation independent of H3K27me3 demethylation. At most 
LPS-induced inflammatory genes, Jmjd3 is preferentially recruited to transcription 
start sites that are characterized by high levels of H3K4me3, a marker of gene activ-
ity, and RNA polymerase II, but are not marked with H3K27me3 [41]. This obser-
vation suggests that many inflammatory genes are not PcG targets in macrophages.

By contrast with the findings of De Santa et al. [41], Gallagher et al. [42] showed 
that induction of IL-12 expression in M1 macrophages at wound sites is linked to 
reduction of H3K27me3 histone marks in the IL-12 gene promoter region. Removal 
of H3K27me3 is associated with up-regulation of Jmjd3/Kdm6b expression in bone 
marrow-derived monocyte progenitor/stem cells and macrophages that are pro-
grammed toward a proinflammatory M1 phenotype [42].

In order to limit inflammation and allow the healing cascade to progress, macro-
phages must switch in a timely fashion from an M1 pro-inflammatory to an M2 
anti-inflammatory phenotype [21, 43, 44]. This switch is stimulated by Th2 cyto-
kines such as IL-4 and IL-13 [45, 46]. Recent data suggest that the switching pro-
cess is influenced by epigenetic modifications, including histone acetylation. 
Mullican et al. [47] showed that in unstimulated macrophages, deletion of HDAC3 
activates expression of immune and inflammatory genes that are positively regu-
lated by IL-4 exposure in wild-type macrophages. These data indicate that HDAC3 
represses a subset of IL-4-regulated genes and restricts activation of M2 anti- 
inflammatory macrophages, while supporting the M1 pro-inflammatory phenotype 
[47]. Chromatin remodeling is also mechanistically important in the acquisition of 
the M2-macrophage phenotype, as Ishii et al. [48] demonstrated that IL-4 stimula-
tion leads to STAT6-mediated Jmjd3 expression. Increased Jmjd3 levels contribute 
to a decrease in H3K27me2/3 deposition and transcriptional activation of specific 
M2 macrophage marker genes [48].

Collectively, these data indicate that Jmjd3 plays crucial roles in the acquisition 
of both macrophage phenotypes by up-regulating the expression of M1 or M2 spe-
cific genes [40–42, 48]. By doing so, Jmjd3 can enhance both pro-inflammatory and 
anti-inflammatory responses in concert with cell-type-specific transcription factors 
that target it to gene promoters in a context-dependent manner [49]. Importantly, 
JMJD3 expression can be induced by many inflammatory mediators as well as 
stress inducers, including metabolic, hypoxic and oncogenic stress. Thus, an 

12 Epigenetic Regulation of Skin Wound Healing



298

 inflammatory milieu and cellular stress can alter immune responses and impair 
wound healing by affecting the levels of JMJD3 expression and activity. As an 
example, persistence of M1 macrophages and over-expression of IL-12 lead to 
chronic inflammation and delayed wound healing in type II diabetes (T2D) [42, 50, 
51]. Importantly, IL-12 production in M1 macrophages can be modulated by inhib-
iting Jmjd3 in a diet-induced obese (DIO) mouse model, which closely mimics the 
T2D in humans. This observation suggests a novel avenue for treatment of chronic 
diabetic wounds using histone demethylase inhibitors [42]. Together, these studies 
highlight Jmjd3/Kdm6b as a key chromatin regulator that is involved in the epigen-
etic control of inflammatory genes and in controlling the differentiation and cell 
identity of macrophages in tissue repair after injury.

12.4  Epigenetic Regulation of Keratinocyte Proliferation 
and Migration in Wound Healing

Within few hours after injury, keratinocytes at the edges of wounded epidermis, and 
adjacent hair follicle and sweat gland cells begin to proliferate and migrate, forming 
an epidermal “migrating tongue” [52–54]. This process is initiated by signaling 
pathways in epithelial, dermal and immune cells at the wound edges, which release 
a large number of different cytokines and growth factors, including TGFα/β, EGF, 
KGF, IGF-1, and NGF [6]. For re-epithelization to take place, keratinocytes at the 
wound margin have to profoundly change their morphology and function in a pro-
cess that resembles certain aspects of the epithelial–mesenchymal transition (EMT) 
[55–57]. As keratinocytes migrate, they modify their terminal differentiation pro-
gram by reducing expression of differentiation-associated proteins such as keratins 
1 and 10, and by de novo production of the injury associated keratins 6, 16, and 17 
[58, 59]. Once the newly formed epidermis covers the wound, keratinocytes re- 
differentiate into stratified squamous epithelium to restore important barrier 
functions.

A number of epigenetic mechanisms have been shown to be involved in regulat-
ing keratinocyte proliferation. In developing epidermis and postnatal homeostatic 
conditions, activity of DNA methyltransferase 1 (DNMT1), the histone methyl-
transferase Setd8, the histone demethylase Jmdj3, HDAC1/2, the PRC1 subunit 
Cbx4, the PRC2 subunits Ezh1/2, the ATP-dependent chromatin remodeler Chd4, 
and the genome organizer Special AT-rich sequence binding protein 1 (SATB1) 
maintain proliferation activity and control differentiation of epidermal progenitor 
cells via regulation of proliferation-associated and differentiation genes [60–68]. 
However, the role of these and other epigenetic regulators in keratinocyte prolifera-
tion and differentiation during skin repair has not been fully investigated.
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12.4.1  The Roles of Histone Methylation and Demethylation 
in Keratinocyte Proliferation and Migration After Skin 
Injury

In response to injury, keratinocytes at the wound edge rapidly induce expression of 
a large number of genes involved in multiple cellular events, including cell cycle 
regulation, migration, adhesion and ECM degradation [1, 2, 69]. This process is 
paralleled by a transient decrease in repressive H3K27me3 histone modification and 
reduced expression of the PRC2 subunits Ezh2, Suz12 and Eed in wounded mouse 
epidermis [18]. Interestingly in intact skin, H3K27me3 primarily marks histones in 
epidermal cells with virtually no expression in dermal cells [18], suggesting that 
epidermal keratinocytes are the main cellular targets for PcG-mediated epigenetic 
gene silencing in unwounded skin. This observation is further supported by the fact 
that deletion of any of the three PRC2 core subunits Ezh2, Suz12 and Eed inhibits 
epidermal and hair follicle stem cell proliferation via up-regulation of senescence- 
associated genes in the Ink4b-Arf-Ink4a locus, leading to defective epidermal 
regeneration in vivo [61, 70].

Wound-induced H3K27me3 reduction is inversely linked to marked up- regulation 
of the H3K27me3 demethylases Jmjd3 and Utx and induction of the expression of 
several genes such as Egfr and Myc that contribute to repair of injured epidermis by 
stimulating keratinocyte proliferation and migration [18, 71–73]. The role of 
Jmjd3 in wound re-epithelization has been further studied by Na et al. [19]. Similar 
to the in vivo context, human keratinocytes upregulate Jmjd3 expression in in vitro 
wound healing models [19]. Upon scratch-wounding of cell monolayers, Jmjd3 
induces NFκB-dependent expression of genes encoding several inflammatory cyto-
kines, including IL-1b, IL-6, IL-8, IL-15, IL-23a, CCL20 and TNF-α matrix metal-
loproteinases such as MMP1/2/9/10/13/14/26, and the growth factors HB-EGF and 
HGH, that are known to be up-regulated in keratinocytes during the early phase of 
wound healing [19]. Furthermore, Jmdj3-depleted keratinocytes demonstrated 
delayed cell migration and reduced proliferation. Crucially, the observed functions 
of Jmdj3 required its histone demethylase activity, as inhibition of this activity with 
a small molecule inhibitor GSK-14 significantly attenuated the up-regulation of 
inflammatory, MMP, and growth factor genes in wounded keratinocytes, resulting 
in delayed wound closure and keratinocyte migration [19].

PRC2-mediated gene repression is also counterbalanced by Trithorax group pro-
teins of transcriptional activators, such as Ash1l. Ash1l encodes a SET domain–con-
taining protein with H3K36 methyltransferase activity, which has been shown to 
regulate a number of genes by antagonizing H3K27me3 [74–76]. In Ash1l mutant 
mice, wound healing is impaired due to delayed re-epithelialization, increased pro-
liferation and altered expression of keratinocyte markers. This chronic wound phe-
notype in Ash1l mutants is linked to elevated c-Myc expression in the epidermis 
adjacent to wounds [77]. Together, these studies indicate that tissue repair genes are 
tightly controlled by Polycomb and Trithorax group proteins, whereas their  transient 
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activation via loss of PRC2-mediated gene silencing is required to permit epithelial 
closure [18, 19].

The functions of PRC1 proteins in wound healing remain unclear. However, 
recent studies point towards a possible involvement of PRC1 proteins in re- 
epithelialization via regulation of keratinocyte proliferation and migration. During 
mouse skin development and in cultured human keratinocytes, the PRC1 subunit 
Cbx4 maintains proliferative activity and long-term survival of epidermal progeni-
tor cells via suppression of Ink4b-Arf-Ink4a locus genes, and concomitantly pre-
vents their premature terminal differentiation [66, 78]. Similar to Cbx4, another 
PRC1 subunit Bmi1 (also known as Pcgf4) promotes epidermal keratinocyte prolif-
eration and survival; furthermore its overexpression leads to keratinocyte transfor-
mation and is linked to skin carcinogenesis [79–83]. Interestingly in hair-free areas 
of mouse skin, Bmi1 is expressed in long-term multipotent sweat gland stem cells 
that maintain the entire eccrine unit and the inter-adnexal epidermis. Upon 
irradiation- induced injury, Bmi1-positive stem cells rapidly proliferate and regener-
ate injured epithelial tissue [84]. Up-regulation of Bmi1 expression is associated 
with enhanced EMT in keratinocytes, as well as increased motility and metastatic 
activity of BMI1-positive epithelial tumor cells [85–87]. The latter observation is 
also relevant for wound healing as keratinocytes at the wound margin undergo par-
tial and reversible EMT characterized by loss of intercellular adhesion and polarity, 
increased secretion of extracellular matrix-degrading proteinases, a shift from pro-
duction of keratin to vimentin intermediate filaments, and increased cell motility 
[88].

12.4.2  The Roles of Histone Acetylation and Deacetylation 
in Wound Re-Epithelialization

Several studies have provided evidence for the importance of histone acetylation in 
regulating gene expression and skin re-epithelialization after wounding. Spallotta 
et al. [89] reported that application of the class I-IIa histone deacetylase inhibitor 
trichostatin A (TSA) accelerated skin regeneration, while a class III HDAC inhibitor 
Sirtinol inhibited the stimulatory effect of TSA. Class III HDAC activators signifi-
cantly accelerated skin regeneration by increasing keratinocyte proliferation and 
migration via endothelial NO synthase phosphorylation and NO production [89]. 
The latter was associated with S-nitrosylation of HDAC2, which lead to loss of 
HDAC2 activity and its decreased binding to the promoter regions of several genes, 
including Igf1, Fgf10, and Egf, that regulate keratinocyte proliferation during wound 
healing [89]. These data suggest opposing effects of class I-IIa and class III HDACs 
in skin regeneration, whereby decreased class I-IIa HDAC activity and activation of 
Class III HDAC sirtuins (SIRTs) promotes wound repair [89]. Importantly, increased 
activity of HATs and a global increase in acetylation of lysine residues in histones 
and other proteins in keratinocytes at the wound edge could be mechanistically 
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linked to wound re-epithelialization via activation of repair genes. Indeed, augmen-
tation of the HAT activity of P300/CBP-associated factor (PCAF) using the specific 
chemical activator SPV-106 significantly increased histone acetylation in wounded 
epidermis and enhanced wound repair in mice [90].

Similar effects of class I-IIa HDAC inhibition on wound repair were observed 
following the administration of the HDAC inhibitor TSA in other wound healing 
models. Intraperitoneal injection of TSA in mice following digital amputation 
increased proliferation, collagen deposition, and the number of Rex1+ and Sca1+ 
stem/progenitor cells at the amputation site, resulting in enhanced digit regeneration 
compared with controls [91]. HDAC inhibition is also beneficial in promoting 
regeneration of other tissues, such as the spinal cord, after injury. For instance, treat-
ment with the HDAC inhibitor valporic acid was found to reduce apoptosis and 
improve functional recovery of spinal cord injuries in mice [92].

12.4.3  The Roles of DNA Methylation and Demethylation 
in Skin Re-Epithelialization After Injury

DNA methylation is one of the key epigenetic mechanisms controlling transcription 
factor binding and gene expression. DNA methyltransferase 1 (DNMT1) maintains 
DNA methylation patterns after cellular replication and is required to retain prolif-
erative activity of epidermal and hair follicle stem/progenitor cells in the skin under 
homeostatic conditions [67, 93]. Another group of DNA methyltransferases, 
DNMT3a and DNMT3b, perform de novo methylation of previously unmethylated 
cytosine residues, resulting in altered gene expression. Recent studies highlited 
importance of DNMT3a and DNMT3b in epidermal progenitor cells (EpPCs). 
DNMT3a and DNMT3b are critical for the self-renewal of human EPCs, whereas 
DNMT3a is also required for their proper differentiation [94]. Both enzymes associ-
ate with the most active enhancers in human EPCs and maintain high transcriptionsl 
activity of genes necessary for epidermal stem cell identity and maintenance [94]. 
However, in mice, Dnmt3a and Dnmt3b are dispensable for steady-state homeosta-
sis, but prevent carcinogen-induced tumor development in the epidermis [95].

The roles of DNMTs in skin regeneration after woinding are still not fully under-
stood. Sun et al. [96] reported increased expression of Dnmt3b in incisional wounds 
in mice. The latter was associated with increased global DNA methylation in skin 
tissue at early time points after incision [96]. Increased DNMT3a expression has 
also been reported in wound epithelium during limb regeneration in the axolotl [97]. 
Using a model in which skin wounds normally do not regenerate, Aguilar et al. [97] 
demonstrated that treatment with the DNA methyltransferase inhibitor decitabine 
(also known as 5-aza2’-deoxycitidine, or 5-aza-dC) stimulated regeneration, while 
untreated wounds failed to regenerate. A similar effect of DNMT inhibition on 
wound healing was shown in the mouse model of digit regeneration after amputa-
tion [91]: treatment with 5-aza-dC alone or in combination with the HDAC inhibitor 
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TSA significantly enhanced digit regeneration compared with controls [91]. 
Together these data suggest that DNA methylation plays an important role in wound 
healing by regulating the expression of genes that control cell behavior during 
regeneration.

To date, there are no known DNA demethylating enzymes that directly catalyze 
removal of the methyl group from 5-methylcytosine (5-mC). Instead, the ten-eleven 
translocation (TET) enzymes cause step-wise oxidization of 5-mC to produce 
5-hydroxymethylcytosine (5-hmC), which is then oxidized to 5-formylcytosine 
(5fC) and 5-carboxylcytosine (5caC) [98–100]. 5fC and 5caC can be converted to 
unmodified cytosine by Terminal deoxynucleotidyl transferase (TdT) or Thymine 
DNA glycosylase (TDG) via base excision repair [101]. The role of TET enzymes 
in skin homeostasis is still a mystery; however, recent studies suggest crucial roles 
for these factors in controlling the expression of genes that regulate reparative pro-
cesses in the skin. Recently, Zhang et al. [102] reported that overexpression of TET2 
decreased cell migration and proliferation in cultured primary human keratinocytes, 
whereas TET2 inhibition had an opposite effect, leading to significantly increased 
cell proliferation and migration. Furthermore, TET2 is upregulated in the epidermis 
of T2D patients; this results in hypomethylation of the MMP9 gene promoter and 
significantly greater expression of MMP9 in chronic diabetic wounds compared to 
wounds from non-diabetic patients [102, 103]. MMP9 is critical for proper wound 
repair as its deletion in mice leads to impaired wound healing associated with 
reduced keratinocyte migration, delayed reepithelization, and disordered collagen 
synthesis [104]. However, excessive production of MMP9 is linked to poor wound 
healing in diabetic wound ulcers due to an imbalance in the synthesis and degrada-
tion of ECM [105–107]. Collectively, these data demonstrate that tight epigenetic 
control at the level of DNA methylation is critical for regulation of MMP9 expres-
sion in wounded epithelium for effective repair. It is conceivable that similar mecha-
nisms control the expression of other wound repair genes that are induced in 
keratinocytes in response to injury.

These studies highlight the dramatic effects that epigenetic modulations have on 
keratinocyte proliferation and migration in injured skin. For complete restoration of 
the epidermal barrier, regenerated epidermis must first undergo re-differentiation, 
and subsequently needs to restore expression of terminal differentiation genes fol-
lowing injury. Epigenetic mechanisms are vital for keratinocyte differentiation and 
stratification of the epidermis, both during development and in postnatal homeosta-
sis. Numerous studies have demonstrated that deletion of epigenetic factors such as 
DNMT1 and Cbx4 leads to premature epidermal differentiation, while JMJD3 over-
expression accelerates differentiation [66–68]. The roles of these factors in epider-
mal re-differentiation following injury, however, remain to be fully elucidated.
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12.5  Epigenetic Control of Fibroblast Function and Neo- 
Angiogenesis After Injury

The dermis undergoes major regeneration and restructuring following skin injury 
and is re-established in a process known as fibroplasia; this involves fibroblast pro-
liferation and deposition of type III collagen and other matrix proteins [1]. 
Subpopulations of fibroblasts transform into myofibroblasts to aid wound contrac-
tion and produce new immature collagen fibrils, which will later be remodeled to 
become mature type IV collagen.

As soon as the wound is closed and inflammation subsides, remodeling of the 
granulation tissue and reorganization of the ECM begins by continuous synthesis, 
degradation, and maturation of collagen fibers in the dermis. The new blood vessels 
within the scar regress and mature to form a functional network [108]. Most myofi-
broblasts, which are responsible for wound contraction, undergo apoptosis at this 
stage. The resulting scar tissue is either resolved or permanently remains at the 
wound site. However, the scar tissue never restores the original mechanical strength 
and functional properties of the skin, and lacks hair follicles, sebaceous glands, and 
sweat glands [109, 110].

12.5.1  Roles of Epigenetic Regulators in the Control 
of Fibroblast Activity in Skin Repair

12.5.1.1  Histone Acetylation

Epigenetic mechanisms alter the behavior of fibroblasts during wound healing and 
collagen production. Fitzgerald O’Connor et  al. [20] reported overexpression of 
HDAC2 in the skin fibroblasts in response to wounding in mice, as well as in human 
normal and keloid scar tissues. Interestingly, treatment with transforming growth 
factor beta-1 (TGFβ1) increased HDAC2 expression in both human and mouse 
fibroblasts [20]. Furthermore, HDAC4 was found to be required for TGFβ1- 
mediated myofibroblastic differentiation, a critical event that contributes to contrac-
tion and closure of wounds [111]; correspondingly, HDAC inhibitors block this 
transformation [112]. HDACs also control collagen production by myofibroblasts, 
while HDAC inhibition with TSA blocks collagen gene expression in human fibro-
blasts [113, 114]. These studies suggest that HDAC inhibitors have potential as 
anti-fibrotic agents for prevention or treatment of pathological wound scarring, for 
instance in hypertrophic and keloid scars. Consistent with this, Class I/II HDAC 
inhibition with TSA has been shown to inhibit collagen synthesis and promote 
apoptosis of keloid fibroblasts [115].

Sirtuin 1 (SIRT1), a Class III HDAC, is decreased in hypertrophic scar tissue, 
and its knockdown in hypertrophic scar-derived fibroblasts leads to increased 
expression of α-smooth muscle actin (α-SMA) and TGFβ1-regulated collagen 1 
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(Col1) and collagen 3 (Col3) [116]. In contrast, up-regulation of SIRT1 by its ago-
nist resveratrol not only inhibits the expression of α-SMA, Col1 and Col3 but also 
blocks their activation by TGFβ1  in both hypertrophic and normal skin-derived 
fibroblasts [116]. Furthermore, Ikeda et  al. [117] reported that in keloid-derived 
fibroblasts, resveratrol significantly downregulates the expression of Col1, α-SMA 
and TGF-β1, and decreases fibroblasts proliferation [117]. Collectively, these stud-
ies reveal that activation of Class III HDACs along with inhibition of Class I/II 
HDACs may be a promising therapeutic strategy for prevention and treatment of 
pathological scarring after skin injury.

12.5.1.2  DNA Methylation

Recent studies suggest that aberrant DNA methylation can also contribute to the 
development of pathological scars. Russell et  al. studied the epigenetic status of 
keloid fibroblasts, finding that their phenotype and propensity to form benign der-
mal tumors may be due to differential DNA methylation of proliferative genes 
[118]. DNMT1 is upregulated in keloid fibroblasts [119, 120], and DNMT inhibi-
tion with 5-aza-dC restores expression of selected genes that are silenced in keloids 
[118]. Furthermore, 5-aza-dC treatment decreases TGFβ1 mRNA expression, while 
increasing transcription of inhibitory Smad7  in keloid fibroblasts [119]. DNMT 
inhibition also decreases expression of collagen and connective tissue growth factor 
(CTGF), while causing cell cycle arrest and apoptosis in keloid fibroblasts [118, 
119]. Thus, DNMT inhibitors have potential utility in the treatment of pathological 
wound scarring.

12.5.2  Epigenetic Regulation of Angiogenesis

Neo-angiogenesis, stimulated by vascular endothelial growth factor (VEGF), 
platelet- derived growth factor, basic fibroblast growth factor, and TGFβ, permits 
angiogenic capillary buds to grow into the wound bed and form a microvascular 
network that sustains granulation tissue. Epigenetic factors have been shown to con-
trol endothelial cell differentiation, migration and sprouting by regulating the 
expression of vascular growth factors and their receptors. HDAC6, 7 and 9 posi-
tively regulate vascular tube formation and enhance angiogenic gene expression 
[121, 122], while VEGF signaling, which is critical for vascular morphogenesis and 
endothelial differentiation, is attenuated by HDAC inhibition [123]. Additionally, 
human umbilical vein endothelial cells fail to form capillary buds following treat-
ment with the HDAC inhibitors TSA and SAHA due to inhibition of VEGF-induced 
expression of its receptors VEGFR-1 and VEGFR-2 [123].

DNA methylation also plays an important role in the differentiation of bone 
marrow- derived progenitor cells into endothelial cells after skin injury. Inhibition of 
DNMT activity with 5-aza-dC has been shown to induce expression of the 
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 endothelial cell marker genes VE-cadherin, vWF, and Flk1 in the progenitor cells 
and stimulates vascular network formation [124]. DNMTs play similar roles in 
embryonic stem cells and mesenchymal stem cells. In these cell types, the promot-
ers of genes controlling endothelial lineage differentiation and angiogenesis are 
suppressed by hypermethylation, and DNMT inhibition leads to their activation 
[125, 126].

Members of the PcG family of proteins are also involved in angiogenesis. VEGF 
mediated stimulation of angiogenic activity is accompanied by upregulation of 
Ezh2 in normal blood vessels [127, 128] and in tumor vasculature, supporting a link 
between epigenetic mechanisms and growth factor signaling [128]. These data sug-
gest that PcG-mediated gene silencing is critical for activation of endothelial lin-
eage genes and vasculogenesis. Endothelial cells also express high levels of 
JARID1B, a histone 3 lysine 4 (H3K4) demethylase, which suppresses gene expres-
sion via reducing H3K4me2/3 levels at the promoters of actively expressed genes 
[129]. Fork et al. [129] reported that knockout or inhibition of JARID1B attenuated 
the angiogenic capacity of human endothelial cells in vitro and murine endothelial 
cells in  vivo. The latter effects were associated with reactivation of HOXA5, a 
JARID1B target gene, which is normally highly expressed in quiescent undifferenti-
ated endothelial progenitor cells and possesses anti-angiogenic activity [129, 130]. 
Importantly, HOXA5 has been suggested to play a critical role in wound healing as 
its forced expression in wounds impairs angiogenesis and skin repair in mice [131], 
and suppresses keratinocyte growth and epidermal reconstruction in organotypic 
cultures [132]. Whether the HOXA5 gene is activated in poorly healing or chronic 
wounds that are deficient in angiogenesis is an interesting topic for further 
investigation.

Members of the heterochromatin protein 1 (HP1) family recognize methylated 
histones and are involved in the organization of heterochromatin formation and 
gene silencing in many organisms. Recently, HP1a has been shown to be a key regu-
lator that drives endothelial progenitor cell (EPC) differentiation to mature endothe-
lial cells. Maeng et al. [133] showed that HPa1 is induced during EPC differentiation 
and its overexpression promotes EPC angiogenic activity in vitro and in vivo by 
repressing progenitor cells marker genes and activating angiogenic genes [133]. 
HP1a is thought to regulate angiogenic gene transcription by interacting with chro-
matin modifying factors such as the methyl-CpG binding domain, Polycomb group 
ring finger 2 (PCGF2), and DNA methyltransferases at early stages of EPC differ-
entiation [133].

12.6  Summary

Epigenetic regulators are involved in the control of multiple aspects of the wound 
healing process by regulating the adaptive behaviors of keratinocytes, fibroblasts, 
endothelial cells and inflammatory/immune cells in response to tissue injury. 
Epigenetic factors participate in complex regulatory mechanisms that either 
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stimulate or repress gene activation to transiently alter cellular phenotypes and 
behavior, and interact with growth factor activity (Fig. 12.1). Transient down-regu-
lation of factors that constitute the repressive epigenetic machinery, such as PcG 
proteins, is a feature of epigenetic responses to injury in multiple cell lineages. In 
parallel, histone demethylases are upregulated, leading to enrichment of accessible 
chromatin that together with transcription factor activity facilitates expression of 
wound repair genes. Similarly, HDAC and DNMT inhibition can also re-activate 
expression of genes that stimulate reparative processes after skin injury in both 
epithelial and mesenchymal cell lineages.

A fine balance of epigenetic regulation is critically important for efficient skin 
repair, as disruption of these mechanisms results in defective healing, for instance 
in chronic diabetic wounds and keloid scar formation. Deeper understanding of the 
epigenetic mechanisms that regulate the healing process is likely to identify novel 
potential therapeutic targets, ultimately permitting the development of enhanced 
treatments for chronic and poorly healing wounds and for excessive wound scar-
ring. Systematic studies will be required to characterize the complex epigenetic 
changes that are induced by skin injury.
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Fig. 12.1 Epigenetic factors regulate multiple cell types in the wounded skin. In response to 
wounding, epigenetic factors participate in complex regulatory mechanisms that either stimulate or 
repress gene activation to transiently alter cellular phenotype and behavior, and interfere with 
growth factor activities in several cell lineages such as keratinocytes, fibroblasts, macrophages, and 
endothelial cells
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