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Abstract Chromatin regulators have recently emerged as
key players in the control of tissue development and
tumorigenesis. One specific chromatin regulator, the
Polycomb complex, has been shown to regulate the identity
of embryonic stem cells, but its role in controlling fates of
multipotent progenitors in developing tissues is still largely
unknown. Recent findings have revealed that this complex
plays a critical role in control of skin stem cell renewal and
differentiation. Moreover, the expression of Polycomb
complex components is often aberrant in skin diseases,
including skin cancers. This review will detail recent
findings on Polycomb control of skin and highlight critical
unknown questions.
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Introduction

Polycomb complex architecture and mechanism
of action

One of the fundamental goals of modern biology is to
uncover the molecular mechanisms by which stem cells
control development of tissues and organs during embryo-
genesis, as well as their maintenance during adulthood.
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Increasing evidence has pointed to the roles of chromatin
regulators in these processes [1-3]. Chromatin regulators
belong to a large class of proteins whose functions include
DNA or histone modifications and chromatin remodeling.
By altering the chromatin structure, these regulators change
the accessibility to gene promoters by the transcriptional
machinery, leading to either activation or silencing of a
gene.

Recently, one of the key chromatin regulators, the
Polycomb complex, has received a lot of attention due to
its important role in the control of tissue development and
cancer [4, 5]. Polycomb proteins form chromatin remod-
eling complexes, referred to as Polycomb-Repressive
Complexes (PRC) PRCI1 and PRC2 [6]. The PRC2 com-
plex, comprised of Ezh2, Eed, and Suz12, is recruited to
chromatin where the methyltransferase Ezh2 catalyzes
histone H3 trimethylation on lysine 27 (H3K27me3) [7].
PRC1’s chromo-domain-containing proteins (Cbx) recog-
nize the H3K27me3 histone mark and recruit the PRCI1
complex [7, 8]. The PRC1 and PRC2 complexes inhibit
transcription by compacting the chromatin and preventing
the recruitment of transcriptional machinery to gene pro-
moters [9].

How the PRC2 complex is recruited to DNA is still
under investigation. In Drosophila, the Polycomb complex
is present at Polycomb response elements (PRE), DNA
sequences of several hundred base pairs with no simple
consensus. In mammalian cells, however, the existence of
PREs has only been reported in a few cases [10, 11].
Moreover, the broad distribution of PRC1 and PRC2 along
mammalian genes makes it difficult to pinpoint PREs as
sites of Polycomb complex binding [12].

Proteins, short stem-loop RNAs, and long non-coding
RNAs (IncRNA) are all considered as good candidates to
bridge PRC2 to DNA sites (Fig. 1). In Drosophila, the zinc
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Fig. 1 A model of gene silencing by the Polycomb complex. In
mammals, PRC2 recruiters to DNA have not yet been identified.
Candidates include the protein yin and yang 1 (YY1), and long non-
coding RNAs (IncRNAs). EZH1/2-mediated H3K27 methylation

finger protein Pleiohomeotic (Pho) binds to PRE sites, and
ChIP studies have shown that disruption of PHO leads to
loss of PRC1/2 binding to the PRE site of a Hox gene [13].
However, the mammalian homolog of PHO, yin and yang 1
(YY1), shows limited overlap in DNA occupancy for YY1
and PRC2 in mouse embryonic stem (ES) cells, suggesting
that in mammalian cells YY1 is likely not a general
recruiter of the Polycomb complex [14].

LncRNAs gained a lot of attention in recent years as
possible recruiters of the Polycomb complex to DNA sites.
Xist, a 17-kb IncRNA, directly interacts with PRC2 and
navigates its binding to the X chromosome to initiate X
chromosome inactivation [15]. The IncRNA HOTAIR
interacts with PRC2 and is required for PRC2 occupancy
and repression of the HOXD locus [16]. It is still unclear
whether IncRNAs directly recognize DNA sequences or
serve as a scaffold molecule to mediate interactions
between the Polycomb complex and DNA binding pro-
teins. In the case of Xist, it can indeed serve as a scaffold to
bridge YY1 with the PRC complex [17]. Interestingly,
IncRNAs can also provide binding surfaces between dif-
ferent chromatin regulators. HOTAIR IncRNA can serve as
a scaffold for PRC2 and the LSD1/CoREST/REST tran-
scriptional repressor complex that establishes lysine 4
demethylation of histone H3 [18]. The ability to tether
these two distinct complexes enables their coordinated
recruitment to chromatin, resulting in gene repression [18].

Recent studies in ES cells have shown that short
(50-200 nt) RNAs are commonly transcribed from the
5’end of Polycomb target genes [19, 20]. These short
RNAs are commonly found at genes that are in the poised
state, or marked with both H3K27me3 and H3K4me3, and
are transcribed by RNA pol II. Upon transcription, these
RNAs form stem-loop structures that interact with PRC2
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helps to recruit the PRC1 complex through binding of the Polycomb
chromodomain proteins to Me3K27. Recruitment of PRC1 helps to
condense the chromatin structure by limiting the access of remodeling
factors, leading to transcriptional silencing

through Suz12 in a mechanism similar to that of the Xist
IncRNA, leading to recruitment of the Polycomb complex
and gene repression [21]. One can see how these three
potential Polycomb recruitment methods could interact,
resulting in highly modular Polycomb repression.

It has been shown that the Polycomb complex com-
pacts the chromatin leading to transcriptional inhibition
[9, 22], but the exact transcriptional step that is inhibited
by Polycomb-dependent chromatin compaction is still a
subject of debate. Some reports suggest that the Poly-
comb complex represses the recruitment of transcription
factors [23, 24] or Pol II [25-27] to gene promoters,
whereas another study indicates that repression occurs
early in Pol II elongation [28]. Future work should reveal
whether these differences are rooted in cell type or gene
specificity.

Although Polycomb activity has been mostly studied
with respect to transcriptional control, in some cell types
PRC2 components are found in the cytoplasm [29]. For
example, in T cells, Ezh2-dependent methyltrasferase
activity controls actin polymerization [29]. While it is
unclear how general this phenomenon is, transcription-
independent roles of the Polycomb complex do exist and
should be taken into consideration in forthcoming studies.

Polycomb complex: a critical regulator of tissue
development

The first evidence that the Polycomb complex controls
tissue development came from Drosophila studies with the
identification of the Polycomb mutations extra sex combs
(esc) and Polycomb (Pc) [30]. These mutations cause the
formation of additional sex combs on the second and third
legs of males, instead of only on the first leg [6]. Molecular
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characterization of this phenotype revealed that it was
caused by the loss of Hox gene repression, leading to the
transformation of one body segment into the identity of
another [30]. Later studies showed that the Polycomb
complex represses Hox genes, and in Polycomb-mutant
flies, these genes are expressed outside their normal spatial
territories causing homeotic transformation [31].

Early embryonic lethality of mouse embryos that are
null for components of the Polycomb complex suggested
an important role for this complex in early development
[32-35]. In human and mouse ES cells, Polycomb proteins
are present at a large cohort of developmental regulators
that promote ES differentiation [25]. Consistent with a
causal role in gene silencing, Polycomb-targeted differen-
tiation genes are de-repressed in ES cells lacking the PRC2
component Eed [25]. Importantly, despite -elevated
expression of differentiation genes, Eed-null ES cells
maintain their pluripotency [36].

Intriguingly, further studies of the Polycomb complex in
ES cell control revealed that this complex is also important
for proper orchestration of the differentiation process.
Suzl2-null ES cells are unable to differentiate to neuronal
cells upon retinoid acid treatment due to the inability to
repress Nanog and Oct4, key pluripotency genes [37].
Thus, in ES cells, the Polycomb complex plays a dual role
in the control of differentiation: it represses differentiation
genes in pluripotent ES cells and downregulates stemness
genes in their differentiated progeny. Despite the important
role of the Polycomb complex in the control of cultured ES
cells, it is unclear whether the same mechanisms apply to
in vivo regulation of lineage-committed stem cells. Thus,
analysis of Polycomb functions under in vivo conditions is
necessary to address these questions.

Skin architecture and skin stem cells

Skin is an excellent and well-characterized model system
to uncover key regulators of tissue organogenesis. Skin is
the outermost barrier of mammals that protects the body
against infection and dehydration [38, 39]. During
embryonic development, a single layer of embryonic skin
progenitors called basal cells adheres to an underlying
basement membrane that separates the epidermis from
underlying dermis. These basal cells form the basal layer,
which gives rise to skin lineages: the epidermis, hair fol-
licles, and sebaceous glands (Fig. 2)[40].

In mice, the development of the epidermis initiates at
embryonic day 9 (E9) and completes shortly before birth
[38]. Epidermal differentiation starts at E14 [38]. Once
cells exit the basal layer, they downregulate proliferation-
associated genes and execute a terminal differentiation
program [41]. This process is marked by a step-wise
transcriptional transition, from the early differentiation
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Fig. 2 Schematic of skin lineages. Skin consists of the epidermis and
hair follicles. In the hair follicle (HF), stem cells are thought to reside
in the bulge, a region in the outer root sheath (ORS) just below the
sebaceous gland (SG). During the growth phase of the hair cycle,
stem cells become activated and initiate the downgrowth and
regeneration of the ORS. During maturation, a pool of transit-
amplifying matrix cells forms at the base of the HF, maintaining
contact with the specialized mesenchymal cells, or dermal papilla
(DP) of the follicle. Matrix cells divide rapidly several times and then
commit to terminally differentiate to form the companion layer
(positive for keratin 6), the inner root sheath (IRS; positive for
trichohyalin), the hair shaft (HS, positive for hair keratins) and the
inner core of the hair, called the medulla (positive for K6 and
trichohyalin). Both the SG and the interfollicular epidermis (IFE)
have their own resident population of progenitors. In the SG, these are
positive for the transcriptional repressor Blimpl and reside in the
ORS at the base of the gland. SG progenitors give rise to PPARy+
sebocytes, which then apoptose and release sebum into the hair canal.
Basal epidermal progenitors reside in the innermost layer of the IFE
and are K5/K14 positive. These cells terminally differentiate to first
generate suprabasal spinous cells (K1/K10+) that then produce
overlying granular cells (loricrin, filaggrin4), which finally undergo
apoptosis to produce the flattened squamous cells that are sub-
sequently sloughed from the skin surface

stage spinous layers to the late differentiation stage gran-
ular layers [42]. In the last step, all metabolic activity
ceases as dead squames of the protective stratum corneum
are formed and subsequently sloughed from the skin sur-
face [39]. Throughout adulthood, cells that are located in
the interfollicular epidermis continually fuel production of
these suprabasal layers [43-45].

Hair follicle development initiates at E14.5, when some
of the embryonic skin progenitors receive signals from the
underlying dermis and start migrating downward [38, 40].
The initial downgrowth continues postnatally, giving rise
to a mature follicle that consists of hair follicle stem cells,
their transient-amplifying progeny called the matrix, and
the terminally differentiating cells of the hair shaft [38,
40](Fig. 2). By postnatal day 21 (P21), the hair follicle
stem cells are localized to a specific reservoir called the
bulge, where they are maintained in a growth and
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differentiation-inhibited environment [46](Fig. 2). Multiple
studies have shown that distinct pools of stem/progenitor
cells maintain the epidermis and hair follicles [44, 45, 47],
and even upon wounding, bulge stem cells can only tran-
siently re-epithelialize the epidermis [44, 48-50].

The availability of genetic tools to perform in vivo loss-
and gain-of-function studies, the existence of well-char-
acterized molecular markers of stem cells and their
differentiated progenies, and the ability to purify and to
culture stem cells makes skin a unique model system to
uncover key regulators of stemness and differentiation
[51]. These advantages have recently led to great advances
in understanding the role of the Polycomb complex in skin
control that will be discussed next.

Polycomb repression in control of skin development

Expression of Polycomb components in developing
skin

To uncover whether the Polycomb complex is involved in
skin control, the expression of its components was ana-
lyzed in developing skin. At E14, the epidermis consists of
a layer of proliferative and undifferentiated basal cells, and
a layer of suprabasal cells that have initiated a program of
terminal differentiation [39, 52]. At this stage, components
of PRC2 (Ezh2, Eed) and PRC1 (Bmil, Cbx2, Pcgf2)
complexes are expressed in basal cells and are downregu-
lated in differentiated suprabasal cells [23, 53]. By E18,
epidermal development is completed and the epidermis
consists of multiple layers of differentiating suprabasal
cells. In fully developed epidermis, Ezh2 expression is
strong in basal cells, but weak in the spinous, granular, and
stratum corneum layers [23]. In vitro, when cultured basal
epidermal cells are exposed to elevated calcium levels,
they stop proliferating and undergo terminal differentiation
[54]. Similarly to in vivo, the high levels of Polycomb
proteins that are normally found in basal cells progres-
sively decline upon calcium-induced differentiation [23].
Thus, key subunits of the Polycomb complex are
expressed in epidermal basal cells and downregulated upon
differentiation.

Analysis of genes targeted by Polycomb repression in
basal epidermal cells revealed that the Polycomb-depen-
dent H3K27me3 histone mark was broadly associated with
gene promoters [23]. Among almost 4,000 H3K27me3-
targeted genes are ones that are normally expressed in
muscle, neuronal, and hematopoietic cells, indicating that
the Polycomb complex does not exclusively repress skin
genes. Analyses of epidermal genes showed that basal or
early differentiation spinous layer specific genes were not
targeted by H3K27me3 [23]. On the other hand, a large
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number of late epidermal differentiation genes that are
normally expressed in granular and stratum corneum layers
contained H3K27me3 at their promoters [23]. Interestingly,
many of the genes targeted by this histone mark are also
Polycomb-repressed in ES cells, indicating that, whereas
some Polycomb targets established in pluripotent cells are
maintained in the epidermal lineage, others lose this mark
during tissue development.

EZH2: a key regulator of differentiation in developing
epidermis

Extensive biochemical studies showed that K27-H3 meth-
yltransferase, Ezh2, is essential for Polycomb repression
[7]. Thus, to gain insight into the significance of Polycomb
repression in control of epidermal differentiation, loss-of-
Ezh2 studies were performed. Conditional ablation of Ezh2
in skin (Ezh2cKO) resulted in the complete loss of Ezh2
and H3K27me3 in basal cells by E16 [23].

Interestingly, despite broad association of the H3K27me3
histone mark with gene promoters, transcriptional profiling
revealed that only skin differentiation genes became
upregulated in Ezh2cKO basal cells [23]. These data indi-
cate that additional mechanisms likely maintain non-skin
lineage genes in a repressed state and thus prevent their
expression upon loss of Ezh2.

Comparative analysis of WT and Ezh2cKO basal cells
revealed that the majority of genes upregulated in
Ezh2cKO basal cells were those expressed during the
normal course of terminal differentiation in the epidermis
[23]. The largest differences were among genes encoding
major proteins of the epidermal granular (filaggrin, loricrin,
involucrin), and stratum corneum (Lce family proteins)
layers [39, 55]. Notably, these genes are located within an
epidermal differentiation complex (EDC), which is com-
prised of a large number of genes that are crucial for the
maturation of the epidermis [56]. Analysis of the EDC gene
cluster revealed that it was decorated by H3K27me3 in WT
basal cells and that the majority of EDC genes were
upregulated in Ezh2cKO cells [23]. Consistent with de-
repression of late differentiation genes, the formation of
granular and stratum corneum layers was tempered in
Ezh2cKO embryos [23]. Indeed, in E16 Ezh2cKO
embryos, a functional epidermal barrier was already
formed [23], whereas in WT embryos its development was
completed only by E17.

A recent study has shown that the EDC is subject to
higher-order chromatin remodeling, and this process
appears to be downstream of the p63/Satbl epidermal
differentiation pathway [57]. Interestingly, Polycomb has
been shown to form aggregates that result in multi-looped
chromatin structures, causing repression of gene regions
such as the HOXA cluster in humans and BX-C in
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Fig. 3 The relationship between repressive histone modifiers and
transcriptional activators in skin lineage determination. Multiple
studies have found a general trend showing an inverse relationship
between repressors and activators during progression through termi-
nal differentiation. Repressors are most highly active in the basal
layer of the epidermis, keeping differentiation genes off and thus
maintaining the stem cell state. As cells start to transition to the
differentiated layers, these repressors are downregulated and activa-
tors are upregulated, allowing differentiation genes to be turned on in
the suprabasal layers

Drosophila ([58, 59; reviewed in [60]). While the EDC is
both targeted by Polycomb and subject to chromatin con-
formation alterations, the link between these two
mechanisms is still unclear.

In vivo and in vitro studies have revealed that expression
of epidermal differentiation genes in the absence of Ezh2
was due to the activity of an AP1 transcription factor [23].
Biochemical studies have shown that, in basal progenitors,
the Ezh2-dependent H3K27me3 mark prevented AP1 from
binding to and activating late differentiation genes [23].
During the normal program of terminal differentiation,
Ezh2 expression is downregulated, the H3K27me3 mark is
removed, and AP1 proteins can selectively bind and acti-
vate these genes (Fig. 3). By interfering with the
recruitment of transcriptional activators to differentiation
genes, Polycomb complexes ensure that these genes are
repressed until the appropriate stage in development and
differentiation.

Coordinated regulation of human epidermal
homeostasis by the Polycomb complex, Dnmt]1,
and Jmjd3

Human interfollicular epidermal stem cells do not prolif-
erate continuously, but rather transit between slow cycling
and actively proliferating states during homeostasis [61].
Analysis of PRC1’s Cbx proteins has shown that CBX4

controls proliferation and differentiation of epidermal stem
cells and protects them from senescence [61]. CBX4 pro-
tection from senescence in slow cycling human epidermal
stem cells is achieved through its PRC1-associated Poly-
comb function, while its SUMOylation activity controls
pathways required for terminal differentiation [61]. Thus,
CBX4 plays a critical role controlling transitions between
quiescent and active states.

Analysis of genes targeted by the H3K27me3 mark in in
vitro cultured human keratinocytes has revealed similari-
ties to the mouse system, as many key epidermal
differentiation genes are targeted by this mark [62]. Upon
differentiation, the levels of H3K27me3 at their promoters
are reduced and key epidermal differentiation genes are
transcribed [62].

H3K27me3 loss upon differentiation was mirrored by a
marked reduction in occupancy of PRC2’s SUZ12 at some
promoters of differentiation genes [62]. Interestingly, the
reduction also coincides with a rise in binding of JIMJD3, a
member of the Jumanji C (JmjC) domain-containing pro-
teins that are capable of removing methyl marks from
lysine 27 of histone H3 [63—65]. Biochemical studies have
shown that JMJD3-dependent demethylation of H3K27
leads to activation of gene expression [63].

Functional studies have revealed that, in human skin,
expression of active JMJD3 leads to premature epidermal
differentiation, whereas a mutant form of JMJD3 that lacks
de-methylation activity fails to do so [62]. In concordance
with this data, JMJD3 depletion prevents normal induction
of the epidermal differentiation program with failure to
induce expression of differentiation genes [62]. Consistent
with mouse studies, depletion of PRC2 proteins SUZ12 and
EZH2 also resulted in expression of epidermal differenti-
ation genes in the absence of calcium [23, 62].

Analysis of the function of the DNA methylation
enzyme DNA maintenance methyltranferase (DNMT1) in
human keratinocytes added yet another twist in the dif-
ferentiation control program. DNMT1 is enriched in
undifferentiated human keratinocytes, and genome-wide
profiling of DNA methylation has revealed that a large
number of epidermal differentiation genes are methylated
in cultured human keratinocytes, but are demethylated
upon differentiation (Fig. 3)[66]. Depletion of DNMT1
leads to exit from the progenitor cell state, premature dif-
ferentiation, and eventual loss of the epidermis [66].

Integrating these studies, it is plausible to propose a
model where spatial and temporal expression of PRCs,
Jmjd3, Dnmtl, and AP1 coordinately establish a step-wise
mechanism of a terminal differentiation program within the
epidermis (Fig. 3). In basal cells, PRCs and DNMT]1 target
epidermal differentiation genes and prevent association of
transcriptional activators with their promoters. Upon dif-
ferentiation, expression of PRCs and DNMT1 decreases,
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which coincides with the removal of H3K27me3 and DNA
methylation from gene promoters, allowing DNA binding
of AP1 and transcription of differentiation genes.

Polycomb complex in control of adult skin and aging
Roles of Ezhl and Ezh2 in adult skin control

Despite the essential role of Ezh2 for Polycomb repression,
its expression is low in many adult mammalian tissues
[67-69]. Analysis of the epidermis has revealed that, as in
other organs, Ezh2 expression wanes after birth, and is
barely detectable by P9 [70]. The decrease in Ezh2 level
correlates with postnatal decline in the proliferation of
basal cells. Consistent with that, in hair follicles Ezh2
expression is high in the proliferative cells of the outer root
sheath (ORS) and matrix, but not in the quiescent follicle
stem cells [23].

An important question that follows is how are adult
tissues maintained without Ezh2 expression? Interestingly,
in many tissues, as Ezh2 level declines, expression of
Ezh2-paralogue, Ezhl, rises [67—69]. Ezhl is a part of the
PRC2 complex and is capable of establishing H3K27me3
[68, 71]. Studies in ES cells have shown that Ezhl and
Ezh2 are members of different PRC2 complexes [68, 71],
but target the same genes and work coordinately to repress
gene expression [68, 71]. Similar to other organs, expres-
sion of Ezhl increases postnatally in skin [23, 70], and is
present in basal epidermal cells as well as in bulge stem
cells [23].

To gain insight into the role of the Polycomb complex in
postnatal skin regulation, ablation of both Ezhl and Ezh2
was analyzed. Loss of Ezhl and Ezh2 results in a striking
arrest in development and progressive degeneration of hair
follicles and hair follicle appendages, i.e., sebaceous glands
[70]. Notably, these phenotypes were not observed in singly
targeted skin epithelium, indicating functional redundancy
between Ezhl and Ezh2 in postnatal skin control. Despite
the striking defect in hair follicle formation, the epidermis
of Ezh1/2 2KO skin is intact [70]. Analysis of Ezh1/2 2KO
hair follicles revealed decreased proliferation and increased
apoptosis [70]. In contrast, proliferative activities within the
basal layer of double-knockout epidermis were accelerated
and no apoptosis is detected [70], indicating differential
roles of Ezh1/2 in control of hair follicle and epidermal
lineages.

To start dissecting the molecular pathways by which loss
of Polycomb repression leads to the dramatic phenotype in
the hair follicle lineage, chromatin immunoprecipitation for
H3K27me3 followed by sequencing (ChIP-Seq) was per-
formed on bulge stem cells and their transient amplifying
progeny, the matrix. The comparative analysis has revealed
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that in matrix cells H3K27me3 is acquired by stemness
genes and is lost from regulators of hair follicle differenti-
ation, suggesting that Polycomb activity controls the
transition to differentiation [72]. Although the analysis of
Ezh1/2-null skin revealed that bulge stem cell markers
were derepressed in the matrix and matrix regulators were
derepressed in bulge cells, expression of these genes was
significantly lower than levels seen in normal bulge and
matrix, and thus their expressions were unlikely to be
responsible for the dramatic phenotype observed in Ezh1/2-
null skin [70, 72]. These findings indicate that loss of
H3K27me3 is not sufficient to change the fate of bulge stem
cell or matrix cells and underscore the importance of
additional epigenetic modifiers in maintenance of the hair
follicle lineage program.

Further analysis of ChIP-seq and microarray data has
revealed dramatic upregulation of Polycomb-regulated
Ink4a/Arf and Ink4b genes in Ezhl/2-null cells of both hair
follicle and epidermal lineages (Fig. 4). Ink4a and Ink4b
genes encode the p16 and pl5 inhibitors of the G1/S phase
of the cell cycle, and Arf encodes the p19 inhibitor of the
p53 suppressor MDM2 [73]. Despite the expression of
these genes, Ezhl/2-null epidermal basal cells were pro-
liferative, suggesting that intrinsic mechanisms likely overt
the function of this locus [70]. On the other hand, the
dramatic defect of the Ezh1/2 2KO hair follicle lineage was
indeed rooted in ectopic activation of the Ink4a/Arf/Ink4b
locus [70]. In vitro, Ezh1/2-null hair follicle progenitors
also failed to proliferate and survive, features that were
largely overcome by repressing the Ink4a/Arf/Ink4b locus
[70]. These results emphasize the importance of Polycomb-
mediated repression of the Ink4a/Arf/Ink4b locus for self-
renewal and survival of hair follicle progenitor cells.

p16/Ink4A »—\

Stem cell

Proliferation/
Self-Renewal

L
p15/Ink4B

Fig. 4 Network model of epidermal stem cell control. The proteins
pl6/Ink4A, pl5/Ink4B, pl9/Arf and p21/Wafl are known to be
involved in repressing proliferation and self-renewal of epidermal
stem cells. However, these genes act through different pathways and
are regulated through multiple mechanisms. PRC is responsible for
repressing the Ink4a/Arf locus, though HDAC1/2 and PRC are thought
to either interact to repress p16/Ink4A or do so in a redundant fashion.
The p63 transcription factor is also thought to act on pl16/Ink4A and
another HDACI1/2 target, p21/Wafl, indicating overlap between these
two pathways
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HDACS and the Polycomb complex in control
of the hair follicle lineage

Histone deacetylases (HDACs) remove acetylation marks
from histones, resulting in compaction of chromatin
structure and transcriptional repression. The HDAC family
members HDAC1 and HDAC?2 have been shown to interact
with PRC2 components and to work coordinately to
facilitate gene repression [74]. Despite physical interaction
between HDACSs and PRCs, mice with conditional ablation
of Hdacl and Hdac?2 in skin showed a more severe phe-
notype than Ezhl/2-null mice. Analysis of Hdacl/2-null
skin has revealed that the epidermis failed to stratify and no
hair follicles developed [75]. Interestingly, these defects
were reminiscent of many of the phenotypes described in
embryos lacking the transcription factor p63, [76, 77]
and p63-repressed targets do indeed get upregulated in
Hdacl/2-deficient epidermis. The most notable of these
targets were pl6/Ink4a and p21, which control proliferation,
consistent with the proliferation defect in Hdacl/2-null skin.
Thus, despite shared regulation of the p16/Ink4a gene by
HDACSs and PRCs, strong differences between HDAC-null
and Ezhl/2-null phenotypes suggest that in skin these
complexes likely control different genes (Fig. 4). Alterna-
tively, HDAC repression might persist even upon loss of
Ezh1/2. Future work should focus on clarifying these
interactions and reconciling these possibilities.

The Polycomb complex in control of skin aging
and wound repair

Genes of the Ink4a/Arf locus are often upregulated upon
aging [78]. Interestingly, expression of PRC1 subunit Bmil
decreases in old skin cells compared to young ones, sug-
gesting a possible decrease in Polycomb activity with aging
[79, 80]. Consistent with the role of the Polycomb complex
in repression of the Ink4a/Arf locus [70], pl6/Ink4a is
upregulated in old skin [79].

The ability to repair wounds is one of the critical
characteristics of skin. Wound healing is a dramatic and
complex tissue rebuilding process that requires immediate
changes in expression of genes controlling epidermal pro-
liferation, migration, and differentiation. It has been shown
that PRC2 subunits EED, EZH2, and SUZ12 are down-
regulated during mouse skin repair, whereas H3K27-
demethylases JMJD3 and UTX are upregulated [81].
Consistent with that, H3K27me3 is dramatically reduced at
the site of wounded epidermis, and EED occupancy is
reduced at the wound-induced genes Myc and Egfr, sug-
gesting that loss of polycomb-mediated silencing might
contribute to the induction of repair genes [81]. Since
differentiation and Ink4a/b-Arf genes remain repressed in
basal cells located close to wounds, other repressive

mechanisms likely contribute to their repression during the
wound repair process.

Polycomb complex in skin diseases and cancer
Polycomb complex in psoriasis

Psoriasis is a skin disorder that is characterized by prom-
inent epidermal hyperplasia and a distinct inflammatory
infiltrate [82]. Although psoriasis has for a long time only
been considered an autoimmune disease, conditional
ablation of components of the AP1 family members JunB
and c-Jun in skin results in a phenotype that resembles
psoriasis [83, 84]. Thus, crosstalk between immunocytes
and keratinocytes, which results in the production of
cytokines, chemokines, and growth factors, mediates the
disease [82].

Recently, genetic linkage studies implicated mutations
within the EDC cluster with two common inflammatory
skin disorders, impaired barrier atopic dermatitis and pso-
riasis [85, 86]. The spatial and temporal expression of
several genes in the EDC during epidermal differentiation,
as well as in skin diseases, suggests a common genomic
mechanism to coordinate their expression. Interestingly,
genome-wide association studies identified association of
psoriasis to a 30-kb deletion spanning the LCE3C and
LCE3B genes (LCE3C_LCE3B-del) [87], where an
enhancer element has been recently identified [56]. Since
in vivo studies have shown that the Polycomb complex
represses EDC [23], it is plausible to hypothesize that
LCE3C_LCE3B-del mutation alters the recruitment and/or
maintenance of the Polycomb complex to DNA leading to
changes in expression of epidermal barrier genes located
within this cluster.

Additionally, expression of Polycomb proteins Bmil and
Ezh2 has been shown to be elevated in skin of psoriatic
patients [88]. Future work should reveal PRC-target genes in
psoriatic cells and their contribution to disease manifestation.

Polycomb complex in skin cancers

The level of EZH2 is elevated in many solid tumors
including prostate, breast, lung, and skin [89-91]. Loss of
microRNAs (miRNA) miR-101, or miR-26a has been shown
to lead to elevated levels of EZH2 and increased PRC2
activity in tumors [92-94]. In skin, however, both these
miRNAs are expressed at low levels [95], leading to the idea
that other miRNAs might control Ezh?2 levels in skin.
PRC1 components BMI1 and RING2 have also been
shown to be elevated in tumors of different organs
including skin [96]. Recently, several miRNAs have been
implicated in control of BMI1, RING2, and RING1 [97].
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Interestingly, expression of these miRNAs is under the
control of the Polycomb complex, suggesting an autoreg-
ulatory loop in control of PRC protein levels [97].

To address cause-and-effect relationships between Ezh2
function and oncogenesis, the consequences of Ezh2 over-
expression have been examined. In breast epithelial cells,
Ezh2 overexpression causes anchorage-independent growth
and increased cell invasiveness in vitro [98]. Moreover,
Ezh2 over-expressing cells are tumorigenic when injected
into the mammary fat pads of nude mice [99]. Similarly,
overexpression of Ezh2 transforms non-invasive prostate
cells into metastatic cells and is also essential for glioblas-
toma cancer stem cell maintenance [100, 101]. Analysis of
immortalized/transformed skin cancer cell lines has revealed
increased EZH2 and SUZI12 levels and H3K27me3 forma-
tion [102]. Moreover, downregulation of Ezh2 reduces
proliferation and survival of SCC-13 skin cancer cells
[102]. Together, these data indicate that the presence of
H3K27me3 histone mark at genes has to be precisely con-
trolled to prevent inappropriate activation or repression of
genes, which can lead to tumorigenesis.

The mechanisms through which the Polycomb complex
controls skin tumorigenesis are still largely unknown.
Developmental studies have shown that this complex
controls both proliferation and differentiation. Thus, it is
plausible to hypothesize that misregulation of expression of
PRC components transits cells to a state that is more
undifferentiated and self-renewing, leading to tumor for-
mation. Alternatively, elevated levels of Polycomb proteins
could lead to promiscuous binding of PRCs to tumor
suppressor genes that are not normally repressed by the
Polycomb complex. For example, overexpression of Bmil
has been shown to promote keratinocyte survival through
increased levels of cyclin D1 and selected cyclin-depen-
dent kinases [103]. BMI1 also protects keratinocytes from
stress agent-mediated cell death by reducing caspase
activity and poly(ADP-ribose) polymerase (PARP) cleav-
age [103]. In the future, comparative analysis of in vivo
purified skin cancer cells and normal cells should uncover
PRC targets that are critical for skin cancers.

Since Polycomb proteins are upregulated in many
tumors, agents that reduce PRC protein levels are consid-
ered as potential cancer prevention agents. Sulforaphane is
a biologically important isothiocyanate found in crucifer-
ous vegetables that is a potential chemoprevention
candidate [104]. Recently, treatment of skin cancer cell
lines with sulforaphane showed reduction in expression of
Ezh2 and Bmil and reduction in H3K27me3 leading to
G2/M cell cycle arrest and increased apoptosis [104].
Similar results were observed with (-)-epigallocatechin-3-
gallate (EGCG), an agent found in green tea [102]. It will
be critical to try these agents in skin cancer models as
possible anti-cancer agents.
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Perspectives

Progress over the past few years has clearly determined an
important role of the Polycomb complex in skin control.
This knowledge now provides a foundation to tackle the
next set of key questions. Here, we highlight some of them.

Molecular mechanisms of PRC recruitment and release
from epidermal differentiation genes need to be uncovered.
Studies in ES cells have recently implicated Jarid2 in PRCs
recruitment [105-107]. However, conditional skin KO
mice of Jarid2 and Ezh2 share little similarities, indicating
that other proteins are likely involved in PRC recruitment
in skin [108]. Analysis of the Polycomb-regulated EDC
cluster might help to address this question due to coordi-
nate expression of its genes during differentiation. The
location and expression of IncRNAs within the EDC gene
cluster, as well as their involvement in Polycomb recruit-
ment, might help to pinpoint epidermal PRC recruiters.

How Polycomb-mediated gene-repression silences epi-
dermal genes should be further studied. In basal cells,
Polycomb repression prevents the recruitment of transcrip-
tional activators to promoters of epidermal differentiation
genes. It will be important to uncover how general this
phenomenon is by analyzing Polycomb-repressed genes in
hair follicle cells.

Coordinate regulation of skin genes by chromatin reg-
ulators should also be investigated. Recent findings
indicate that Dnmtl, Polycomb, and HDACs all target
similar genes. The roles of other chromatin regulators and
non-coding RNAs in control of skin homeostasis should be
evaluated. Additionally, the order of recruitment of these
regulators should help to determine the exact mechanism of
action of epigenetic regulators in control of skin cell fate.

How elevated PRC levels contribute to skin diseases and
tumorigenesis remains unknown. It will be important to
uncover PRC-target genes and understand their roles in the
progression of cells from normal to disease state. There is
also a need to continue exploring small molecule inhibitors
of PRC1 and PRC2 as possible drugs for cancer and skin
disease therapies.

Finally, the epidermal barrier does not form until shortly
before birth. Prematurely born infants lack this shield, and
are therefore at a high risk for infection and dehydration
[109]. Therefore, accelerating barrier acquisition becomes
a critical necessity for their survival. Since loss of Ezh2
accelerates epidermal barrier formation in the embryo but
does not impair postnatal development [23], it offers a
hitherto unanticipated target for the development of ther-
apies that might be useful for improving infant survival
rates. Testing PRC inhibitors as possible agents to accel-
erate epidermal barrier formation might provide novel
therapies to increase the survival of preterm babies. Further
mechanistic insight will clearly be needed to fuel both
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basic and clinically relevant advances in understanding
Polycomb gene silencing in skin control.
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