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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 (SNF2a) or BRM (SNF2p), 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 BRGI1, 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 Brgl are viable but Brg/-null embryos die very early
during development (during the peri-implantation stage), BRG] 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) Brgl-alleles were established. Brgl/SNF2a was
ablated in the forming epidermis using K14-Cre [9] or K14-Cre-ER™ [10] trans-
genic mice that express either the bacteriophage P1 Cre-recombinase or the ligand-
dependent Cre-ER™ recombinase driven by the human K14 promoter, which is
active in the surface ectoderm and the basal layer of the epidermis [11]. BRGI 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, Brgl was efficiently ablated in epidermal keratinocytes and in the ectodermal
layer of the limbs before E12 [12, 13]. Ablation of Brg/ 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
BRGI in fore- and hindlimb development. Hindlimb defects can be avoided by
inducing Brgl ablation in postnatal skin. Indra and co-workers demonstrated that
BRG] is dispensable for formation of embryonic epidermis, but is essential for
establishment of the epidermal permeability barrier (EPB). Interestingly, temporal
ablation of Brgl 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 BRGI1 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 BRGI 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/INO8SOK/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
ACTLG6a 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/
ARIDIA, but not BAF250b/ARIDIB, 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 BRMI/BRGI1 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 BRGI 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-2a and Mi-2p, 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-2p 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-2f expression at the level of RNA
were performed during the epidermal differentiation process. At E10.5, Mi-2f3
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-2 mRNA expression
is very low in mature inter-follicular epithelium (IFE).

In order to study the role of Mi-23/CHD4 in skin development and homeostasis
in detail, Georgopoulos and coworkers generated mice with specific deletion of
Mi-2f in keratinocytes using K7/4-Cre mediated cell-specific recombination [24].
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Homozygous mice died within 24 h. of birth with shiny and flaky skin suggesting a
possible role for Mi-2f 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-2p/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-2f/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-2f at early stages of epi-
dermal development, whereas the distinct dorsal skin phenotype was due to removal
of Mi-2f 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 Brgl, 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
IncRNAs 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/f--
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*, Glil*, Lgr5* for the secondary hair germ). Additional stem cell
populations reside in the junctional zone (Lrigl*), sebaceous glands (Blimp1*), and
isthmus (Lgr6*, Pletl*, Glil*) [34-36, 40-42]. Lrigl, Lhx2 and Nfatcl 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 BRGI in hair regeneration, Nfatc-Cre mice, which express Cre
recombinase specifically in the bulge [43], were combined with a conditional allele
of Brgl [44]. Deletion of Brg! in the bulge caused decreased matrix cell prolifera-
tion, retarded hair growth, and progressive hair loss. BRG1 functions by suppress-
ing p27kipl 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
BRGI 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-2f and its role in epidermal dif-
ferentiation have been described in the above section. In addition to its expression
in the developing epidermis, Mi-2f is also expressed in the hair placode and matrix
of developing HF [24]. Loss of Mi-2f 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 p-catenin [24, 33, 38] are expressed,
and some subsequent morphogenesis of the hair peg proceeds in the absence of
Mi-2f; 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]. Brgl 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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Fig. 6.3 ATP-dependent chromatin remodelers in the control of UV irradiation induced epidermal
proliferation and photo-carcinogenesis

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-28, play critical roles
in the maintenance of epidermal homeostasis by controlling the balance between
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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 BRGI to specific domains
of the EDC, and its potential interaction with key epidermal transcription factors,
such as p63, AP-1, and KIlf4, that regulate EDC gene expression in epidermal pro-
genitor cells remain to be determined. The cooperative involvement of BRG1 and
SATBI 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-2f exerts selective effects on development of
the epidermis and related skin appendages will further elucidate the role that Mi-2
f-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 BRGI1 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 Lrigl 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-2f 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-
ER™-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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