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Abstract Cells respond to extra- and intra-cellular signals by
dynamically changing their gene expression patterns. After
termination of the original signal, new expression patterns are
maintained by epigenetic DNA and histone modifications. This
represents a powerful mechanism that enables long-term phe-
notypic adaptation to transient signals. Adaptation of epigenetic
landscapes is important for mediating cellular differentiation
during development and allows adjustment to altered environ-
mental conditions throughout life. Work over the last decade
has begun to elucidate the way that extra- and intra-cellular
signals lead to changes in gene expression patterns by directly
modulating the function of chromatin-associated proteins. Here,
we review key signaling-to-chromatin pathways that are spe-
cifically thought to target Polycomb and Trithorax group com-
plexes, a classic example of epigenetically acting gene silencers
and activators important in development, stem cell differentia-
tion and cancer. We discuss the influence that signals triggered
by kinase cascades, metabolic fluctuations and cell-cycle dy-
namics have on the function of these protein complexes. Fur-
ther investigation into these pathways will be important for
understanding the mechanisms that maintain epigenetic stabil-
ity and those that promote epigenetic plasticity.
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Introduction

Cells are constantly exposed to changing environmental sig-
nals and respond by the initiation of cellular signaling
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cascades. These cascades often terminate in the nucleus and
induce or repress gene activity. Changes to gene activity can
be transient but are also often transformed into more perma-
nent changes by epigenetic mechanisms that maintain gene
expression signatures in the absence of the original signal.

Epigenetic changes are mediated by post-translation modi-
fications of either DNA or histone residues. The most studied
DNA modifications are 5-methyl cytosine and its derivatives,
5-hydroxymethylcytosine, 5-formylcytosine and 5-
carboxylcytosine (e.g., Kohli and Zhang 2013). The extent to
which DNA methylation occurs is species-specific, although 5-
methyl cytosine modifications have been detected in many
bacteria, plant, insect and mammalian cells. Some of the possi-
ble histone modifications include acetylation, methylation,
phosphorylation, sumoylation, ubiquitylation, ribosylation
and glycosylation of histones H1, H2A, H2B, H3, H4 and
their respective variants. These modifications can alter the
ability of DNA to associate tightly with the histone octamer,
thereby altering the accessibility of DNA to regulatory factors,
or can serve as a molecular platform for the recruitment of other
protein complexes that further modify the chromatin state.

Central to the historic notion of epigenetics, as introduced
by Conrad Waddington, is the concept that gene expression
patterns are stable. According to this idea, epigenetic modifi-
cations are stably inherited through cell divisions and serve as
a cellular memory of past decisions. Within this framework,
DNA and histone modifications maintain activated or silenced
states of target genes and are crucial to the maintenance of cell
differentiation and lineage restrictions throughout embryonic
and adult life.

Work over the past decade, however, has highlighted the
plasticity associated with chromatin modifications and epige-
netically controlled switches at target genes. Cellular signal
transduction in response to environmental changes, metabolic
processes, cell-cycle dynamics, or disease conditions appear to
alter cellular phenotypes by regulating DNA and histone
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modifications. The associated epigenetic changes represent a
powerful mechanism for translating transient environmental
signals into enduring modifications to cellular phenotype and
function.

Many of these signal-mediated changes arise through the
activation of classic DNA-sequence-specific transcription fac-
tors that act as signaling effectors and integrators. They can
recruit, cooperate with, or compete with epigenetically acting
protein complexes for the initiation of changes in the activation
states of target genes (see Beisel and Paro 2011). Various
studies, however, point to more direct effects that signaling
transduction cascades, energy metabolism and the cell cycle
can have on the function of epigenetically acting proteins and
protein complexes. Post-translational modifications of
chromatin-associated proteins by signaling cascades and the
dependency of chromatin-modifying enzymes on metabolically
derived co-factors are among the most exciting examples of
recent studies that directly link cellular processes to the epige-
netic state. Although the way by which these mechanisms
communicate the cellular state to chromatin is currently poorly
understood, these signaling-to-chromatin pathways are likely to
contribute to epigenetic processes during cell differentiation,
nuclear reprogramming, tissue regeneration and disease. Our
current understanding, or lack thereof, about the extent to which
signaling-induced changes to chromatin are inherited by daugh-
ter cells makes the use of the term “epigenetic” in its original
sense sometimes problematic. However, to reflect the fact that
signaling-induced chromatin modifications are potentially her-
itable, we will often use the term “epigenetic” interchangeably
with “chromatin-modifying process”.

In this review, we will highlight several recent studies that
(1) investigate functional changes in response to post-
translational modifications of epigenetically acting proteins,
(2) associate metabolic processes with altered enzymatic activ-
ity of histone-modifying enzymes and (3) point to cell-cycle
dynamics as an important modulator of epigenetic landscapes.
We will focus on studies that describe changes to gene-
regulatory mechanisms rather than those affecting higher-
order genome structure. We will pay particular attention to
signal-induced functional changes in members of the
Drosophila Polycomb group (PcG) and Trithorax group
(TrxG) family, a classic example of epigenetically acting silenc-
er and activator complexes that target genes important for
development, stem cell differentiation and cancer. We will
specifically highlight observations suggesting that cellular
stress initiates signaling pathways directly regulating PcG and
TrxG function, as they have important implications for our
understanding of epigenetic adaptation to processes such as
wounding healing, disease states, or aging. Principles derived
from the studies discussed below probably apply to other
chromtin-modifying pathways. Additionally, we will refer the
reader not only to the relevant original studies but also to some
excellent and extensive reviews published on these subjects.
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Function of PcG and TrxG proteins

PcG and TrxG proteins are highly conserved throughout evolu-
tion (Sawarkar and Paro 2010) and function as antagonistically
acting protein complexes that regulate the expression of diverse
sets of genes (see Schuettengruber et al. 2009; Schwartz et al.
2010; Tolhuis et al. 2006). The first target genes to be identified
were those encoding homeotic transcription factors that belong
to the Hox gene family and that are necessary for determining
cellular identity along the anterior-posterior body axis of inver-
tebrates and vertebrates (Zink and Paro 1989). More recent
work in Drosophila has highlighted the role of PcG and TrxG
in regulating target genes involved in cell-cycle control (Iovino
et al. 2013; Jacobs et al. 1999; Oktaba et al. 2008) and tissue
growth (Classen et al. 2009; Martinez et al. 2009). Similarly, in
mammalian cells, PcG/TrxG proteins function as important
tumor suppressors and oncogenes by regulating genes control-
ling cell proliferation (reviewed in Mills 2010).

PcG and TrxG proteins associate to form several multi-
protein complexes that primarily implement (“‘write””) and rec-
ognize (“read”) histone methylation, ubiquitylation and acety-
lation marks (Fig. 1). At least five PcG complexes both “write”
and “read” inactivating histone marks: Polycomb repressive
complex 1 (PRCI; Franke et al. 1992), Polycomb repressive
complex 2 (PRC2; Ng et al. 2000), dRing-associated factor
complex (dRAF; Lagarou et al. 2008), Polycomb repressive
deubiquitinase complex (PR-DUB; Scheuermann et al. 2010)
and Pho-repressive complex (Pho-RC; Klymenko et al. 2006;
for reviews, see Lanzuolo and Orlando 2012; Simon and
Kingston 2013). Most prominently, the conserved SET-
domain protein Enhancer of Zeste (E(z)) of PRC2 catalyzes
or “writes”’the trimethylation of the histone 3 lysine 27 residue
(H3K27me3). The chromo-domain protein Polycomb (Pc) of
PRCI1 “reads” and binds H3K27me3, which is thought to
implement gene silencing by compacting chromatin (Francis
et al. 2004), by interfering with transcription initiation (Breiling
et al. 2001) and by the recruitment of additional histone-
modifying complexes (Lagarou et al. 2008; Wang et al. 2004;
for a review, see Sparmann and van Lohuizen 2006). In mam-
malian cells, the E(z) homolog EZH2 recruits DNA methyl-
transferases, integrating a multiple gene-silencing mechanism
at target genes (Vire et al. 2000).

Conversely, Drosophila TrxG and mammalian myeloid/
lymphoid or mixed-lineage leukemia (MLL)-protein-contain-
ing complexes work antagonistically to PcGs as activators of
the same target genes. They do so by either catalyzing the
implementation of activating epigenetic marks, such as the
trimethylation of histone 3 lysine 4 (H3K4me3) by the SET-
domain-containing Trx protein, the dimethylation of histone 3
lysine 36 (H3K36me2) by the SET-domain-containing Ashl
protein (Dorighi and Tamkun 2013), or by working as ATP-
dependent chromosome remodelers (for reviews, see
Ruthenburg et al. 2007; Schuettengruber et al. 2011).
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Fig. 1 Drosophila Polycomb and Trithorax group complexes: molecular p
composition and function. In Drosophila, Polycomb repressive complex
1 (PRCI), Polycomb repressive complex 2 (PRC2) and the dRing-
associated factor complex (dRAF) maintain silenced states by H3K27
methylation, H2AK 118 ubiquitinylation and H3K36 demethylation (ME
methyl group). Erasers, such as Lsd1, Lid and Rpd3, facilitate conversion
from active to silenced states by H3K4 demethylation and H3K27
deacetylation (AC acetyl group). PcG-mediated silenced states are
counteracted by the H3K4 methylation activities of the Trithorax-
complex belonging to the COMPASS (Complex of Proteins Associated
with Set 1) family. The dSetl-complex acts as general H3K4
methyltransferase important for gene activation. Utx of the Trr-complex
catalyzes H3K27 demethylation, whereas association between CBP and
Ashl catalyzes H3K27 acetylation and H3K36 methylation. All three
activities molecularly counteract the enzymatic activities of the PcG-
associated PRC2 and dRAF complexes on H3K27 and H3K36, thereby
promoting conversion from silenced to active states. Phosphorylation of
H3S28 residues interferes with Polycomb function at H3K27 residues. A
gradient of transcriptional activation is symbolized by increasingly open
chromatin configurations from left to right, as facilitated by ATP-
dependent SWI-SNF remodelers (black arrows targeting of histone
residues by epigenetically acting proteins, red arrows removal of
specific modifications from histone tails)
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H3K4me3 has been recognized as a general mark of ac-
tively transcribed genes. Three major H3K4 methylation com-
plexes have been purified from Drosophila (for a review, see
Shilatifard 2012). One of the Drosophila complexes contains
the SET protein Trx protein at its catalytic core, whereas the
SET-domain proteins Trithorax-related (Trr) and dSetl are at
the center of the other two. The complex containing Trx is
thought to mediate H3K4 trimethylation at PcG target genes,
whereas the Trr complex catalyzes H3K4 monomethylation at
enhancer regions (Herz et al. 2012) and the dSetl complex
acts as a general H3K4 trimethyltransferase at actively tran-
scribed genes (Ardehali et al. 2011; Hallson et al. 2012).

Several PcG and TrxG proteins function as “eraser” pro-
teins that prime histones for the implementation of new marks.
Many of these “eraser” proteins are also found to be in
complex with histone code “writers”, facilitating immediate
transition from active to inactive chromatin states or converse-
ly from inactive to active chromatin states (see Lagarou et al.
2008; Rudolph et al. 2007).

PcG and TrxG erasers work primarily as demetylases,
deubiquitinases, or deacetylases. For example, demethylation
of the TrxG-mediated H3K4me3/H3K4me2 mark at active
promoters is accomplished by the Drosophila KDM5a homo-
log little imaginal discs (lid; Eissenberg et al. 2007; Lee et al.
2007; Secombe et al. 2007), whereas dLsd1, the homolog of
human KDMla, catalyzes the removal of H3K4me2/
H3K4mel histone marks (Rudolph et al. 2007). Furthermore,
the Drosophila demethylase dKdm?2 associates with the PcG-
dRAF complex to promote demethylation of Ashl-mediated
H3K36me2 marks, allowing the dRAF complex immediately
to implement the inactivation of H2A ubiquitylation.
H3K36me2 demethylation in over-actively transcribed gene
regions is necessary for efficient H2A ubiquitylation and for
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the silencing of PcG-target gene transcription (Lagarou et al.
2008). The Drosophila Trithorax-group protein Utx (mouse
KDM6a homolog) is a histone demethylase that catalyzes the
removal of the PcG-mediated H3K27me3 repressive mark
and is found to co-localize with elongating RNA polymerase
II (Smith et al. 2008). Removal of H3K27me3 may allow the
Trx-associated protein dCBP/p300 to acetylate H3K27,
preventing the reversion of these sites to H3K27me3 states,
thus antagonizing gene silencing (Pasini et al. 2010; Schwartz
et al. 2010; Tie et al. 2009, 2012). Rpd3, or dHDACI, is a
histone deacetylase capable of removing H3K27ac marks
facilitating reversal to a silenced state (Reynolds et al. 2012).

Another epigenetic modification, called O-linked N-
acetylglucosamine (O-GIcNAc), has recently been associated
with PcG and TrxG function. O-GIlcNAc addition to proteins
is catalyzed by O-linked N-acetylglucosamine transferase
(OGT) and is erased by O-GIlcNAc glycoside hydrolase
(OGA). Strikingly, the Drosophila OGT gene, called super
sex combs (sxc), was first identified as a homeotic gene that
genetically interacts with members of the PcG family (Cheng
et al. 1994; Ingham 1984). These observations suggest that

DNA and Histone Methyltransferases

Histone Demethylases

O GlcNAcylation and, possibly, the dynamic reversal medi-
ated by OGT/OGA contribute to PcG-mediated gene
silencing.

The molecular mechanisms described above highlight the
potential that PcG/TrxG complexes possess for dynamically
converting chromatin between active and inactive states. Al-
though we are starting to understand the molecular mecha-
nisms underlying such dynamic conversion processes, the
reason and the way that these processes are initiated by
cellular signals are much less clear. Increasing studies indicate
that cellular signaling cascades can directly act on PcG/TrxG
complexes to modify their function (Fig. 2).

Regulation of PcG and TrxG function by kinase signaling
cascades

Modulation of epigenetic mechanisms by signaling through
kinase networks has recently received much attention. Several
studies suggest that kinases can function as direct chromatin-
interacting proteins (for excellent reviews, see Chow and
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Fig. 2 PcG/TrxG activity might depend on various metabolic signals.
Left Cellular production of the methyl donor S-adenosylmethionine
(SAM) for DNA and histone methyltransferase reactions depend on co-
factor availability for the 1-carbon-metabolism pathway. The byproduct
of SAM methyl-group donation is S-adenosyl homocysteine (S4H), a
potent inhibitor of methyltransferases. Middle Cellular production of
flavin adenine dinucleotide (F4D) and «-ketoglutarate, co-factors for
histone (and DNA) demethylases, is dependent on the tricarboxylic acid
(TCA) cycle and electron-transport-chain kinetics. Furthermore, TCA

@ Springer

cycle intermediates can inhibit the production of «-ketoglutarate. Since
a-ketoglutarate-dependent demethylases also require oxygen to function,
oxygen levels and hypoxia might affect their catalytic activity. Right The
hexosamine biosynthesis pathway utilizes glucose to generate the O-
GlcNAc donor uridine diphospho-N-acetylglucosamine (UDP-O-
GlcNAc). O-GleNAcylation of PcG and histone proteins is mediated by
the enzyme O-GlcNAc transferase (OGT). O-GlcNAcase (OGA) cata-
lyzes the removal of O-GlcNAc from proteins. OGT and OGA catalytic
cycles make O-GlcNAc modifications dynamic and reversible
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Davis 2006; Klein et al. 2013; Vermeulen et al. 2009; Yang
et al. 2013). For example, genome-wide mapping of
extracellular-signal-regulated kinase 2 (ERK?2) binding in hu-
man embryonic stem cells (hESC) reveals that ERK2 binds
near genes important for proliferation and pluripotency. Curi-
ously, a negative correlation between ERK2-occupied genes
and PcG-binding has been observed, suggesting that
extracellular-signaling-stimulated cell proliferation and PcG-
mediated repression of cellular differentiation work together
to maintain the identity of hESCs (Goke et al. 2013). Several
recent studies expand on this notion of chromatin-associated
kinases and suggest that changes in PcG and TrxG function
arise either through the direct phosphorylation of PcG/TrxG
proteins or through the phosphorylation of histone tails in
response to various cellular signals. The way that these pro-
cesses contribute to epigenetic plasticity is an emerging area
of study, adding yet another level of complexity to an already
intricate chromatin network.

Direct phosphorylation of PcG and TrxG proteins

Phosphorylation is utilized by signaling cascades to transmit
cellular messages in response to a number of diverse stimuli.
Kinases mediate the covalent addition of phosphate groups to
specific serine, threonine and tyrosine residues, whereas
phosphatases counteract the activity of kinases by specifically
removing phosphate groups from proteins. This reversible
cycle makes phosphorylation a versatile, yet also a dynamic,
post-translational modification.

Several studies suggest that direct phosphorylation of PcG
and TrxG proteins regulates protein function in a context-
specific manner (for reviews, see Muller and Verrijzer 2009;
Niessen et al. 2009) and mediates acute and long-term epige-
netic modifications that are intimately coupled to cellular
states. One of the first indications that phosphorylation regu-
lates PcG/TrxG protein functions in Drosophila was the ob-
servation that PRC2 complex formation can be inhibited by
the phosphorylation of Extra sex combs (Esc), a binding
partner or E(z) (Ng et al. 2000; Tie et al. 2005).

More recently, cell-cycle-regulated phosphorylation of
PRC2 complex member EZH2 by Cyclin-dependent kinase
1 (CDK1) and Cyclin-dependent kinase 2 (CDK2) in mam-
mals has been shown to cause global reduction in H3K27me3
levels, increased EZH2 degradation and interference with
EZH2-binding to the non-coding RNAs HOTAIR and Xist
(Chen etal. 2010; Kaneko et al. 2010; Wei etal. 2011; Wu and
Zhang 2011). EZH2 can also be phosphorylated by Akt, a
downstream kinase in the cell growth and nutrient-responsive
phosphoinositide 3-kinase (PI3K) signaling pathway,
resulting in reduced histone methyltransferase activity of
EZH2 and decreased cellular H3K27me3 levels (Cha et al.
2005). CDK1/2 and Akt-mediated phosphorylation of EZH2
results in increased expression of normally silenced PcG

target genes. These studies link dynamic physiological pro-
cesses, such as cell cycle and nutrient sensing, to dynamic
EZH2 function (for a review, see Caretti et al. 2011).

Similar to EZH2, the mammalian Posterior sex combs
(Psc) homolog Bmi-1 was found to be phosphorylated by
Aktl. However, in contrast to EZH2, phosphorylation of
Bmi-1 enhances ubiquitylation activity of a Bmi-1/RinglB
complex toward H2A, resulting in tumor suppressor gene
silencing (Nacerddine et al. 2012). Phosphorylation of another
mammalian Psc homolog, Mel-18, similarly increases the
ubiquitylation activity of a RinglB/Mel-18 complex toward
H2A-K119, which is important for PcG target gene repression
(Cao et al. 2005; Elderkin et al. 2007; Endoh et al. 2012).

In contrast to Akt-mediated signaling, mitogen-activated
protein kinase (MAPK) signaling has been shown to target the
phosphorylation of CBX7, a homolog of the Drosophila
Polycomb protein and to increase CBX7-repressive activity
at target genes (Wu et al. 2013). Although some of the up-
stream kinases are less-well characterized, the phosphoryla-
tion of the chromo-domain of mouse CBX2, another CBX
family member also known as M33, alters its H3K27me3-
binding specificity. Phosphorylated CBX2 exhibits increased
binding preference toward H3K27me3- over H3K9me3-
modified histone tails (Hatano et al. 2010). CBX2 has previ-
ously been demonstrated also to be phosphorylated in liver
cells undergoing regenerative growth after partial hepatecto-
my (Noguchi et al. 2002), implying that phosphorylation in
the context of tissue stress or damage modulates CBX2
function.

Tissue damage induces the activation of a number of stress-
responsive signaling cascades, including the three main
branches of the MAPK pathways: ERK, p38 and c-Jun
NH2-terminal kinase (JNK). In flies, activation of JNK is
critically required for stress responses, wound healing and
tissue regeneration (Bosch et al. 2005; Ramet et al. 2002) and
has been revealed to downregulate PcG function (Klebes et al.
2005; Lee et al. 2005; Owusu-Ansah and Banerjee 2009).
Downregulation of PcG function has also been observed in a
mouse wounding model (Shaw and Martin 2009). Transcrip-
tional downregulation of PcG members appears to explain
part of the observed functional changes in flies and mouse
(Lee et al. 2005; Shaw and Martin 2009). One is tempted to
speculate, however, that the direct phosphorylation of epige-
netically acting proteins downstream of JNK contributes to the
ability of cells to mount an efficient stress response. The
phosphorylation both of PcG/TrxG protein complexes and of
histones might contribute to dynamic epigenetic switches at
genes necessary for tissue repair and regenerative proliferation
in response to damage or cellular stress.

Incidentally, cellular stress induced by reactive oxygen
species (ROS) treatment or serum starvation leads to the
MAPK-mediated phosphorylation of Bmi-1 and results in
the expulsion of Bmi-1 from chromatin (Nakamura et al.
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2012; Prickaerts et al. 2012; Voncken et al. 2005). Another
study suggests that the interplay between Akt-dependent and
p38 stress-dependent phosphorylation regulates the stability
of Bmi-1 (Kim et al. 2011). RNF2, the mammalian homolog
of the Drosophila PRC1 protein dRING, is phosphorylated
via signaling through the ERK and p38 pathways. This inter-
feres with its function, as unphosphorylated RNF2 more effi-
ciently silences the tumor suppressor gene p15INK4b (Rao
etal. 2009). Furthermore, interaction between MK2 (mitogen-
activated protein kinase-activated protein kinase 2) and the
human Polyhomeotic homolog, hPH2, has been found to be
essential for hematopoietic stem cell maintenance
(Schwermann et al. 2009) suggesting that the MK2-
mediated phosphorylation of the PRC1 component hPH2 is
required for PcG-silencing of differentiation genes.

MAPK-mediated phosphorylation also plays a role in
targeting TrxG complexes to chromatin during differentiation.
The H3K4me3-methyltransferase-containing Ash2L-complex
and the chromatin-remodeling the SWI-SNF complex are
recruited to muscle-specific gene loci by the activation of the
p38 MAPK pathway during myoblast differentiation
(Rampalli et al. 2007; Simone et al. 2004). Phosphorylation
of the SWI-SNF complex member BAF60c by p38«x facili-
tates the formation of a larger complex between muscle deter-
mination factor MyoD and the SWI-SNF complex, causing
chromatin remodeling and the activation of a number of
MyoD target genes (Forcales et al. 2012). In contrast, p38a
also facilitates the phosphorylation of EZH2 in satellite stem
cells during muscle regeneration, thereby preventing prolifer-
ation and the expression of the Pax7 target gene (Palacios
et al. 2010).

The biological significance of individual phosphorylation
events in response to cellular signaling is highly context-
specific and causes activation, inactivation, or changes in
protein function. However, the direct phosphorylation of
chromatin-bound proteins is not the only mechanism that
has evolved to regulate chromatin structure and gene expres-
sion in response to extra- and intra-cellular signals.

Phosphorylation of H3S10 and H3S28 histone residues

In a landmark paper, the genome-wide profiles of JNK
revealed that this kinase directly binds to a large set of active
promoters and is required for the differentiation of mouse
neuronal stem cells; JNK binding at promoters negatively
correlates with the presence of H3K27me3 and positively
correlates with the activation of target gene expression
(Tiwari et al. 2012). The functional significance and potential
mechanistic link of this binding are not clear and remain to be
elucidated. The authors identified serine 10 on histone 3 as the
main phosphorylation substrate of JNK, which is enriched at
active JNK-bound promoters during neuronal stem cell
differentiation.
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Many other kinases have been described to phosphorylate
H3S10. In mammals, Aurora B, AKT, MSK1/2, PIM1, IKK,
RSK2 and, as described above, JNK have all been shown to
phosphorylate H3S10 in response to a number of diverse
cellular cues (Banerjee and Chakravarti 2011; Dyson et al.
2005; Sassone-Corsi et al. 1999; Soloaga et al. 2003; Tiwari
et al. 2012; Zippo et al. 2007). During mitosis, this mark
coincides with highly condensed, transcriptionally inactive
chromosomes; however, H3S10 phosphorylation in response
to differentiation signals results in the activation of a number
of specific target genes (Sassone-Corsi et al. 1999; Tiwari
et al. 2012; Vicent et al. 2006; Zippo et al. 2007). Some of
these effects might be mediated by interference with binding
of Heterochromatin-Protein 1 (HP-1) to H3K9me3 marks,
thereby disrupting the establishment of a repressive
heterochromatin-like state. Accordingly, the loss of H3S10
kinase Jil-1 in Drosophila results in increased H3K9 methyl-
ation along chromosome arms and increased spreading of
heterochromatin (Zhang et al. 2006).

Similarly, the phosphorylation of serine 28 on histone 3
(H3S28P) next to the Polycomb-targeted H3K27 residue is
thought to interfere with Polycomb-binding and the silencing
function at target genes. H3S28P is facilitated by the activa-
tion of ERK and mitogen- and stress-activated kinases (MSK)
pathways in response to hormonal stimuli and to UVB-
induced DNA damage (Vicent et al. 2006; Zhong et al.
2001). Additionally, stress and mitogenic and retinoic acid
signaling activates MSK1 and MSK2 and promotes H3S28
phosphorylation (Dyson et al. 2005; Gehani et al. 2010;
Soloaga et al. 2003). MK3 kinase activation causes H3S28
phosphorylation and subsequent dissociation of PRC1 from
target genes (Prickaerts et al. 2012). In all studies, signaling-
induced H3S28P is thought to allow the re-activation of PcG-
silenced target genes (Gehani et al. 2010; Prickaerts et al.
2012).

MSK phosphorylation of H3S28 is additionally thought to
promote a switch from H3K27me3 to H3K27ac modifica-
tions, further antagonizing PcG gene silencing (Lau and
Cheung 2011). In contrast, both H3S10P and H3S28P recruit
the TrxG-associated ATP-dependent chromatin remodeler
SWI-SNF to immediate early genes in response to Ras-
MAPK signaling, which facilitates nucleosomal remodeling
of target genes and transcriptional activation (Drobic et al.
2010). H3S28P might also govern the extent and rate of
Polycomb dissociation from chromatin during mitosis, there-
by potentially influencing the stability of epigenetic inheri-
tance during cell division (Fonseca et al. 2012).

Although we have only focused our discussion on two
specific histone phosphorylation sites, namely H3S10P and
H3S28P, a number of other histone phosphorylation sites have
an impact on chromatin structure (for reviews, see Baek 2011;
Banerjee and Chakravarti 2011; Rossetto et al. 2012). As
described above, the phosphorylation of PcG/TrxG
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components and histone residues represents a class of highly
dynamic post-translational modifications that are able to com-
municate extra- and intra-cellular signals directly to chroma-
tin. Signaling through the three branches of the MAPK path-
way (ERK, p38, JNK) is an attractive candidate for further
studies, as these cascades are primary signaling pathways
communicating the need for cellular adaptation in response
to changing environments and cellular stressors. Nevertheless,
the transient interactions between kinases, phosphatases and
their targets make it difficult to identify specific enzyme-
substrate pairs. In addition, cross talk between kinase cascades
makes deciphering the phosphorylation code all the more
complicated. This might be the reason that, to our knowledge,
only a few studies have identified chromatin-targeted phos-
phatases and epigenetically acting substrates in the context of
gene regulation (see Koshibu et al. 2009, 2011; Rudenko et al.
2004; Zhang et al. 2013).

Regulation of PcG and TrxG function by metabolic
processes

In cells, energy-rich nutrients are converted into ATP. Carbo-
hydrates are metabolized to produce ATP by the metabolic
pathways of glycolysis and the tricarboxylic acid (TCA) cycle
coupled to oxidative phosphorylation. Cells alternatively uti-
lize fatty acid oxidation and amino acid deamination/
transamination to generate metabolic substrates for the TCA
cycle. In addition to ATP, these pathways produce metabolites
at various steps, most importantly acetyl coenzyme A (acetyl-
CoA), nicotinamide adenine dinucleotides (NAD+/NADH),
flavin adenine dinucleotides (FAD/FADH?2), o-ketoglutarate
(x-KG) and S-adenosylmethionine (SAM). Together, these
metabolites and ATP are used as co-factors by histone and
DNA-modifying enzymes to drive chromatin modifications
and to change target gene expression, coupling cellular nutri-
ent and energy states to the modulation of epigenetic signa-
tures (for reviews, see Gut and Verdin 2013; Hitchler and
Domann 2009; Ladurner 2006; Liu and Ward 2010; Smith
and Denu 2009).

Emerging evidence suggests that histone acetyltransferases
(HAT), like Drosophila dCBP/p300 and histone deacetylases
(HDAC), like dRpd3, act as energy sensors that are activated by
high and low cellular energy levels, respectively. HATs employ
acetyl-CoA, whereas the SIRTUIN HDAC:s utilize NAD+ as
co-factor substrates. Fluctuations in levels of these metabolites
according to cellular energy status is thought to be translated
into altered chromatin structure and gene transcription (for a
review, see Kaelin and McKnight 2013). Since these mecha-
nisms have recently been extensively reviewed, we will focus
here on metabolic mechanisms that affect PcG and TrxG epi-
genetic function through the regulation of histone methylation
dynamics, a paradigm for PcG/TrxG function.

S-adenosylmethionine-dependent histone and DNA
methylation

The SET-domain containing methyltransferases, such as
Drosophila E(z) and its mammalian homologs EZH1 and
EZH2, plus the mammalian DNMT family of methyltransfer-
ases, use S-adenosylmethionine (SAM) as a methyl group
donor to transfer methyl groups to H3K27 residues and cyto-
sine bases in DNA, respectively (Smith and Denu 2009).
SAM is a product of 1-carbon (1C) metabolism that utilizes
zinc, methionine and vitamin B family members, such as
folate, choline, vitamin B6 and B12, in enzymatic reactions.
SAM is synthesized from methionine by the S-
adenosylmethionine synthetase enzyme and serves as the
chief physiological methyl group donor in cellular methyl-
transferase reactions.

The byproduct of SAM methyl-group donation is S-
adenosyl homocysteine (SAH), a potent inhibitor of methyl-
transferases. Together, SAM and SAH can be seen as rate-
limiting substrates and products of methyltransferase reactions.
Decreases in cellular SAM concentration attributable to re-
duced intracellular energy levels might cause decreases in
SAM:SAH ratios. This effect, in turn, might reduce cellular
methylation potential and link energy homeostasis to the meth-
ylation of DNA and histone proteins (Hitchler and Domann
2009). The way that dietary or exercise-dependent changes in
cellular energy levels alter SAM levels remains unclear.

However, the dietary intake of relevant methyl donor pre-
cursors, such as methionine, folate and choline, has been
strongly linked to changes in cellular methylation potential.
Currently, the most widely investigated are the consequences
that these co-factors impose on DNA methylation (for a
review, see Anderson et al. 2012).

Studies in mice and sheep have indicated that, during
pregnancy, the nutrient availability of metabolites required
for SAM synthesis can induce epigenetically mediated phe-
notypes (Sinclair et al. 2007; Waterland et al. 2006). A striking
example of the way in which diet can affect the epigenome is
the ability to alter coat color in offspring litters by
supplemention of the diet of pregnant female mice with sub-
strates needed for the production of SAM. Female agouti
viable yellow mice, which have a yellow fur color, were fed
a diet highly supplemented with methionine, vitamin B and
zinc. They gave birth to offspring with heavily mottled, agouti
fur color, as a result of increased levels of methylation at the
agouti gene (Cooney et al. 2002; Dolinoy et al. 2007,
Waterland and Jirtle 2003). This finding demonstrates that
maternal diet regulates the establishment of gene expression
patterns in utero and that environmental cues, such as dietary
co-factors, can modulate the activity of chromatin-modifying
enzymes in vivo.

In general, diets deficient for methyl donors are thought to
cause DNA hypomethylation, correlating with a change in
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SAM and SAH ratios. DNA hypomethylation causes the
reactivation of a number of oncogenes and genomic instabil-
ity, resulting in the increased occurrence of tumors in mice
(see Ghoshal and Farber 1984; Liu and Ward 2010; Mikol
et al. 1983; Toyota and Suzuki 2010; Wainfan and Poirier
1992). Studies have generated conflicting results concerning
the effect of dietary supplements of co-factors necessary for
SAM biosynthesis on cancer risk in humans. Folate intake and
high levels of B6 have been associated with a lower risk of
developing colon, breast (Kato et al. 1999; Prinz-Langenohl
et al. 2001), cervical (Butterworth et al. 1982) and lung
(Hartman et al. 2001; Heimburger et al. 1988) cancer (for a
review, see Liu and Ward 2010). Other trials have failed to
demonstrate a reduction in cancer occurrence by increasing
the dietary intake of such methyl donor precursors (for exam-
ple Andreeva et al. 2012; Cole et al. 2007; Zhang et al. 2003).
Nevertheless, hypomorphic mutations in folate- and
methionine-metabolizing enzymes have been associated with
increased cancer risk in humans (Cheng et al. 2012; Lightfoot
et al. 2008). These mutations are thought to decrease the
cellular production of the methyl-donor SAM, thereby
inhibiting SAM-dependent transmethylations of DNA.

Whether histone methyltransferase activity and histone
methylation levels are also affected by changes in SAM
metabolism is less clear. A recent study suggested that
folate and methionine deficiency leads to a reduced methyla-
tion of TrxG-targeted H3K4 residues in yeast and human cells
causing changes to gene transcription (Sadhu et al. 2013).
Furthermore, feeding female mice a zinc-deficient diet before
ovulation dramatically disrupts the epigenetic signatures of
oocytes and disturbs preimplantation development. The study
revealed that such dietary deficiency causes decreased
TrxG-mediated H3K4 trimethylation, decreased global DNA
methylation and a strong increase in the transcription of
repetitive DNA elements normally silenced by DNA methyl-
ation. Interestingly, dietary supplementation with a methyl
donor (SAM) restores H3K4 trimethylation and improves
the viability of oocytes (Tian and Diaz 2013). Similarly,
feeding rats a methyl-deficient diet induces a global decrease
in histone H3K9me3 and H4K20me3 marks and promotes
carcinogenesis, although the mechanism behind these pro-
cesses is less clear (Pogribny et al. 2007).

Recently, the nuclear accumulation of active S-
adenosylmethionine synthetase has been demonstrated to cor-
relate with increased PcG-mediated H3K27 trimethylation,
indicating the necessity for nuclear S-adenosylmethionine
synthetase to provide sufficient SAM for H3K27 methylation
reactions (Reytor et al. 2009). In Drosophila, S-
adenosylmethionine synthetase is highly expressed and essen-
tial for viability. Curiously, mutations in the S-
adenosylmethionine synthetase gene affect position-effect var-
iegation, a Drosophila model for studying the effect of pro-
teins on the establishment of heterochromatin by assaying
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random silencing of reporter constructs located along the
heterochromatin-euchromatin border. Furthermore, S-
adenosylmethionine synthetase mutations also genetically in-
teract with mutant alleles of Polycomb and enhance
Polycomb-derived homeotic phenotypes (Larsson et al. 1996).
Even though these studies are only beginning to shape our
understanding of the metabolically driven dynamics of histone
and DNA methylation, such observations suggest that physio-
logical SAM levels might, under certain circumstances, affect
the active histone methylation potential of PcG/TrxG methyl-
transferases and of mammalian DNA methyltransferases.

FAD- and Fe(II)/x-ketoglutarate-dependent histone
demethylases

Implementation of methylation marks is important for estab-
lishing epigenetic signatures; however, mediation of epigenet-
ic transitions requires the activity of demethylases. Histone
demethylases are generally grouped into two major classes:
FAD-dependent demethylases and Fe(II)/x-ketoglutarate-de-
pendent demethylases. They are distinguished by the nature of
their catalytic domains. LSD1-domain demethylases, such as
dLsdl (mammalian KDM1A), are FAD-containing enzymes
that remove histone mono- and dimethylation. Jumonji-
domain demethylases, such as dLid (mammalian KDMS5A)
and dUtx (mammalian KDM6), use oxygen, Fe(Il) and o-
ketoglutarate as co-factors and catalyze demethylation of all
three histone lysine methylation states (mono, di, tri; Hou and
Yu 2010; Teperino et al. 2010; Walport et al. 2012).

The cellular production of FAD and «-ketoglutarate, co-
factors utilized by histone demethylases, is highly dependent
on cellular metabolism. FAD is produced in the mitochondria
from riboflavin (vitamin B2) and is an important co-factor for
several oxidation and reduction reactions necessary for gen-
erating ATP. Under aerobic conditions, glucose or fatty acid
and amino acid catabolites are metabolized through the TCA
cycle, which converts FAD into the high-energy electron
carrier FADH2. FADH2 donates its electrons to the electron
transport chain in the inner mitochondrial membrane, provid-
ing energy for the generation of ATP and in the process
reverting back to FAD. Fluctuations in the levels of FAD
and FADH?2 might therefore be linked to cellular energy and
oxygen availability, influencing the activity of histone
demethylases.

LSD1 is one of the few nuclear proteins that utilize FAD.
Recent evidence suggests that FAD-biosynthesis affects
LSD1 activity, which, in turn, feeds back onto metabolic gene
activity. For example, FAD-potentiated LSD1-catalyzed de-
methylation removes H3K4mel/me2 marks at energy-
expenditure genes in mouse adipocytes. By limiting
H3K4mel/me2 levels, a marker of actively transcribed genes,
LSD1 might cause the repression of energy-expenditure genes
in precisely those cells that store excess energy as triglycerides
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(Hino et al. 2012). Therefore, FAD availability guides a direct
feedback loop that couples cellular nutrients to metabolic
processes via LSD1.

One important source of a-ketoglutarate is the TCA cycle
in which it is a key intermediate produced from isocitrate and
is subsequently converted to succinyl CoA. These reactions
are highly regulated and depend on the presence of essential
co-factors, such as ATP, FAD and NAD+ and on levels of
TCA cycle intermediates that control enzymatic activities by
negative feedback loops. For example, succinyl-CoA,
FADH2, NADH and high intracellular ATP levels have all
been shown to inhibit o-ketoglutarate synthesis.

Other TCA cycle intermediates, such as fumarate and
succinate, are oncometabolites accumulating in tumors when
mutations arise in the TCA cycle enzymes isocitrate
dehydrogenase, succinate dehydrogenase and fumarate
hydratase (for reviews, see Adam et al. 2013; Thompson
2009). When present in elevated concentrations, fumarate
and succinate are capable of inhibiting several «-
ketoglutarate-dependent demethylases, including the JmjC-
class of histone demethylases (Cervera et al. 2009;
Chowdhury et al. 2011; Lu et al. 2012; Smith et al. 2007).
However, to what extent physiological changes in «-
ketoglutarate, succinate and fumarate levels modulate epige-
netic signatures remains to be determined.

A further suggestion is that o-ketoglutarate-dependent
demethylases are sensitive to environmental oxygen levels;
this would largely depend on their (often unknown) Km
values for oxygen (Mimura et al. 2011). Interestingly, hypoxic
conditions appear to induce the inhibition of JARID and
JmjD-family demethylases, resulting in increased H3K4me3,
H3K9me3 and H3K36me3 histone methylation levels in
tissue culture cells (Tausendschon et al. 2011; Zhou et al.
2010). These observations suggest that, at least some
demethylases are sensitive to oxygen levels, potentially alter-
ing their catalytic behavior under hypoxic conditions known
to occur at wound sites or in tumor environments.

«-Ketoglutarate-dependent demethylases might also be
sensitive to ROS. ROS are often generated in response to
cellular stress conditions, such as tissue damage or during
tumor growth (see Gauron et al. 2013; Ziech et al. 2011).
Similarly, carcinogenic metals, such as arsenite, trigger ROS
production and oxidative stress, rendering histone
demethylases susceptible to a decrease in catalytic activity
(Chervona et al. 2012). Accordingly, demethylase activity
can be enhanced in the presence of the ROS scavenger ascor-
bic acid (Blaschke et al. 2013; Yin et al. 2013).

As outlined above, histone methyltransferase and
demethylase activity is dependent on metabolic co-enzymes,
such as SAM, FAD and «-ketoglutarate, whose availabilities
are governed by intracellular energy levels. Conceivably, his-
tone methylation cycles can therefore synchronize dynamic
transcriptional changes with metabolic information. However,

the evidence in support of this concept in the context of
histone methylation is still circumstantial. In the future, we
need to improve our understanding of the way that dynamic
physiological changes affect levels of the described metabolic
co-factors in vivo. We also need to determine the way that
fluctuations in co-factor and metabolite concentrations gener-
ally found in mitochondria or cytoplasm alter the function of
nuclear-localized enzymes and to address the contradiction
that intracellular energy levels positively regulate co-factor
synthesis for both methyltransferases and demethylases.

O-GlIcNAc modifications

The addition of O-GIcNAC to serine or threonine residues is a
post-translational modification that regulates the stability, ac-
tivity, or subcellular localization of many cellular proteins.
One way by which O-GlcNAc mediates its effects on proteins
is by competing with kinases for phosphorylation sites at
specific serine or threonine residues, influencing the efficien-
cy of signal transduction through cellular kinase pathways.

The enzyme uridine diphosphate N-
acetylglucosaminepolypeptidyl transferase, known as OGT,
catalyzes the transfer of O-GIcNAc sugar molecules from
the donor uridine diphospho-N-acetylglucosamine (UDP-O-
GIcNAc) onto target proteins. A glycoside hydrolase known
as OGA catalyzes the removal of covalently linked O-GIcNAc
from proteins. The antagonistic relationship between OGT
and OGA makes O-GIcNAc modifications highly dynamic
and reversible.

UDP-O-GlcNAc is the end product of the hexosamine
biosynthesis pathway, which assimilates glucose (Vocadlo
2012). Therefore, UDP-O-GIcNAc levels depend on the avail-
ability of glucose and UDP-O-GlcNAcylation metabolism
constitutes a powerful mechanism by which cellular processes
are integrated with the nutritional status of the cell. For these
reasons, O-GlcNAcylation kinetics are linked to insulin sig-
naling and diabetic conditions (Issad et al. 2010) and to cancer
(Fardini et al. 2013), among other human diseases.

Several studies co-localize O-GlcNAc modifications with
transcription factors and with chromatin. Recent findings sug-
gest that histones H2A, H2B, H3 and H4 are O-GIcNAc
modified and that epigenetic O-GlcNAcylation is associated
with transcriptional activation, gene silencing, mitotic chro-
matin regulation and the modulation of other histone modifi-
cations (for a review, see Hanover et al. 2012).

ChIP approaches have shown that O-GIcNAcylation local-
izes to DNA-sequences also targeted by PcG complexes in fly
tissues. Whether O-GIcNAcylation localizes to these regions
by O-GlcNAc-modification of Polyhomeotic, a core member
of PRC1, or by other modified substrates, such as histones, is
not clear (Gambetta et al. 2009; Sinclair et al. 2009). Bio-
chemical studies suggest that OGT itself can be recruited to
chromatin and associates with distinct chromatin-regulating

@ Springer



486

Cell Tissue Res (2014) 356:477-493

complexes (Chikanishi et al. 2010; Love et al. 2010; Yang
et al. 2002). Intriguingly, the SET domain of the mammalian
trithorax-related MLLS5 protein becomes O-GIcNAcylated to
enhance MLL5 H3K4-methyltransferase activity at target
gene promoters (Fujiki et al. 2009). The interaction of
O-GlcNAcylation with both members of PcG and TrxG com-
plexes suggests that this post-translational modification plays
an important yet dynamic role in maintaining the fine balance
between the activating and repressive activities of the PcG and
TrxG complexes. Although the transcriptional consequences
of PcG/TrxG-associated O-GlcNAcylation remain to be fully
elucidated, the glucose-dependent kinetics of the hexosamine
biosynthesis pathway probably affect this novel epigenetic
mark and imply that OGT modifications are under nutrient-
sensitive control.

The studies discussed in the previous sections suggest that
cellular nutrient sensing has a larger impact on epigenetic
dynamics than has previously been imagined. The availability
of vitamins and co-factors might play a huge role in the
cellular ability to generate methyl-donors such as SAM, on
the enzymatic activity of demethylases, such as LSDI1 or
UTX and on the substrate availability for glycosylating en-
zymes such as OGT. Many open questions remain about the
way that cellular metabolism can directly effect chromatin
structure and gene expression. However, initial evidence hints
at an intricate feedback network between the cellular nutrient
environment and post-translational modifications to either
DNA or histones.

Regulation of PcG and TrxG function by cell-cycle
dynamics

The function of PcG and TrxG genes as tumor suppressors
and oncogenes and as regulators of the cell cycle has received
much attention over the last decade. We now know that many
cell-cycle genes are under the transcriptional or post-
translational control of PcG and TrxG activity (see lovino
etal. 2013; Jacobs et al. 1999; Mohd-Sarip et al. 2012; Oktaba
et al. 2008; Sen et al. 2011). More recently, several studies
have addressed the opposite relationship: the way that cell-
cycle dynamics can modulate PcG and TrxG function. These
reports are particularly exciting, as they suggest that the pro-
cessing of cellular signals during the various cell-cycle phases
may impact PcG/TrxG target gene activity in distinct ways.
Cell divisions and corresponding cell-cycle dynamics are
essential features of cell physiology. Progression through S-
phase causes the disruption of the nucleosome architecture as
the replication machinery passes through and epigenetic
marks need to be re-established on both the newly synthesized
DNA daughter strands. Mitotic chromosome condensation
during M-phase hinders the access of protein complexes to
DNA sequences and contributes to the exclusion of most
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regulatory proteins from chromatin during mitosis. Within
this framework, the various cell-cycle dynamics observed
during developmental proliferation, stem cell division, tumor
growth and cellular senescence all impose specific kinetics on
epigenetic processes. The integration of chromatin-modifying
processes with these kinetics not only creates challenges to
epigenetic stability but also offers opportunities for epigenetic
plasticity in the context of cellular signaling environments.

PcG and TrxG complexes during DNA replication

Recent studies have addressed the molecular means by which
epigenetic signatures can be maintained in the context of cell
division (also reviewed in Probst et al. 2009; Simon and
Kingston 2013). DNA replication needs to be coupled to the
segregation of DNA and histone modifications. Cytosine-
methylation marks are divided during S-phase in a semi-
conservative manner, a mechanism inherent to semi-
conservative DNA replication. Segregation of histone modi-
fications and associated chromatin complexes could in prin-
ciple involve the semi-conservative separation of these fea-
tures between the two newly synthesized DNA strands. Alter-
natively, the copying of epigenetic signatures from one newly
synthesized daughter strand inheriting all modifications onto
the other newly synthesized, naked strand might be a
possibility.

A series of recent studies in Drosophila suggests that both
PRC1 and PRC2 components remain associated with replicat-
ing DNA and are found on both newly synthesized daughter
strands immediately after the passage of the replication ma-
chinery (Francis et al. 2009; Lanzuolo et al. 2011, 2012;
Petruk et al. 2012). As tested for PRCI, the association with
replicating DNA is independent of other eukaryotic co-factors
(Lengsfeld et al. 2012). The protein Psc, a subunit of PRC1, is
sufficient to maintain PRC1 association with replicating
DNA. Psc-Psc interactions between neighboring PRC1 com-
plexes have been proposed to be able to bridge the complexes
on parent and daughter strands through replication to support
stable template association as the replication machinery passes
(Lo et al. 2012).

Strikingly, a recent study suggests that the binding of PcG
proteins to target sequences, in Drosophila and mammalian
cells, appears to increase before replication, when compared
with levels of bound PcG during the G1/S transition or after
replication (Lanzuolo et al. 2011). These observations give
rise to the hypothesis that PcG binding increases locally
before replication to provide a sufficient number of protein
complexes that can be segregated to both daughter strands
and, therefore, ensures the re-establishment of PcG silencing
after replication.

Investigation of inheritance patterns of PcG/TrxG-
associated epigenetic histone modifications has provided con-
flicting results. Similar to the increase in PcG binding
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described above, an increase in H3K27me3 and H3K4me3
has been observed to occur before DNA replication (Lanzuolo
et al. 2011). Other studies confirm the association of PcG and
TrxG with replicating DNA but find no evidence for the
presence of H3K27me3- and H3K4me3-modified histones at
DNA during replication. Instead, methylated H3 histones are
replaced by unmodified histones on nascent DNA daughter
strands (Petruk et al. 2012). These unmodified histones might
be immediately modified by the enzymatic activities of PRC2,
as the complex remains bound to replicating DNA (Hansen
et al. 2008; Petruk et al. 2012).

Disruption of epigenetic signatures during replication has
not been linked to changes in PcG/TrxG target gene transcrip-
tion. One is tempted to speculate that the need to re-establish
epigenetic signatures after DNA replication provides a unique
opportunity to alter epigenetic states by cellular signaling
pathways during S-phase. S-phase dynamics and cell division
have been associated with phenotypic plasticity in various
cellular contexts (Fisher and Mechali 2003; Skora and
Spradling 2010; Sustar et al. 2011; Sustar and Schubiger
2005). However, the regular histone turnover during the cell
cycle in Drosophila is suggested to be much faster than the
cell cycle itself, especially at actively transcribed genes and
Polycomb-targeted regulatory DNA elements (Deal et al.
2010). Similar observations regarding fast turnover kinetics
with respect to cell-cycle length have been made for the
chromatin-association of PcG and TrxG proteins (Ficz et al.
2005). This argues against a simple scenario in which, during
S-phase, disruption of nucleosome architecture challenges the
maintenance of epigenetic memory, providing a crucial op-
portunity for altering chromatin signatures in the context of
various cellular signals. Instead, fast turnover rates of histones
and chromatin-associated complexes, especially at transcribed
genes, provide additional opportunities for epigenetic
reprogramming throughout G1 and G2 phases of the cell
cycle. However, more studies are needed to define what role
molecular mechanisms of DNA replication play in guarantee-
ing epigenetic stability or in promoting chromatin plasticity.

PcG and TrxG complexes during mitosis

During mitosis, dramatic chromatin architecture changes oc-
cur in the context of chromosome condensation and segrega-
tion. Many regulatory proteins are excluded from chromatin
during mitosis; however, PcG-repressive and TrxG-activated
states at target genes must be preserved.

Several studies in Drosophila suggest that the majority of
PcG and TrxG proteins tested dissociate from mitotic chro-
mosomes, although some do indeed remain bound. Older
studies in Drosophila revealed that the core PRC1 com-
ponents Polycomb and Polyhomeotic largely dissociate dur-
ing mitosis, whereas Psc remains bound, albeit to a lesser
extent than in interphase (Buchenau et al. 1998; Dietzel

et al. 1999). The partial association of Psc with mitotic chro-
mosomes has recently been confirmed by biochemical frac-
tionation and ChIP approaches. These studies verified
that a large fraction of Psc remains associated with chromo-
somes but only at a fraction of the target sites normally
occupied by Psc during interphase (Follmer et al. 2012).
Recent imaging studies extended the observations of
pronounced mitotic dissociation to the PRC2 component
E(z) and the PcG recruitment factor Pleiohomeotic (Fonseca
et al. 2012; Steffen et al. 2013). In contrast, the TrxG member
Ashl remains associated with chromatin throughout mitosis
(Steffen et al. 2013). This is reminiscent of a phenomenon in
mammalian cells termed bookmarking, a mechanism whereby
some regulatory proteins that remain bound to chromatin
during mitosis mark previously active loci for fast post-
mitotic re-activation (Zhao et al. 2011). Additional studies
suggest that several PcG and TrxG components in mammalian
cells also dissociate from chromosomes during mitosis (Aoto
et al. 2008; Miyagishima et al. 2003; Voncken et al. 1999).

Although individual results vary, the studies described above
highlight a pronounced role for chromatin-associated com-
plexes in maintaining epigenetic memory during DNA replica-
tion by remaining associated with replicating DNA and re-
establishing an appropriate set of modifications at newly incor-
porated histones. In contrast, established histone marks might
guide the re-association of dissociated protein complexes to de-
condensing chromatin after mitosis. We currently do not under-
stand the nature of signals that guide chromatin association and
dissociation. Possibly, cell-cycle-related phosphorylation by
cyclin-dependent kinases (CDK) plays a role. As discussed
above, human EZH2 is phosphorylated by CDK1 and CDK2
kinases and interferes with the EZH2 silencing function at
target genes (Chen et al. 2010; Kaneko et al. 2010; Wei et al.
2011; Wu and Zhang 2011). The fly MSK homolog Jil-1 has
been suggested to control H3S28 phosphorylation governing
the extent and rate of Polycomb dissociation from chromatin
during mitosis (Fonseca et al. 2012). However, a detailed
dissection of this pathway, which is potentially able to integrate
cellular signals with cell-cycle dynamics, is still lacking. There-
fore, future studies need to investigate the dynamics of PcG/
TrxG chromatin dissociation during mitosis and to examine the
regulation of the re-association of chromatin factors in daughter
cells by cellular signaling pathways guiding differentiation and
proliferation. These mechanisms are particularly important for
understanding the way that daughter cells acquire different
fates, such as during the asymmetric divisions of embryonic
and adult stem cells.

Concluding remarks and future perspectives

The way cells respond to environmental cues by changing
gene expression patterns is important for cell survival and
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adaptation. These changes might be short-lived and mediated
by acute activation of DNA-sequence-specific transcription
factors. However, the observations described in the studies
above suggest that direct signaling-induced functional chang-
es of epigenetically acting protein complexes contribute to the
initiation and maintenance of altered gene expression patterns.
We have outlined, in this review, the manner in which the gene
activating and silencing complexes of the PcG and TrxG
protein families regulate chromatin dynamics in response to
signaling through kinase cascades, in response to changes in
cellular metabolic state, or in response to cell-cycle dynamics.
Although these pathways are probably important mediators of
PcG/TrxG function in differentiation decisions during devel-
opment, the acute nature and the wiring of some of these
pathways under cellular stress responses suggests that PcG/
TrxG function is highly dynamic and can be altered in re-
sponse to environmental cues throughout the lifetime of'a cell.

Future studies will face a multitude of challenges as they
aim to elucidate the exact regulation and function of these
signaling pathways to chromatin. How is the phosphorylation
of PcG/TrxG proteins integrated to guide their activity at
target genes? This is completely unclear at present. Addition-
ally, the role that nutrition plays in driving the metabolic
remodeling of epigenetic landscapes and the way that remod-
eling, in turn, promotes adaptation to energy availability are
insufficiently understood. The maintenance of epigenetic sta-
bility during cell division is an area of intense study; however,
few have addressed the opportunity that this process provides
to promote epigenetic plasticity.

One of the biggest challenges will be to understand the way
in which the specificity in gene regulation arises from global
signaling events. Complex kinase signaling networks, ener-
getic and metabolic fluctuations and large-scale remodeling
processes during cell division can globally alter chromatin-
modifying proteins within a cell. However, phenotypic adap-
tation to these cellular signals might only be mediated by the
activation or silencing of specific target genes. The means of
achieving specificity have been highlighted in this review:
kinases, such as JNK and ERK, or metabolically driven en-
zymes, such as OGT, are recruited to chromatin and localize to
specific gene-regulatory regions, thereby focusing potentially
global effects to the local regulation of substrate activity and
target gene transcription.

The plasticity that is increasingly associated with epigenet-
ic processes further raises the question regarding at which time
scales such signaling-induced changes are translated into
changes of gene expression patterns. The cellular signals that
are epigenetically integrated as acute short-term responses and
the signals that cause long-term, sometimes inheritable,
changes to gene expression patterns are unknown. The studies
described here suggest that the dietary nutrition of female
mice during pregnancy causes changes to the expression of
fur color genes in their offspring. These new expression
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patterns are initiated by local DNA methylation and main-
tained throughout the lifetime of the animal. In contrast, acute
modulation of PcG/TrxG activity via the direct phosphoryla-
tion of the respective protein complexes probably causes
functional changes that revert upon signal termination.
Short-term signals might also be integrated to establish long-
term epigenetic changes at specific target genes.

We are only beginning to understand the molecular tools
that are available to cells and that can implement epigenetic
shifts in chromatin state. Much remains to be learned about
why these shifts occur, how they are initiated and for how
long these changes are implemented to allow cells to attain
acute or long-term changes in cellular phenotypes.
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