Downloaded from genesdev.cshlp.org on March 23, 2009 - Published by Cold Spring Harbor Laboratory Press

=g 1-8-3

dlevelopment

Talk is cheap——cross-talk in establishment, maintenance, and
readout of chromatin modifications

Wolfgang Fischle

Genes Dev. 2008 22: 3375-3382
Access the most recent version at doi:10.1101/gad.1759708

References This article cites 43 articles, 17 of which can be accessed free at:
http://genesdev.cshlp.org/content/22/24/3375.full.html#ref-list-1

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

Topic collections  Articles on similar topics can be found in the following collections

Chromatin and Gene Expression (99 articles)

To subscribe to Genes & Development go to:
http://genesdev.cshlp.org/subscriptions

Copyright © 2008, Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.1759708
http://genesdev.cshlp.org/content/22/24/3375.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genesdev;22/24/3375&return_type=article&return_url=http://genesdev.cshlp.org/content/22/24/3375.full.pdf
http://genesdev.cshlp.org/cgi/collection/chromatin_and_gene
http://genesdev.cshlp.org/subscriptions
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on March 23, 2009 - Published by Cold Spring Harbor Laboratory Press

PERSPECTIVE

Talk is cheap—cross-talk in establishment,
maintenance, and readout ot chromatin

moditications

Wolfgang Fischle’

Laboratory of Chromatin Biochemistry, Max-Planck Institute for Biophysical Chemistry, D-37077 Goéttingen, Germany

The functionality of a cell’s genome is controlled epige-
netically on the level of chromatin. Multiple post-trans-
lational modifications of histone proteins together with
DNA methylation play a key role in directing distinct
functional states of chromatin. As it emerges, many epi-
genetic marks on the chromatin platform do not act in-
dependently, but cross-talk with each other. In this issue
of Genes & Development, Adhvaryu and Selker (pp.
3391-3396) provide novel insights into an intricate regu-
latory network involving histone phosphorylation, his-
tone methylation, and DNA methylation.

The physiological template of genetic information in all
eukaryotic cells is chromatin, a nucleo-protein complex
composed mainly of DNA and histone proteins plus the
addition of other proteins as well as RNAs. As a biologi-
cal relay station and signaling platform, chromatin inte-
grates a variety of endogenous and exogenous cellular
inputs. The various signals are thought to direct distinct
local and global functional states of chromatin, therefore
controlling the capacity of a cell’s genome to store, re-
lease, and inherit biological information. Commonly,
the sum of such processes is referred to as epigenetic,
albeit in their strictest definition only inheritable
changes in gene expression without variation in DNA
sequence qualify as epigenetic. Epigenetic variation is
now considered a key component of many diseases, in-
cluding cancer.

In the repeating unit of chromatin, the nucleosome,
DNA is wrapped around an octamer of core histone pro-
teins (two copies each of H2A, H2B, H3, and H4), an
arrangement that is further stabilized by linker histones
of the H1 type. The architecture of chromatin on the
nucleosomal level is basically identical for all of the ge-
nome. Besides incorporation of histone variants, diver-
gence is achieved via regional restricted methylation of
DNA as well as numerous post-translational modifica-
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tions (PTM) of the histone proteins (chromatin marks).
Histones can be modified in a number of ways including
acetylation (ac), monomethylation (mel), dimethylation
(me2), trimethylation (me3), and ubiquitination (ub) of
lysine residues; monomethylation (mel), symmetrical
dimethylation (symme2), and asymmetrical dimethyl-
ation (asymme2) of arginine residues as well as phos-
phorylation of serine and threonine residues (ph). Com-
binations of chromatin marks regulate chromatin struc-
ture, thereby defining different functional domains of
chromatin. The most recognized domains of chromatin
are euchromatin (commonly referred to as the “active”
form of chromatin) and heterochromatin (commonly re-
ferred to as the “inactive” form of chromatin). New work
by Adhvaryu and Selker (2008) implicates histone meth-
ylation, histone phosphorylation, and DNA methylation
in a chromatin signaling network for silencing of defined
regions of the genome.

DNA methylation

Methylation of cytosine bases (meC) in DNA occurs to
varying degrees in a wide range of organisms, from fungi
and plants to mammals. Whereas DNA methylation in
mammals is restricted to symmetric CpG sites, plants in
addition contain methylated cytosines in CpNpG and
CpHpH environments (N any base; H not G). In filamen-
tous fungi like Neurospora crassa a genome defense
mechanisms against mobile elements called RIP (repeat-
induced point mutation) also results in meC in a non-
symmetric sequence context.

DNA methylation generally plays a role in silencing
gene expression in both heterochromatin and euchroma-
tin domains. Especially in mammals it is implicated in
genomic imprinting and X inactivation, and its loss leads
to growth arrest or apoptosis. Most DNA methylation
patterns are established in defined windows of differen-
tiation and development, but changes due to environ-
mental stimuli or in pathologic responses such as tu-
morigenesis occur. In mammals and plants genomic
DNA methylation imprints are established very early
during embryonic development. In Neurospora RIP only
takes place during the sexual cycle of the organism. De
novo DNA methyltransferases (DNMT) like the mam-
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malian DNMT3a and DNMT3b proteins that act to-
gether with the nonenzymatic DNMT3L are thought to
establish the methylation patterns. Since DNA methyl-
ation plays such an important role in genome regulation,
its targeting mechanisms are of great interest (discussed
recently by Woo and Richards 2008). While de novo
DNMTs might have some weak intrinsic site specificity,
association with sequence-specific binding proteins and
targeting by small RNAs seem to be involved in this
process. Further, cross-talk with histone modifications
has emerged as pivotal in defining and establishing DNA
methylation. Different targets of DNA methylation are
(1) parentally imprinted genes as key regulators of em-
bryonic development and adult life; (2) intergenic DNA,
exons, proviral genomes, and retrotransposons, as well as
other repeated sequences; and (3) a number of genes that
are methylated in a tissue-specific manner.

Existing patterns of DNA methylation are faithfully
copied by semiconservative maintenance DNMTs.
These enzymes replicate a given methylation pattern by
methylating a hemimethylated template originating
from DNA replication. The family of maintenance
DNMTs contains the paradigm mammalian DNMTI,
the plant MET1, which maintains CpG methylation, as
well as plant CMT3 and DRM2 factors, which sustain
non-CpG methylation. Neurospora contains a single
DNMT, DIM-2, that is implicated in de novo and main-
tenance methylation (Vaillant and Paszkowski 2007).
While the templating mechanisms of DNA methylation
patterns seemingly allow stable epigenetic marking of
the genome, it is becoming evident that this system in-
terfaces tightly with histone modifications for efficient
and faithful transmission through multiple cell divi-
sions.

The methyl moiety of methyl-cytosine resides in the
major groove of the DNA double helix. There, many
DNA-binding proteins make contact with DNA. Three
families of proteins have been shown capable of recog-
nizing methylated CpG: (1) members of the methyl-
CpG-binding domain (MBD) family (like the mammalian
MeCP2, and MBD1-4); (2) a family of Zinc-finger pro-
teins, which bind methylated DNA, but also some non-
methylated consensus sequences, containing Kaiso,
ZBT4, and ZBTB38; and (3) factors containing SRA (SET-
and RING-finger-associated) domains like UHRF1/
ICBP90. Other transcription factors bind to CpG-con-
taining DNA sequences only when these are nonmeth-
ylated. Since methylated DNA when introduced into
mammalian cells or frog oocytes initially permits gene
transcription but is silenced after several hours, it was
suggested early on that readout of the meC mark is in-
direct and requires assembly of chromatin. Indeed, sev-
eral meC-binding factors have been shown to recruit his-
tone-modifying repressor complexes for transcriptional
silencing.

Histone methylation—H3K9me

Besides DNA methylation, histone PTMs constitute the
second major covalent regulatory system of chromatin.
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Many different sites of histone modification on the core
and linker histones have been identified to date that
alone or in combination could control distinct chroma-
tin states and that appear to be part of epigenetic regu-
latory systems. Methylation of several lysine residues in
histones H3 and H4 has attracted a lot of attention as
these chromatin marks have been implicated in diverse
biological processes from transcriptional activation and
elongation to gene repression and from DNA repair to
DNA replication depending on the site and status (mel,
me2, or me3) of the different targeted histone lysine resi-
dues.

Methylation of Lys 9 of histone H3 (H3K9me) has been
mainly correlated to gene silencing. Different subnuclear
distribution of the mel, me2, and me3 forms of this
chromatin mark indicate potential distinct functions.
For example, H3K9me3 has been mapped to heterochro-
matin in different experimental systems from yeast to
man. Plants are an exception. There, H3K9me3 maps to
euchromatin, but H3K9me2 is instead enriched at het-
erochromatic sites (Vaillant and Paszkowski 2007). Since
heterologous targeting of histone lysine methyltransfer-
ases (KMT) mediating H3K9me3 results in induction of
gene silencing accompanied by chromatin condensation
(Schulze and Wallrath 2007), this modification is widely
considered a repressive chromatin mark. Nevertheless,
H3K9me3 was also found distributed to the body of ac-
tive genes (Vakoc et al. 2005).

Different enzymes have been shown to target H3K9 for
methylation. As for other sites of histone methylation,
these display not only specificity for the H3K9 residue,
but also mediate very distinct levels of methylation of
this site. The founding member of the H3K9MTs is Su-
(var)3-9, which was first characterized as a suppressor of
variegation in Drosophila. In mammals, the two
Suv39%h1/h2 isoforms seem to primarily mediate
H3K9me2 and H3K9me3 in pericentromeric heterochro-
matin, while mono- and dimethylation of H3K9 in eu-
chromatic regions are catalyzed by the G9a/GLP com-
plex. In contrast, SETDB1 might mediate all states of
H3K9 methylation. Plants contain a family of 10 puta-
tive H3K9MTs (SUV1-10), all possibly involved in dis-
tinct and overlapping functions in the establishment and
maintenance of this epigenetic mark. In Neurospora,
DIM-5 is the paradigm H3K9MT, mediating all states of
methylation of this site (Volkel and Angrand 2007).

Similar to DNA methylation, mechanisms for target-
ing and establishing H3K9me include interaction of
KMTs with sequence-specific DNA-binding proteins as
well as pathways guided by small RNAs (Grewal and
Elgin 2007). In several instances, cross-talk with DNA
methylation seems to play an important role in directing
patterns of this chromatin mark.

The biological systems that ensure faithful transmis-
sion of H3K9me from one cell generation to the next are
still unclear. Recent evidence of replication-dependent
deposition of H3-H4 dimers instead of preformed (H3-
H4), tetramers have given rise to the idea that histone
modification marks might also be inherited in a semi-
conservative fashion from mother to daughter chromatid
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(Nakatani et al. 2004). Since several enzymes for de-
methylation of H3K9me have been described, the once
thought biological stability and epigenetic indexing po-
tential of this chromatin mark is in question. While the
systems for establishing H3K9me at heterochromatin
appear to be constantly in play in lower eukaryotes such
as Schizosaccharomyces pombe, tight interplay with
DNA methylation might provide reinforcement for this
chromatin mark in higher eukaryotes.

A number of proteins have been shown to specifically
interact with H3K9me. HP1 binds via a so-called chro-
modomain to histone H3 peptides in vitro with a slight
preference for K9me2/3 over K9mel. Largely overlapping
cellular distribution of HP1 with H3K9me3 is in agree-
ment with a role of this factor in mediating H3K9me3
function. Ankyrin repeats of G9a were more recently
shown to bind H3K9mel/2 in vitro (Collins et al. 2008).
Also, a PHD region in UHRFI1 displays affinity for
H3K9me (Papait et al. 2008). However, the downstream
working mechanisms of the different H3K9me interact-
ing factors are still unknown. An important aspect of
H3K9me biology seems to be cross-talk with DNA
methylation systems.

Histone phosphorylation—H3S10ph

Phosphorylation of several serine and threonine residues
in the core and linker histones has been implicated in
gene regulation as well as in cell cycle-dependent chro-
mosome condensation, DNA repair, and apoptosis-in-
duced chromatin compaction. Phosphorylation of H3S10
during mitosis and meiosis seems to be required for
proper chromosome segregation and cell cycle progres-
sion. In response to stress or mitogen-stimulated signal-
ing pathways H3S10ph was implicated in transcriptional
activation in mammals and plants (Houben et al. 2007).
Also, H3S10ph facilitates Pol II clearance from pro-
moter-proximal pausing in Drosophila (Ivaldi et al.
2007). However, H3S10ph has also been connected to
silent chromatin in post-mitotic mammalian cells (Sab-
battini et al. 2007), and it was correlated to heterochro-
matin in interphase cells of plants (Houben et al. 2007).

H3S10 is phosphorylated by multiple kinases, such as
MSK1, MSK2, PKA, RSK2, and IKK«a. These kinases are
locally recruited to promoter regions of target genes by
interaction with sequence-specific DNA-binding pro-
teins. Mitotic kinases, NIMA and Aurora B, in contrast,
target H3S10 for global, chromosomal phosphorylation.
Whereas NIMA in filamentous fungi seems to be local-
ized to the spindle pole body, the major microtubule or-
ganizing center and functional equivalent of the higher
eukaryotic centrosome, Aurora B, is the enzymatic com-
ponent of the so-called chromosomal passenger complex.
During the progress of mitosis, this complex is sequen-
tially found nuclear-, centromeric-, and then mid-
spindle- and mid-body-associated. Another kinase with
seemingly global function is the JIL-1 enzyme of Dro-
sophila that is generally found in regions of euchromatin
where it is thought to counteract heterochromatiniza-
tion.

Cross-talk of chromatin marks

As with phosphorylation in other signaling systems,
H3S10ph is very transient and requires permanent pres-
ence of modifying kinases. Kinase enzymatic inhibitors
shift the balance toward the dephosphorylated state due
to the obviously continuous action of phosphatases.
Whereas the analysis of H3S10ph dephosphorylation lags
behind the study of kinases, PP1 has been implicated in
removing the phospho-mark in different experimental
systems. For example, the PP1 enzyme Glc7 counteracts
Aurora B H3510 phosphorylation in Saccharomyces cer-
evisiae and Caenorhabditis elegans.

The enigma of correlation of H3S10ph with two appar-
ently opposed chromatin states (transcriptionally active
decondensed euchromatin versus condensed mitotic
chromosomes and silent heterochromatin) is not clearly
understood. Since H3S10ph by itself has no direct effect
on higher-order chromatin folding (Shogren-Knaak et al.
2003), genomic and chromatin context likely plays an
important role in its biology. For example, the acetyla-
tion state of H3K9 and H3K14 influences binding of 14—
3-3 proteins to H3S10ph, and thereby readout of this
chromatin mark in mitogen-stimulated signaling (Mac-
donald et al. 2005; Winter et al. 2008). Interestingly, ear-
lier studies showed that H3S10ph could enhance acety-
lation of the neighboring K14 residue and abolish acety-
lation of the adjacent K9 site (Fischle et al. 2003). Further
evidence for indirect readout of H3S10ph comes from
studies implicating H3K9me in its function.

Cross-talk between chromatin marks

The high density of sites and various types of histone
PTMs plus additional DNA methylation might indicate
that many chromatin marks like H3S10ph are not acting
independently, but influence each other function. Such
cross-talk can come in multiple flavors and is manifested
by various mechanisms and on distinct chromatin levels
(Fig. 1). The first indication for cross-talk of chromatin
marks came by biochemical analysis of the substrate
specificity of histone-modifying enzymes (for review, see
Fischle et al. 2003). There, pre-existing PTMs can en-
hance or decrease subsequent additional modification.
Mechanistically, these effects are manifested on the
level of enzyme recruitment as well as substrate recog-
nition and/or turnover. The simplest case is obviously
the blocking of modification of a site by another pre-
existing mark (e.g.,, H3K9ac blocking H3K9 methyla-
tion). More intriguing are cases where an enzyme is ap-
parently activated by interaction via a chromatin mark
for modification of another site such as in the case of the
Dotl KMT, which is stimulated by ubiquitylated his-
tone H2B for intranucleosomal lysine methylation (Mc-
Ginty et al. 2008). Next to direct cross-talk of chromatin
marks in the establishment of modification patterns via
influence on enzymes, indirect cross-talk on the level of
factors binding to chromatin marks has been observed,
thereby establishing synergistic or antagonistic readout
of multiple modifications (Taverna et al. 2007).

While in vitro data for different cross-talk scenarios
are very clear, in vivo evidence for such interplay of chro-
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matin marks is more difficult to obtain. Extremely pow-
erful are experiments where mutagenesis of sites of his-
tone modification is undertaken. Unfortunately, such
approaches are limited to lower eukaryotes, which have
only a few histone genes, as most higher eukaryotes con-
tain multiple gene loci encoding for the different histone
proteins. The histone mutagenesis studies are further
complicated by the fact that single sites of modification
can be targets of multiple cross-talk. For example, a
given modification might cross-talk with another chro-
matin mark in an indirect readout, but be also subject to
direct cross-talk for modification/demodification (i.e.,
modification of a site is blocked by mutagenesis of an-
other site as the modifying enzyme does not recognize
the mutated substrate). The technical and intrinsic re-
strictions of histone mutagenesis studies leaves, in many
cases, approaches where chromatin-modifying enzymes

are mutated as the next best choice. Both types of ex-
periments are nicely combined by Adhvaryu and Selker
(2008). Also, a combination of biochemical in vitro stud-
ies with correlative analysis of cellular scenarios has
proven useful in the study of cross-talk of chromatin
marks. A system where extensive cross-talk is emerging
is the H3K9me, H3S10ph, and DNA methylation net-
work.

Cross-talk between H3K9me and H3S10ph

Early indication for a negative, directly inhibiting cross-
talk between H3S10ph and H3K9me on the same histone
tail came from the analysis of the enzymatic activity of
the H3K9KMT Suvar39, which showed reduced methyl-
ation on an H3S10ph peptide compared with the un-
modified substrate (see Fig. 1B; Rea et al. 2000).

A POSITIVE NEGATIVE B ENZYME ACTIVITY
/_\ /-\
! W (1 W
CIs TRANS
H} A\ substrate blocking substrate recognition conformational change
me ) wy * subtstrate turnover
histone PTM - histone PTM
ENZYME RECRUITMENT

nucelosome - nucleosome

DIRECT

m‘ﬂ

enzyme

INDIRECT

readout

Figure 1.

i

localization/
stabilization

READOUT

enhancement

repulsion

Modes and mechanisms of chromatin modification cross-talk. (A) Chromatin modifications can enhance (positive cross-

talk) or block (negative cross-talk) each other’s function. Cross-talk can be restricted to a single histone molecule within the nucleo-
some (cis effect). Alternatively, cross-talk can occur between histone PTMs on different histones, between different histone PTMs and
DNA methylation, or between chromatin modifications on adjacent nucelosomes (trans effect). Cross-talk is possible directly on the
level of modifying enzymes or indirectly through binding/readout factors. (B) Existing modifications can directly block enzymatic
activity directed toward the same site/residue. Also, certain modification states (unmodified vs. modified) represent better or worse
substrates for chromatin-modifying enzymes. Binding to a pre-existing modification can activate an enzyme/enzyme complex. En-
zymatic activity might also be localized and stabilized on target regions via binding to pre-existing chromatin marks. Further, in
indirect cross-talk, additional modifications might enhance or block the binding of a readout factor. Nucleosomes are depicted
schematically, with DNA (gray) wrapped around a disk of core histones H2A (yellow), H2B (red), H3 (blue), and H4 (green); core histone
N-terminal tails are schematized. Red dots, green boxes, and yellow stars represent different histone PTMs; orange dots represent DNA
methylation. (Green) Positive cross-talk; (red) negative cross-talk; (black) positive or negative cross-talk; (dashed lines) enzymatic
activities.
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Genetic evidence for cross-talk between H3S10ph and
H3K9me is derived largely from the study of JIL-1 kinase
in Drosophila. It could be shown that loss-of-function
mutation of JIL-1 or reduction in its expression levels
causes spreading of major heterochromatin markers,
H3K9me and HP1 binding (Zhang et al. 2006; Bao et al.
2007). Conversely, artificial recruitment of JIL-1 to a
condensed heterochromatinized gene array results in
chromatin structure remodeling toward a more open eu-
chromatic state (Deng et al. 2008). Unbiased genetic
analysis further identified gain-of-function mutations in
JIL-1 as Su(var)3-1 alleles strongly counteracting the re-
pressive effect of Su(var)3-9 (Ebert et al. 2004). Since
these studies detected no impairment on the distribution
and levels of H3K9me, a plausible scenario for a molecu-
lar mechanism of the antagonizing effects of H3S10ph
onto H3K9me3 and heterochromatin is that H3S10ph
prevents the binding and/or activity of condensing fac-
tors, thereby inducing an euchromatic state (see Fig.
1A,B).

Support for indirect effects of H3S10ph onto the read-
out of H3K9me3 came first from the analysis of HP1
behavior in mitosis of mammalian cells. During
M-phase, a large portion of the heterochromatin-local-
ized HP1 is displaced from chromatin despite unchanged
levels of the HP1-binding H3K9me3 mark. Biochemical
analysis has further shown that H3S10ph can occur on
the same histone tail as H3K9me3. Binding of HP1 to
this dually H3K9me3S10ph modified H3 tail in vitro is
highly reduced, and impairment of mitotic H3S10 Au-
rora B kinase activity retains HP1 on mitotic chromatin
(Fischle et al. 2005; Hirota et al. 2005). Genetic studies
on the cell cycle-dependent establishment of heterochro-
matin in S. pombe further sustain such a “methyl/phos
switch” scenario. Later, it could be shown that similar
mechanisms result in delocalization of a particular HP1
isoform away from heterochromatin in terminally differ-
entiated plasma cells (Sabbattini et al. 2007).

Cross-talk between H3K9me and DNA methylation

DNA methylation, histone modification, chromatin
structure, and gene silencing seem to be tightly inter-
connected. The first evidence for a link between
H3K9me and DNA methylation came from genetic stud-
ies in Neurospora, where it was shown that mutations in
DIM-5 abolish meC and relieve DNA methylation-me-
diated gene silencing (Tamaru and Selker 2001). A seem-
ingly linear pathway could be worked out that involves
recognition of the H3K9me3 mark laid down by DIM-5
by the adaptor HP1, which in turn recruits DIM-2 for
cytosine methylation (Fig. 2A; Honda and Selker 2008).
The pathway is a prime example for cross-talk by en-
zyme recruitment (see Fig. 1B). In plants, mutation of the
Arabidopsis DNMT, MET1 causes severe changes in
H3K9me2 and it was postulated, therefore, that CpG
methylation is able to direct H3K9me2. Moreover, it
could be demonstrated that H3K9me2, mediated by
SUV4, directs non-CG methylation (Jackson et al. 2002.).
While HP1 is indispensable for DNA methylation in

Cross-talk of chromatin marks

A Neurospora crassa

PP1 DIM-5 DIM-2
H3 —— H3S10ph —— H3K9me3 —> meC

B
Arabidopsis thaliana
MET1 KYP
meCpN
DNA ——> meCpG ——> H3K9me2 p
(SUVH1-10) prv2  meCpHpH
(o3
mammalian cells
G9a/GLP <DNMT1
¥
H3 ———» H3K9me2 L meCpG EUCHROMATIN
H3KOMT
RETROTRANSPOSONS
H3 > H3K9me3 meCpG G9a/GLP TARGET GENES
(SETDB1?) - ¥
DNMT3a
G9a/GLP*
> 2\ DNMT1?
SUV39|']1/h2 DNMT387

DNMT3b?

H3 ——— H3K9me3 —» meCpG PERICENTROMERIC

HETEROCHROMATIN

Figure 2. Cross-talk of H3K9me, H3S10ph, and DNA methyl-
ation in different organisms. (A) The new work by Adhvaryu
and Selker (2008) places H310ph upstream of H3K9me and
DNA methylation in Neurospora. (B) A two-step linear pathway
of symmetric and nonsymmetric DNA methylation cross-talk
with H3K9me?2 is emerging in Arabidopsis. (C) In mammalian
cells, distinct methylation stages of H3K9, different H3K9MTs,
and various DNMTs seem to be involved in feedback signaling
pathways between histones and DNA. The picture that is form-
ing is one of a conversation full of subtle inflections, with mul-
tiple partners and mediators. Different pathways might be in
place for different regions of the genome. (Blue) Chromatin-
modifying enzymes; (orange) proteins binding chromatin
marks; (green) positive cross-talk; (red) negative cross-talk; (blue
arrows) stimulation of enzymatic activity; (orange arrows) bind-
ing/interaction; (G9a/GLP*) enzymatic inactive protein.

Neurospora, it is not required in Arabidopsis (Fuks
2005). In spite of many missing biochemical details, the
available genetic data best support a “two-step” linear
regulation of transcriptional silencing, in which CpG
methylation directs H3K9 methylation and H3K9 meth-
ylation recruits non-CG methylation (Fig. 2B).

The picture emerging in mammalian cells is more
complex. Evidence for cross-talk between DNA methyl-
ation and histone methylation in both directions has
been found. On one side, treatment of certain cancer cell
lines with the DNA demethylating drug 5-azaC results
in reactivation of multiple silenced genes concomitant
with a decrease in H3K9me (Wozniak et al. 2007). Simi-
larly, DNMT1 and DNMT3b mutant mouse cells dis-
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play altered H3K9 methylation patterns at heterochro-
matin and specific tumor suppressor loci (Fuks 2005).
However, no clear reduction of global H3K9me was seen
in DNMT1, DNMT3a, DNMTS3Db triple mouse knockout
(KO) cells (Tsumura et al. 2006). On the other site,
Suv39-deficient mouse embryonic fibroblast (MEF) cells
show loss of H3K9me3, mislocalized DNMT3Db, and ab-
sence of DNA methylation at pericentromeric hetero-
chromatin, while H3K9me and DNA methylation per-
sists in other regions; for example, at retrotransposons
(Lehnertz et al. 2003). These regions are, however, af-
fected in G9a-null mouse ES cells that show reduced
CpG methylation in several euchromatic regions (Ike-
gami et al. 2007).

Over the last several years, biochemical insights into
the interplay between DNA methylation and H3K9me
in mammalian cells have been gained. The emerging pic-
ture does not resemble a unidirectional signaling path-
way. It suggests, rather, complex cross-talk between mu-
tually influencing chromatin marks and chromatin fac-
tors with many of the principles outlined in Figure 1
exemplified. An apparently reinforced system is emerg-
ing in euchromatic regions where DNMT1 acts together
with G9a/GLP and HP1 to establish stable H3K9me and
DNA methylation patterns (Fig. 2C). It could be shown
that G9a/GLP and DNMT1 stimulate each other’s ac-
tivities, while G9a/GLP and HP1 enhance DNMT1 chro-
matin binding (Esteve et al. 2006; Smallwood et al. 2007).
Further, HP1 also stimulates DNMT1 activity. Another
player in this system seems to be UHRF1, which inter-
acts with both DNMT1 and G9a/GLP (Sharif et al. 2007).
Absence of UHRF1 causes DNMT1 mislocalization and
global loss of DNA methylation (Bostick et al. 2007;
Sharif et al. 2007). Since UHRF1 interacts with hemi-
methylated DNA, but also H3K9me3, it might be a cru-
cial factor in the faithful transmission of both chromatin
marks from one cell generation to the next.

A related, yet different system appears to be in play at
retrotransposons. Recent work has indicated that the en-
zymatic activity of G9a/GLP is dispensable for transcrip-
tional silencing of potentially active endogenous retro-
viruses, non-LTR retrotransposons, and euchromatic
G9a/GLP target genes. H3K9me3, HP1 recruitment, and
transcriptional silencing in this case seem to depend on
another H3K9KMT, possibly SETDB1. Nevertheless, ab-
sence of G9a/GLP causes loss of DNMT3a and DNA
methylation at target regions, which are both restored by
catalytically dead G9a/GLP (Dong et al. 2008). The fact
that 5-azaC relieves repression of G9a/GLP targets only
in the absence of G9a/GLP enzymatic activity further
supports mechanistic uncoupling of DNA methylation
and H3K9me3 for gene silencing (Tachibana et al. 2008).
Interestingly, SETDB1 can associate with the methyl-
DNA-binding protein MBD1, and it was suggested that
continued H3K9me at MBD1 target sequences and stable
silencing depend on the periodic recruitment of this
H3K9MT during replication (Sarraf and Stancheva 2004).

At pericentromeric heterochromatin recruitment of
DNMTs to sites bearing the H3K9 methylation mark,
might also be mediated by HP1, which seems capable of
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binding all mammalian DNMTs (Lehnertz et al. 2003;
Fuks 2005). However, the cross-talking H3K9MT, in that
case, appears to be Suv39, which was found to also in-
teract with DNMT1 and 3a (Fuks 2005). While different
reinforcing and potentially redundant mechanisms
might be in place for cross-talk between DNA methyla-
tion and H3K9me for stable silencing of distinct regions
of mammalian genomes, it has to be pointed out that so
far no clear distinction between the establishment and
the maintenance of DNA methylation and/or H3K9me
chromatin marks have been made. Also, the different
cross-talk mechanisms depicted in Figure 2C have not
been tested in uniform experimental systems. It is there-
fore likely that these will be further refined and ex-
panded in the near future.

Another layer of cross-talk—H3S10ph, H3K9me3,
and DNA methylation

Already additional complexity in the cross-talk of
H3K9me3, and DNA methylation is introduced by the
work of Adhvaryu and Selker (2008). The investigators
show that loss-of-function mutations in the phosphatase
PP1 in Neurospora abolish DNA methylation at sev-
eral—albeit not all investigated—regions of the genome.
Since global levels of H3S10ph are elevated in the PP1
mutant fungi and as H3K9me3 is absent at the regions
showing loss of DNA methylation, H3S10ph is obvi-
ously upstream of H3K9me3 and DNA methylation in
this system (Fig. 2A). This interpretation is further sup-
ported by H3S10 mutation to nonphosphorylatable resi-
dues of the only H3 gene in Neurospora that causes simi-
lar distortion of H3K9me and DNA methylation. While
the mechanisms of cross-talk between PP1 and H3S10ph
on the one hand and H3K9me3 and meC on the other
await further investigation, mutation of a DIM-5 residue
that interacts with H3S10, interestingly, abolishes enzy-
matic activity in vitro. Also, H3 peptide methylation by
DIM-5 is strongly reduced when Ser 10 is changed into
more bulky, negatively charged glutamate (Rathert et al.
2008). The negative effects of H3S10ph onto H3K9me
might therefore be a direct result of the substrate recog-
nition and turnover properties of DIM-5 (see Fig. 1).

While the new work uncovers an additional layer in
cross-talk of chromatin marks for gene silencing, it also
raises interesting new questions. Is PP1 specifically tar-
geted to regions of the genome that are to become
H3K9me and meC? If so, what are the targeting mecha-
nisms for PP1? What is the nature of the kinases medi-
ating H3S10ph? Does H3S10ph act globally and thereby
protect most of the genome from H3K9me and DNA
methylation? How does this system interface with mi-
totic H3S10ph and its impact onto HP1 localization?
Does the system need to be re-established during every
cell cycle? Lastly, are similar mechanisms in play in
higher eukaryotes?

That cross-talk between H3S10ph, H3K9me, and DNA
methylation could be more complex is illustrated by re-
cent studies of Aurora B kinase targeting. In mammalian
cells, DNA methylation was found necessary to promote
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Aurora B-driven phosphorylation of H3S10 at pericentro-
meric heterochromatin in G2 nuclei (Monier et al. 2007).
Interestingly, H3S10ph at the onset of M-phase seems
largely restricted to H3 molecules carrying the H3K9me
mark (Fischle et al. 2005). The DNA methylation-depen-
dent targeting of H3S10ph therefore might expand the
“methyl/phos” switch cross-talk that evicts the adaptor
HP1 from sites of H3K9me during mitosis. Without
doubt, many layers of the chromatin modification regu-
latory network are yet to be uncovered.
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