1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Dermatol Sci. Author manuscript; available in PMC 2019 March 01.

-, HHS Public Access
«

Published in final edited form as:
J Dermatol Sci. 2018 March ; 89(3): 226-232. doi:10.1016/j.jdermsci.2017.12.006.

Histone modifiers: dynamic regulators of the cutaneous
transcriptome

Kanad Ghosh, BS?, Kyle O’Neil?, and Brian C. Capell, MD, PhD1:2
1Penn Epigenetics Institute, University of Pennsylvania Perelman School of Medicine,
Philadelphia, Pennsylvania, 19104, U.S.A

2Departments of Dermatology and Genetics, University of Pennsylvania Perelman School of
Medicine, Philadelphia, Pennsylvania, 19104, U.S.A

Abstract

By regulating the accessibility of the genome, epigenetic regulators such as histone proteins and
the chromatin-modifying enzymes that act upon them control gene expression. Proper regulation
of this “histone code” allows for the precise control of transcriptional networks that are essential
for establishing and maintaining cell fate and identity, disruption of which may drive
carcinogenesis. How these dynamic epigenetic regulators contribute to both skin homeostasis and
disease is only beginning to be understood. Here we provide an update of the current
understanding of histone modifiers in the skin. Indeed, as one of the most innovative and rapidly
expanding areas in all of medicine, it is clear that epigenome-targeting therapies hold great
promise for the treatment of dermatological diseases in the coming years.

Introduction

The cell nucleus contains roughly six feet of DNA if it was stretched from end to end. This
remarkable feat is accomplished through the intricate organization of that DNA into
chromatin. The organization and structure of chromatin can control gene expression. The
study of chromatin, the changes it undergoes, and how these changes effect transcription fall
under the umbrella of epigenetics, which refers to changes in gene expression caused by
factors other than alterations in the nucleotide sequence. The fundamental unit of chromatin
consists of DNA wrapped around protein octamers, termed histones, in 147 base pair
segments to form nucleosome subunits. Histone octamers are made of two copies of each
core histone: H2A, H2B, H3, and H4. These histones have positively charged amino (N)-
terminal tails which extend from the nucleosome and can undergo several modifications,
which in turn affect chromatin accessibility and gene expression. These modifications,
including acetylation, methylation, and ubiquitination, among others, and are regulated by
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various chromatin-modifying enzymes, frequently referred to as “writers” and “erasers,”
which are responsible for incorporating or removing modifications, respectively. In addition
to histones, writer and eraser proteins can also interact with transcription factors and other
proteins, allowing for an incredibly intricate and multilayered system for the fine-tuned
regulation of gene expression.

Though research on epigenetic modifiers and histone modifications has been ongoing for
decades and rapidly expanded in recent years, a vast amount remains unknown about the
roles and effects of these modifiers in the skin. In this review, we discuss the current
evidence for the role of these histone modifiers in the skin, with a particular focus on histone
methylation and acetylation, given their status as the most abundant and well-studied histone
post-translational modifications. Specifically, we delve into the current knowledge of histone
acetyltransferases (HATS), histone deacetylases (HDACS), histone methyltransferases
(HMTs), and histone demethylases (HDMSs), the epigenetic writers and erasers that
orchestrate acetylation and methylation, respectively, and how disruption of their normal
function may promote disease in the skin.

Histone Deacetylases

Zinc dependent histone deacetylases (HDACS), responsible for the removal of acetyl marks
from histones and other protein substrates, are by far the most well-studied of the chromatin-
modifying enzymes. They are broadly placed into four classes: Class I, including HDACs 1-
3 and 8, Class I, including HDACs 4-7, 9, and 10, Class I, made up of Sirt1-7, and Class
IV, containing HDAC11. The most well studied class of HDACs in the context of gene
regulation are Class | deacetylases, which have been shown to have deacetylase and other
unique chromatin remodeling activities. Both HDAC1 and HDAC?2 have been shown to be
critical during mammalian development[1]. HDAC?2/3 induction, seen in HDAC1 knockout
mouse embryonic stem (ES) cells, is not enough to compensate for loss of HDAC1[2],
suggesting that although there is some overlap between HDAC1/2 activities, there are other
unique functions that are specific to each.

HDAC1/2 is required for proper hair follicle and epidermal proliferation and
differentiation[3]. Mice lacking HDAC1/2 in keratinocytes show increased expression of
CDK inhibitors p21 and p16!NK4A These cell cycle inhibitors are usually repressed via p63,
a p53 family transcription factor, and HDAC1/2 is found to bind to the promoters of these
CDK inhibitor genes in normal, undifferentiated keratinocytes[3]. Beyond cell cycle
regulation, another Class | HDAC, HDAC3, is known to contribute to glucocorticoid
receptor (GR)-mediated transcriptional repression, including reducing the expression of
inflammatory genes in the skin, demonstrated through keratinocyte-specific ablation of
HDAC3 in mice[4]. Thus, these Class | deacetylases play important roles in maintaining
skin homeostasis (Figure 1).

Regarding Class Il HDACSs in normal skin function, /n vitro analysis of primary human skin
fibroblasts has shown that HDAC4, and to a lesser extent HDAC6 and 8, are required for
TGFB1 mediated myofibroblast differentiation, an important aspect of wound healing[5].
Class 111 HDACs, the Sirtuin proteins, have also been associated with functions in normal
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skin, such as induction of keratinocyte differentiation, the inhibition of collagen degrading
matrix metalloproteinases (MMPs), and decreasing DNA damage following UV exposure.
Intriguingly, Sirtuin activation both by resveratrol as well as a synthetic activator decreased
levels of HDAC? and accelerated wound healing rates, an effect mimicked by HDAC
inhibition by TSA[6]. These results indicate that different classes of HDACs are able to
regulate the activity of others, leading to a complex interplay between deacetylases /n vivo.

Considering the extensive evidence described above to demonstrate the role of HDACs in
normal skin function, it is no surprise that various skin diseases are associated with the
aberrant expression and function of these proteins. One of the emerging areas of study
involves the roles of HDACs in skin cancer, where HDAC inhibitors are quickly becoming a
well-documented therapeutic modality. In 1999, the pan-HDAC inhibitor trichostatin (TSA)
was discovered to irreversibly arrest the growth of keratinocytes and squamous cell
carcinoma (SCC) cells through the reduction of cyclin-dependent-kinase-1 (CDK1)
transcription, indicating a potential therapeutic benefit in context of cancer[7]. Since then,
HDAC inhibitors have demonstrated activity in melanoma, cutaneous T-cell lymphoma
(CTCL), Merkel cell carcinoma (MCC) and other skin cancers (Figure 1). The HDAC 1-11
inhibitors suberoylanilide hydroxamic acid (SAHA), valproic acid (VPA), and romidepsin
are currently used in clinical settings, although it can be argued that specific inhibition of
HDAC1/2 may be sufficient to produce therapeutic advantages[8]. In addition, several other
potential mechanisms of action have been proposed to explain the therapeutic advantage of
HDAC inhibition. For instance, extensive studies have shown that HDAC inhibitors induce
cell cycle arrest through the upregulation of p21WAFL/CIP the promotion of apoptosis, and
inhibiting angiogenesis. In the skin, the HDAC inhibitor vorinostat was shown to inhibit
tumor growth and proliferation in epidermoid carcinoma cells by reducing mTOR
signaling[9], while HDAC inhibitors can also halt melanoma cell proliferation by repressing
inositol polyphosphate 5-phosphatases which inhibit PI3K/Akt mediated growth[10]. In
addition to the potential of HDACs 1 and 2 to promote oncogenesis, there is also some
evidence that both Sirtl and Sirt3 can promote the initiation of melanoma[11, 12]. However,
the role of Sirtuins in cancer remains complicated, as Sirtuins have been categorized as both
oncogenes and tumor suppressors, depending on the context[13-15]. Indeed, given the
potential pleiotropic mechanisms driving HDAC-mediated tumorigenesis, further work will
continue to dissect the major pathways involved and how they may be potentially targeted.

Histone Acetyltransferases

Histone acetyltransferases (HATS) are protein complexes that transfer acetyl groups onto
substrates such as the amino tails of histones and transcription factors. Through this
mechanism, they are able to regulate chromatin structure by neutralizing the charged
interaction between histones and DNA, resulting in a loosening of the chromatin structure,
and in turn, altering DNA binding affinities for transcription factors[16]. HATs can thus
regulate gene expression and other processes in several tissues, including the skin.

HATS are broadly categorized into three families: p300/CREB-binding-protein (CBP),
Gcenb-related N-acetyltransferases (GNAT), and MYST[17]. CBP and p300 are haplo-
insufficient paralogs which contain HAT domains as well as bromodomain reader regions
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and transcription factor binding domains, necessary for their acetyltransferase activity and
transcriptional coactivator function through formation of a transcriptional complex[18].
While histone acetylation by this family of HATSs is known to have an effect on chromatin
remodeling, the association between p300/CBP and other substrates has also been associated
with DNA synthesis, cell-cycle progression, apoptosis, and p53 degradation. p300 has also
been found to mediate the DNA damage response through the acetylation of histone 3 lysine
56 (H3K56ac), and has recently been shown to participate in epithelial differentiation
through interactions with the downstream Whnt signaling molecule p-catenin[19, 20].

GNAT is an enormous superfamily consisting of several HATs found in many diverse
organisms[21]. Of most relevance in mammals are GCN5 and p300/CBP-associated factor
(PCAF), largely similar HATs which form complexes with other proteins in the cell[22]. The
MYST family, named from their derivatives in yeast, consists of five major HATSs: Tip60,
MOF, MOZ, HBO1, and MOREF, all of which have been associated in many cellular
processes including transcriptional activation and DNA repair[23]. MOF in particular plays a
role in acetylation of histone 4 lysine 16 (H4K16ac), which is required for a complete DNA
damage response[24].

HATs have also been observed to have an effect on skin development and function. In
human keratinocytes, the p63 isoform, ANp63a, undergoes p300 mediated stabilization via
acetylation, the absence of which may contribute to Ectrodactyly—ectodermal dysplasia—cleft
syndrome (EEC) which results in defective development of the skin and other organs[25]
(Figure 2). Furthermore, p300 also plays a role in extracellular matrix (ECM) organization
by upregulating collagen production via TGF-p signaling in dermal fibroblasts[26]. Beyond
p300, PCAF has been shown to enhance wound repair, while ING5, a component of the
MORF complex, has been implicated in a network of epidermal differentiation
signaling[27]. Tip60 has also been shown to regulate p53 in response to UV damage,
directly regulating the DNA damage response[28, 29]. Despite these established roles, a
great deal more remains to be discovered regarding the role of the HAT proteins in skin
homeostasis.

Though the normal functions of HATS in the skin are still being elucidated, several HATS
have been implicated in skin carcinogenesis. According to The Cancer Genome Atlas, both
CBP and p300 (CREBBPand EP300) are frequently mutated in SCC (Figure 2). As
described above, CBP/p300 has been shown to mediate the addition of H3K56ac, which is
upregulated in skin cancer[30]. Further, p300 acetylates STAT3, a transcription factor known
for its role in cancer, including skin cancer[31] (Figure 2). STAT3 acetylation on Lys685 can
directly promote tumor growth via the decreased expression of tumor suppressors[32].
Further, p300 has been noted to be upregulated in cutaneous squamous cell carcinoma[33].

Tip60, a member of the MYST family of HATS, has also been shown to have context
specific, often contradictory, roles in skin carcinogenesis. For example, increased expression
of Tip60 has been observed in CTCL, which may drive increased stem cell-like properties
and cancer progression[34]. This is supported by the observed increased level of Tip60 in
skin tumors of mice expressing elevated ornithine decarboxylase, a marker for epithelial
tumorigenesis[35]. In contrast, Tip60 is lost in metastatic melanoma, and overexpression of
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Tip60 in melanoma cells leads to increased sensitivity to chemotherapy[36]. Following up
on this, it was reported that melanoma cells often have decreased levels of Tip60, which in
turn leads to decreased p53 activation and autophagy, providing a mechanism through which
melanoma cells can continue to divide[37]. Thus, it seems likely that the role of Tip60,
along with most other HATS, probably relies heavily on the context and type of cancer in
question.

Histone Methyltransferases

Histone methyltransferases (HMTs) and demethylases (HDMs) play a crucial role in
establishing skin homeostasis by covalently and post-translationally modifying histones on
amino-terminal histone tails, altering the local chromatin environment and leading to
alterations in gene expression. Histone methylation can promote either the activation or the
repression of transcription depending upon which histone tail residue is modified by the
interacting enzymes. HMTSs act on lysine residues, and some of the most well-described
modifications include methylation of histone H3 on either lysine 4 (H3K4), lysine 9 (H3K9),
lysine 27 (H3K27), or lysine 36 (H3K36), and of histone H4 on lysine 20 (H4K20).
Common modifications that have been linked to more open regions of chromatin
(euchromatin) and transcriptional activation include the trimethylation of H3K4 (H3K4me3)
at gene promoters and H3K36 (H3K36me3) over gene bodies. In contrast, more compacted
regions of chromatin are marked by the trimethylation of H3K27 (H3K27me3) and H3K9
(H3K9me3) and are typically associated with gene silencing, and are frequently referred to
as facultative and constitutive heterochromatin, respectively. Remarkably, by regulating the
accessibility of the genome to DNA repair factors, histone modifications are the most
influential factor in determining both the location and density of genetic mutations in
cancers[38, 39].

Of all the methylated histones, perhaps the most well-understood in the skin is H3K27me3.
H3K27me3 is catalyzed by the two members of the polycomb repressive complex (PRC),
PRC1 and PRC2. These complexes promote the deposition of H3K27me3 through their
catalytic SET domains, made up of either EZH1 or EZH2. Seminal studies established the
role of EZH2 in regulating epidermal progenitors, as it acts by simultaneously repressing
differentiation through the suppression of the Ink4a/Ink4b/Arf locus and suppressing cellular
growth by preventing the recruitment of the AP1 transcriptional activator[40]. Later work
showed that EZH1 and EZH?2 are functionally redundant, with both Ezh1- and Ezh2-
deficient mouse skin upregulating similar genes in both the hair follicles and intrafollicular
epidermis[41] (Figure 3). Despite this, these individual compartments displayed unique
phenotypes, with the hair follicles undergoing proliferation arrest while the epidermis
hyperproliferated, an effect shown to be due to differential expression of the Ink4a/
Ink4b/Arf locus[41]. Similarly, recent research in mice demonstrated that Ezh1 and Ezh2
repress the transcription factor Sox2 in epidermal progenitor cells, preventing epidermal
differentiation into lineage-committed Merkel cells[42]. Together, these studies establish
multiple roles for EZH1 and EZH2 in epidermal development and homeostasis (Figure 3).

In addition to EZH1 and EZH2, several other histone methyltransferases have been
implicated in epidermal development and differentiation. The trithorax H3K4 histone
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methyltransferase complexes participate through the recruitment of the differentiation-
promoting transcription factor, GRHL3[43]. SETD8 (KMT5A), which catalyzes histone H4
monomethylation on lysine 20 (H4K20me1l), a mark of gene activation, has similarly been
demonstrated to play a role in epidermal development. Setd8 plays a role in c-Myc-induced
epidermal differentiation, as deletion of Setd8 in mouse epidermis leads to apoptosis via the
combined increased expression of p53 and loss of p63, a critical transcription factor required
for epidermal commitment[44]. Other research established that SUV420H2 (KMT5C)-
mediated Histone H4 trimethylation on lysine 20 (H4K20me3) is important for epidermal
homeostasis. SUV420H2-mediated H4K20me3 levels are higher in the stem cells of the hair
follicle than in other cell types of the skin and have been shown to be important in the
maintenance of stem cell quiescence[45]. Collectively, these studies suggest that numerous
histone methyltransferases may play crucial roles in normal human epidermal commitment
and differentiation (Figure 3).

Beyond normal development, several studies have suggested a role for histone
methyltransferases in skin carcinogenesis. A mouse model of multistage skin carcinogenesis
revealed that the loss of H4K20me3 was associated with the hypomethylation of DNA
repetitive sequences, a hallmark of cancer cells[46]. MLL family members, which methylate
H3K4, include KMTZ2A, KMTZ2C, and KMTZ2D, are all highly mutated in squamous cell
carcinoma according to The Cancer Genome Atlas (TCGA), with KMT72D being one of two
genes (along with 7P53) that was associated with metastatic cutaneous SCC[47] (Figure 3).
KMT2A has been observed to promote the growth of melanoma via hTERT signaling[48].
Also in melanoma, gain-of-function £ZH2 mutations lead to a decrease in cell contractility
and an increase in cell migration[49]. Consistent with this, the EZH2 inhibitor GSK503 has
been shown to stabilize melanoma and abolish metastasis formation /7 vivo. This same study
showed that EZH2 inhibition in human melanocytes leads to the re-expression of tumor
suppressors while impairing proliferation and invasiveness[50]. Several H3K9
methyltransferases have also been shown to play a role in skin carcinogenesis. SETDB1,
which performs H3K9 trimethylation (H3K9me3), was established as an oncogene in
melanoma after a study in a zebrafish melanoma model showed that SETDB1 significantly
accelerated melanoma formation[51] (Figure 3). In a transgenic mouse model that
overexpresses Suv39hl, another H3K9me3 methyltransferase, the increased global
H3K9me3 levels promoted telomere homeostasis and mediated resistance to oncogenic
stress such as the DMBA/TPA skin carcinogenesis model[52]. In a human study of 67
patients that employed immunohistochemistry to look at the expression of various H3K9
modifiers, it was established that overexpression of EHMT2 (G9a), which catalyzes
H3K9me2, might be a marker of poor prognosis in melanoma[53]. Collectively, these
studies demonstrate the importance of HMTs in skin homeostasis and their potential roles as
both oncogenes and tumor suppressors in skin cancer.

Histone Demethylases

In opposition to the histone methyltransferases are the more recently discovered histone
demethylases (HDMs). In 2004, LSD1 (KDM1A), which demethylates H3K4 and H3K9,
was the first histone demethylase to be discovered[54]. In the skin, LSD1 has been
demonstrated to interact with the transcription factor ZNF750 to repress progenitor genes
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during epidermal differentiation[55] (Figure 4). Beyond LSD1, over 30 other histone
demethylases have since been described. In 2007, UTX (KDM6A) and JMJD3 (KDM6B)
were shown to demethylate H3K27me3[56]. Since then, normal JMJD3 function has been
shown to be critical for mammalian epidermal homeostasis, as JMJD3 depletion blocked
differentiation, and a calcium-induced differentiation model revealed that the loss of
H3K27me3 during differentiation was associated with increased binding by JIMJD3[57].
Related results in a murine model of wound healing established that increased levels of Utx
and Jmjd3 combined with decreased levels of the methyltransferases, Eed, Ezh2 and Suz12,
led to a striking loss of H3K27me3 and upregulation of wound repair genes[58]. Further
mechanistic work established that JMJD3 interacts with NF-xB at the wound edge during
keratinocyte wound healing, resulting in the increased expression of inflammatory, matrix
metalloproteinase, and growth factor genes via the demethylation of H3K27me3 at those
gene promoters[59] (Figure 4).

Histone demethylases have similarly been implicated in skin malignancies. KDM5B,
otherwise known as JARID1B, has been shown to have a potential role in promoting
tumorigenesis in melanoma. One study suggested that KDM5B, which is responsible for
removing tri- and di-methyl marks from H3K4, is correlated with melanoma invasiveness
and that isolated KDM5B positive cells are required for continuous tumor growth[60]. A
later study in human tissue supported that KDM5B is upregulated early in melanoma,
however they did not find that it correlated with melanoma invasiveness[61]. Similarly,
KDMB6B has been shown to aid melanoma growth and metastasis /n vitro and /n vivo,
promoting a favorable tumor microenvironment via the promotion of angiogenesis and the
upregulation of PI3K signaling and NF-xB and BMP target genes[62] (Figure 4).

Conclusions

The continuous development of ever more powerful techniques for interrogating the
epigenome has led epigenetics to become one of the most innovative fields within the
biomedical sciences. Within dermatology, although we are only beginning to scratch the
surface of our understanding, it is becoming increasingly clear that epigenetic processes
exert a profound influence on a diverse array of processes ranging from development and
differentiation, to cancer and aging. Histone modifications, and the chromatin-modifying
enzymes that regulate them, provide an exquisite method of fine-tuning gene transcription,
and in turn, directing diverse cellular processes. Given the inherent reversibility that exists in
chromatin regulation, as we continue to learn more about the role of epigenetics in
cutaneous disease, there is little doubt that the targeting of histone modifications and histone
modifiers will provide substantial opportunities for innovation and the development of new
therapies for skin disease.
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Figure 1.
Histone deacetylases (HDACs) display a diverse and enormously complex array of roles in

the skin, not only promoting differentiation and wound healing, but also cancer in other
contexts. Thus HDAC inhibitors have demonstrated evidence of efficacy for a number of
cutaneous neoplasms.
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Figure 2.
Histone acetyltransferases are dynamic activators of gene transcription, and thus play a

number of diverse roles in the skin, ranging from both the promotion of development and
differentiation, but also contributing to the DNA damage response and carcinogenesis.
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Figure 3.
The histone methyltransferases can both activate (such as H3K4me3) and repress

transcription (such as H3K27me3 and H3K9me3). In turn, they have been shown to both
maintain epidermal progenitor function, as well as harbor the potential to promote cancer.
Indeed, EZH2 inhibitors have demonstrated impressive results in the treatment of many
types of cancer.
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Figure 4.
The histone demethylases are only beginning to be studied in depth in the skin. However, an

accumulation of evidence thus far strongly supports their role in epidermal processes
ranging from differentiation and wound healing to cancer.
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