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Epigenetic mechanisms regulate expression of the genome to generate various cell types
during development or orchestrate cellular responses to external stimuli. Recent studies
highlight that bacteria can affect the chromatin structure and transcriptional program of host
cells by influencing diverse epigenetic factors (i.e., histone modifications, DNA methyla-
tion, chromatin-associated complexes, noncoding RNAs, and RNA splicing factors). In this
article, we first review the molecular bases of the epigenetic language and then describe the
current state of research regarding how bacteria can alter epigenetic marks and machiner-
ies. Bacterial-induced epigenetic deregulations may affect host cell function either to
promote host defense or to allow pathogen persistence. Thus, pathogenic bacteria can be
considered as potential epimutagens able to reshape the epigenome. Their effects might
generate specific, long-lasting imprints on host cells, leading to a memory of infection that
influences immunity and might be at the origin of unexplained diseases.

Upon a microbial attack, host cells undergo
massive changes in their transcriptional

program, mobilizing genes involved in key pro-
cesses (e.g., immunity, cell death/survival, and
adhesion/motility) to trigger an appropriate
response (Jenner and Young 2005). It is thus
not surprising that successful pathogens have
developed specific mechanisms to deregulate
the expression levels and/or kinetics of these
defense genes. Host transcription factors are
first obvious targets to reprogram the genome
and bacteria use diverse tricks to alter their func-
tion. For instance, bacterial factors can hi-
jack cellular signaling pathways that activate
or sequester transcription factors (e.g., NF-kB,
IRF/STATs, or AP-1) in the cytosol of targeted

cells, or manipulate their half-lives via posttrans-
lational modifications (Bhavsar et al. 2007; Ribet
and Cossart 2010; Perrett et al. 2011). Some bac-
teria, such as the phytopathogen Xanthomonas,
even produce transcriptional activators that func-
tion as eukaryotic transcription factors (Kay et al.
2007).

However, selective activation or silencing
of specific genes not only depends on transcrip-
tion factors, but also on their cross talk with
epigenetic modulators, which regulate DNA ac-
cessibility by controlling the chromatin struc-
ture. Epigenetic modifications of chromatin
during development and in response to dis-
tinct environmental factors contribute to adult
phenotypic variability and susceptibility to a
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number of diseases, including cancers and met-
abolic and autoimmune disorders (van Vliet
et al. 2007; Liu et al. 2008; Wilson 2008; Portela
and Esteller 2010). This article uncoversthe most
recent data highlighting that epigenetic changes
can also contribute to and/or result from bac-
terial infectious diseases. After an overview of
the complex mechanisms governing chroma-
tin dynamics, we will describe how they may
contribute to host response to infection and/
or are hijacked by bacteria to impose a tran-
scriptional program beneficial for infection.
Only animal pathogenic bacteria will be ad-
dressed here; for chromatin targeting by plant
pathogenic bacteria, we refer to recent reviews
(Ma et al. 2011b; Rivas 2011; Bierne and Cossart
2012).

CHROMATIN REGULATION OF GENE
EXPRESSION AND THE EPIGENETIC
MEMORY

In eukaryotic cells, DNA is packaged with his-
tones into chromatin, allowing its confinement
into the tight space of the nucleus. The state of
compaction of chromatin not only organizes
the genome but also plays a major role in nu-
clear processes requiring access to DNA, i.e.,
transcription, replication, recombination, and
DNA repair. The structure of chromatin has
several levels of organization (Woodcock and
Dimitrov 2001). On the lowest level, the struc-
ture is based on repeating units, the nucleo-
somes, which consist of octamers of histone
proteins (two copies of each of the core histones
H2A, H2B, H3, and H4) around which �147
base pairs of DNA is wound. Nucleosomes line
up along the DNA in nucleosomal arrays and
associate with linker histone H1 (or its iso-
forms), nonhistone proteins, and RNAs, form-
ing higher-order chromatin structures, such as
the loosely packaged and transcriptionally ac-
tive euchromatin, or the highly condensed and
transcriptionally silent heterochromatin. Chro-
matin-remodeling and modifying mechanisms
function together to dynamically control the
state of chromatin compaction and open or
close regions of the genome for appropriate
outcomes.

ATP-Dependent Remodeling of
Nucleosomes

Sequence-dependent physical properties of
DNA, thermal motion, and binding of tran-
scription factors to DNA influence nucleosome
mobility. Yet, the movement of histone octamers
relative to DNA is mainly catalyzed by ATP-de-
pendent remodeling enzymes that use energy
from ATP hydrolysis to move, destabilize, evict,
or reassemble nucleosomes (Hota et al. 2011).
These ATPases are encoded by �27 genes in
humans and are usually associated with several
other proteins within multiprotein complexes,
grouped into four families: SWI/SNF, ISWI,
CHD, INO80/SWR (all abbreviations are listed
in Table 1) (Gangaraju and Bartholomew 2007;
Hargreaves and Crabtree 2011). These complex-
es contribute either to activation or repression
of transcription or both, depending on their
interaction with histones and other chroma-
tin-binding proteins.

Posttranslational Modifications of
Histones and DNA Methylation:
The Epigenetic Code

Nucleosome stability is also deeply influenc-
ed by changes occurring in the nucleosome
itself. The histone octamer can be modified by
exchange of histone variants and by a pletho-
ra of posttranslational modifications (PTMs),
such as acetylation, methylation, phosphoryla-
tion, ubiquitylation, sumoylation, ADP ribosy-
lation, and others, mainly in the histone tails
that protrude from the nucleosome (Kouzarides
2007; Suganuma and Workman 2011), but also,
as shown more recently, in globular domains
(Tropberger and Schneider 2011). DNA can
also be modified by methylation of the 5 posi-
tion of the pyrimidine ring of cytosine (5mC),
mainly in the context of CpG dinucleotides in
somatic mammalian cells (Klose and Bird 2006;
Chen and Riggs 2011).

These covalent modifications of chromatin,
the “chromatin marks,” are added or removed
by a wide range of enzymes termed as “writ-
ers,” such as histone acetyltransferases (HATs),
methyltransferases (HMTs), and kinases, and
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Table 1. Abbreviations and acronyms

Name Full name Function

5mC/5mU 5-Methylcytosine/5-methyluracyl Modified DNA base
5hmC/

5hmU
5-Hydroxymethylcytosine/50-hydroxymethyluracyl Modified DNA base

5fC 5-Formylcytosine Modified DNA base
5caC 5-Carboxylcytosine Modified DNA base
AID/

APOBEC
Activation-induced cytidine deaminase/apolipoprotein

B mRNA-editing enzyme catalytic polypeptide
Nucleic acid mutator

BER/NER Base excision repair /nucleotide excision repair DNA repair
BAHD1 Bromo adjacent homology domain-containing 1 Chromatin-repressor complex

subunit
CHD3/4 Chromodomain-helicase-DNA-binding protein 3/4

(Mi-2a/Mi-2b)
Nucleosome remodeler

CIITA Class II, major histocompatibility complex, transactivator Transcription factor
DNMT DNA methyltransferase DNA writer
G9a

(EHMT2)
Euchromatic histone-lysine N-methyltransferase 2

(EHMT2)
Histone writer

H2AK119ub Histone H2A ubiquitylated at lysine 119 Modified histone
H3K9me 2/3 Histone H3 di/trimethylated at lysine 9 Modified histone
H3K27me3 Histone H3 trimethylated at lysine 27 Modified histone
H3K9ac Histone H3 acetylated at lysine 9 Modified histone
H3K14ac Histone H3 acetylated at lysine 14 Modified histone
H3K23ac Histone H3 acetylated at lysine 23 Modified histone
H3T3 Histone H3 phosphorylated at threonine 3 Modified histone
H3K9ac Histone H3 acetylated at lysine 9 Modified histone
H3S10p Histone H3 phosphorylated at serine 10 Modified histone
H4K9me Histone H4 methylated at lysine 9 Modified histone
HMT Histone methylatransferase Modified histone
HDM Histone demethylase Histone writer
HDAC Histone deacetylase Histone writer
HMT Histone methyltransferase Histone writer
HP1 Heterochromatin protein 1 Chromatin-silencing factor reader
IFN-g Interferon g Cytokine
INO80 INOsitol requiring protein 80 Nucleosome remodeler
IKKa IkB kinase a Kinase
ISG Interferon-stimulated gene Gene
ISWI Imitation switch (ISWI) Nucleosome remodeler
JNK c-Jun amino-terminal kinases Kinase
LPS Lipopolysaccharide Major component of the outer

membrane of gram-negative
bacteria

LSD1 Lysine (K)-specific demethylase 1A (KDM1A) Histone writer
MAMPS Microbe-associated molecular patterns Bacterial molecules
MAPK Mitogen-activated protein (MAP) kinases Kinase
MBD1 Methyl-CpG-binding protein 1 Chromatin-silencing factor;

5mC reader
MSK1/2 Mitogen- and stress-activated kinase 1/2 Kinase-histone writer
MTA1/2/3 Metastasis-associated gene 1/2/3 Chromatin-remodeling complex

subunit
NF-kB Nuclear factor k-light-chain enhancer of activated B cells Transcription factor

Continued
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“erasers,” such as histone deacetylases (HDACs),
demethylases (HDMs), and phosphatases (Fig.
1) (Zhou et al. 2011). In the case of DNA meth-
ylation, writers are DNA methyltransferases
(DNMTs), either involved in establishing meth-
ylation (i.e., the “de novo” methyltransferases
DNMT3a and DNMT3b) or copying methyla-
tion patterns to the newly synthesized DNA
strand during replication (i.e., the “mainte-
nance” methyltransferase DNMT1). 5mC is a
relatively stable mark and its erasure is more
complex than that of histone PTMs. Intense
recent research has nevertheless started to iden-
tify enzymes capable of modifying preexisting
methylation patterns. DNA methylation is re-
versible either by a passive way, when 5mC is
not copied during DNA replication, or by active
mechanisms involving intermediate chemical
modifications of 5mC, followed by passive de-
methylation or DNA repair, as detailed in Figure
1 (Bhutani et al. 2011; Chen and Riggs 2011; Wu
and Zhang 2011).

DNA methylation, especially at promoters
and enhancers, is mainly coupled with tran-
scriptional silencing, whereas histone modifica-
tions are involved in both positive and negative
regulation of transcription. For instance, H3
methylated at lysine 4 (H3K4me), phosphory-
lated at serine 10 (H3S10p), and acetylated at

lysine 14 (H3K14ac) are linked to transcription-
al activation, whereas deacetylated histones and
H3 methylated at lysine 9 (H3K9me) (Fig. 1)
and lysine 27 (H3K27me) are associated with
repression. Some genes can have both repres-
sive and active histone marks, and constitutively
bind RNA polymerase II at their proximal pro-
moters, thus being prepared for efficient future
transcription while remaining silent (Mikkelsen
et al. 2007). Such so-called “poised” genes can
operate in cells in which a rapid change in ex-
pression levels is required, enabling cell plastic-
ity (Cuddapah et al. 2010).

Chromatin modifications affect gene ex-
pression in two nonexclusive ways. First, they
can directly alter the nucleosome structure. In
particular, acetylation and phosphorylation of
histones are proposed to attenuate the electro-
static interactions between basic histones and
negatively charged DNA, thereby increasing
nucleosome mobility and access of transcrip-
tion factors to DNA (Fenley et al. 2010). Second,
histone PTMs and 5mC serve as “signaling plat-
forms” that recruit chromatin-modifying and/
or regulatory proteins, termed “readers,” which
themselves interact or stabilize other chroma-
tin components (Fig. 1). Readers are docked
to histone PTMs or methylated DNA via chro-
matin-binding modules, such as methyl-CpG

Table 1. Continued

Name Full name Function

NuRD Nucleosome remodeling and histone deacetylase Chromatin-remodeling complex
p300/CBP E1A binding protein p300/CREB-binding protein Histone writer, reader
PTB Splicing factor
PRC1/PRC2 Polycomb repressive complex 1/2 Chromatin-repressor complex
SETDB1 SET domain, bifurcated 1 Histone writer
SIN3A SIN3 transcription regulator homolog A; histone

deacetylase complex subunit Sin3a
Chromatin-repressor complex

subunit
SWI/SNF Switch/Sucrose Nonfermentable Nucleosome remodeler
TET Ten-eleven translocation Enzyme converting 5-meC to 5hmC
TNF-a Tumor necrosis factor-a Cytokine
TLR Toll-like receptor Receptor for MAMPS
TNF-R Tumor necrosis factor-receptor Cytokine receptor
TSIX TSIX transcript, XIST antisense RNA Noncoding RNA
VRK1 Vaccinia-related kinase 1 Kinase
XIST X-inactive specific transcript Noncoding RNA

CREB, cyclic AMP response element binding protein; PTB, phosphotyrosine binding; MAMPS, microbe-associated

molecular patterns.
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binding domains of MBD proteins that inter-
act with methylated DNA (Sasai and Defos-
sez 2009), or bromodomains, chromodomain,
14-3-3, Tudor, plant homeodomains (PHDs),
etc., which interact with specific histone PTMs

(Taverna et al. 2007). For instance, the chro-
modomain of heterochromatin protein 1
(HP1) binds H3K9me2/3, which initiates het-
erochromatin formation and gene silencing
(Bannister et al. 2001; Lachner et al. 2001).

Kinase/phosphatase

Writer/eraser code

DNA demethylation
pathways

5mC

5mC 5mC 5mC 5mC 5mC 5mC

5C

5hmC

5hmU

5fC5caC

TET

AID/
APOBEC

DNA glycosylases
and BER/NER HAT/HDAC

S10

S10
P

MSK1/2 p300

ac me

MLL

MethylationAcetylation

DemethylationDeacetylation

Phosphorylation

Dephosphorylation

G9a/
SETDB1

G9a/
SETDB1

DNMT3a

HDAC1PP2A LSD1

meacp

DNMT3a

HP1HP1

MBD1

memememe
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5C5C5C

K9 K9 K9 K9

K14 K4

Erasers

HDM/HMT

DNMT

Reader

Readers

Writers

Euchromatin Heterochromatin

Figure 1. Chromatin modifications and regulators. Chromatin modifications open or close the chromatin
structure, thereby activating or repressing gene expression. Serine phosphorylation on lysine 10 of histone
H3 (S10p), acetylation on lysine 14 of H3 (K14ac), and methylation on lysine 4 of H4 (K4me) are examples
of activating marks. Conversely, dephosphorylation, deacetylation, and demethylation of the same residues are
associated with repression. Methylation of lysine 9 of H3 (K9me) and 5-cytosine methylation of DNA (5mC) are
also repressive marks. These modifications are catalyzed or reversed by different enzymes known as “writers” or
“erasers,” respectively. An example of writer and eraser for each modification is shown in the color of the
modification. Erasure of DNA methylation involves intermediate chemical modifications of 5mC, followed
by passive demethylation or DNA repair. 5mC can be hydroxylated by TET dioxygenases (Tahiliani et al. 2009) to
form 5hmC, and further oxidized to produce 5fC and 5caC (Wu and Zhang 2011). 5hmC is poorly recognized by
DNMT1 and thus can lead to passive demethylation. In addition, 5mC and 5hmC can both be deaminated by
AID/APOBEC deaminases to form modified uracyls, 5mU or 5hmU. Excision of modified bases (5mU, 5hmU,
5fC, and 5caC) by DNA glycosylases followed by repair via BER (base excision repair)/NER (nucleotide excision
repair) is proposed to regenerate the unmethylated cytosine (Bhutani et al. 2011; Wu and Zhang 2011). Modified
residues are recognized and interpreted by different protein modules, known as “readers.” For instance, the
bromodomain of HAT p300 binds H3K14ac, the chromodomain of HP1 binds H3K9me, and the methyl-CpG-
binding domain (MBD) of MBD1 binds 5meC. Examples of epigenetic cross talks are shown: H3S10p is often
associated with H3K14ac and H3K9ac (not shown). H3K9me is often associated with 5mC, on cross-interac-
tions between the H3K9 methyltransferase (G9a/SETDB1), DNMT, HP1, and MBD1. Overall, the chromatin
compaction, loss of histone activation marks, and removal of transcription factors accompany gene silencing.
HAT, histone acetyltransferase; HDAC, histone deacetylase; HMT, histone methyltransferase; HDM, histone
demethyltransferase; DNMT, DNA methyltransferases. Abbreviations are listed in Table 1.
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Figure 2. Three examples of chromatin-modifying complexes and their mode of action. (A) The nucleosome
remodeling and histone deacetylase NuRD (or Mi-2) complex contains different subunits involved in nucleo-
some remodeling (CHD3/CHD4), histone deacetylation (HDAC1/HDAC2), histone demethylation (LSD1),
and binding to transcription factors and histones. Additionally, MBD2 recruits NuRD to methylated DNA,
whereas MBD3 (whose MBD region is mutated and does not bind methylated DNA) interacts with transcription
factors. The function and targeting of the complex to specific loci depends on the combinatorial assembly of the
different subunit isoforms. Most often, recruitment of the NuRD complex by a tissue-specific transcription
factor to gene promoters mediates transcriptional repression. In the case of the transcription factor c-Jun of the
AP1 family, recent studies suggest that its recruitment to the NuRD complex involves MBD3 interaction with
unphosphorylated c-Jun. On activation of the JNK pathway, c-Jun phosphorylation mediates MBD3/c-Jun
dissociation, resulting in derepression of transcription of target genes (e.g., cell-cycle and cell-differentiation
genes) (Aguilera et al. 2011). Abbreviations are listed in Table 1. (See facing page for legend.)
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Conversely, the bromodomain of the HAT
p300/CBP binds acetylated-lysine histone resi-
dues, and is important for the enzyme activity
and transcriptional activation (Fig. 1) (Chen
et al. 2010).

A Ballet of Chromatin-Modifying and
-Remodeling Complexes: The Epigenetic
Language

Writers, readers, and erasers are often modular
proteins displaying several properties. This is
well exemplified by p300/CBP, which is a writer
(via its HAT module), a reader (via its bromo-
domain), and an adaptor (via other modules,
such as transcription factor and steroid receptor
interaction domains), thus functioning as a
transcriptional integrator. In addition, chroma-
tin-modifying enzymes usually assemble into
multisubunit complexes, together with nonen-
zymatic subunits acting as readers and/or as
linkers for sequence-specific DNA-binding fac-
tors. For instance, the NuRD complex (Fig. 2A)
contains subunits involved in nucleosome re-
modeling (CHD3 and CHD4), histone deacety-
lation (HDAC1 and HDAC2), histone demethy-
lation (LSD1), and in binding to other subunits
and histones (RBBP4, RBBP7, GATAD2A, and
GATAD2B), to methylated DNA (MBD2) and
to transcription factors (MTA1, MTA2, MTA3,
and MBD3) (Hayakawa and Nakayama 2011;
Lai and Wade 2011). Combinatorial assem-
bly of these subunits determines the function

of NuRD in genomic targeting and mediating
cell type-specific transcriptional regulations,
such as transcriptional repression of tumor-
suppressor genes.

These macromolecular complexes may fun-
ction alone or with others to orchestrate, in time
and space, a specific chromatin state. The vast
array and different combinations of histone
PTMs coordinate the sequential recruitment of
complexes, a stepwise regulation that reinforces
or reverses existing histone PTMs (Latham
and Dent 2007; Lee et al. 2010; Suganuma and
Workman 2011). For instance, H3S10p is re-
quired for acetylation at lysine 14 on the same
histone by the HAT Gcn5. Another example is
the sequential recruitment of the polycomb re-
pressive complexes. PRC2 “writes” H3K27me3,
while PRC1 “reads” it and induces monoubiqui-
tylation of histone H2A, ultimately leading to
chromatin compaction at target genes (Fig. 2B)
(Margueron and Reinberg 2011). Such cross talk
also takes place between histone PTMs and DNA
methylation. Interaction of H3K9 HMT (e.g.,
SETDB1, G9a) or H3K27 HMT (PRC2) with
DNMT3A/B is proposed to promote DNA
methylation at specific regions (Figs. 1 and 2B)
(Li et al. 2006; Vire et al. 2006). Once formed,
5mC sites recruit the methyl-CpG binding pro-
teins, such as MBD1, which can interact with
both H3K9 HMTs and HP1 (Fujita et al. 2003;
Ichimura et al. 2005). Such sequence of events
may explain the spreading of repressive marks at
targeted loci.

Figure 2. (Continued) (B) Mammalian PcG proteins form two multiprotein complexes, polycomb repressive
complexes 1 and 2 (PRC1 and PRC2). PRC2 contains a histone-methyltransferase subunit (EZH2, not shown)
that generates H3K27me3. PRC1 binds H3K27me3 and catalyzes ubiquitinylation of H2AK119. An early event
in chromosome X inactivation in mammalian females is the recruitment of PRC2 by the XIST long coding RNA,
inducing H3K27me3 and H2AK119ub along the inactive X chromosome. PRC2 has the ability to recruit
DNMTs to some of its target genes, thereby stimulating de novo DNA methylation. (C) The BAHD1-associated
chromatin-silencing complex has been discovered by the study of the bacterial protein LntA from L. mono-
cytogenes. Two-hybrid screen, coimmunoprecipitation, and colocalization experiments (Bierne et al. 2009), as
well as tandem-affinity purification (Lebreton et al. 2011), identified components associated to BAHD1, i.e.,
HP1, MBD1, KAP1, histone methyltransferase (SETDB1), and deacetylases (HDAC1/2). Our data suggest that
BAHD1 acts as a silencer by tethering chromatin regulators and modifying enzymes to sequence-specific
transcription factors (TF), enabling local chromatin compaction. BAHD1-associated heterochromatin sites
are enriched in H3K27me3, but the relationship with PRC2 is unknown. Like for NuRD, the function and
targeting of the BAHD1 complex to specific genes likely depend on the combinatorial assembly of the different
subunits, in response to signals to which cells are submitted. On Listeria infection, the BAHD1 complex
assembles at promoters of a set of interferon-stimulated genes (ISGs), as shown in Figure 4.
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The recruitment, regulation, and interac-
tions of the complexes implementing chroma-
tin marks trigger dynamic combinatorial pat-
terns that are proposed to form a language
(Lee et al. 2010). The “grammar” of this lan-
guage also involves modification of nonhistone
substrates by chromatin-modifying enzymes
(Xu et al. 2007; Rathert et al. 2008), as well as
a wide range of PTMs induced by cell signaling
pathways that alter interaction or stability of
subunits of chromatin complexes and tran-
scription factors. This translates signal trans-
duction information to the chromatin structure
in response to different environmental signals
(Mohammad and Baylin 2010). Phosphoryla-
tion and sumoylation are important modifi-
cations in the function of a variety of repressor
complexes (Garcia-Dominguez and Reyes 2009;
Baek 2011) and, for instance, play a central role
in the targeting of HP1a to chromatin (Hira-
gami-Hamada et al. 2011; Maison et al. 2011).
Phosphorylation of the transcription factor
c-Jun by JNK kinase impairs the binding of
c-Jun to the MBD3 subunit of the NuRD com-
plex, thereby relieving repression of target genes
(Fig. 2A) (Aguilera et al. 2011). JNK, MSK1/2,
IKKa, and several other kinases of signal trans-
duction pathways can also directly phosphory-
late histones in the nucleus (Yamamoto et al.
2003; Baek 2011; Tiwari et al. 2011). Thus, sig-
naling molecules activated in cells in response to
external stimuli have key effects on the chroma-
tin syntax.

Other Epigenetic Regulators: Noncoding
RNAs and RNA Splicing Factors

Additional complexity was recently added to
the epigenetic landscape by the discovery of a
crucial role of RNAs and RNA-binding proteins
in dynamic changes of the chromatin structure
and spatial organization of the genome inside
the nucleus (for reviews, see Bernstein and Allis
2005; Faghihi and Wahlestedt 2009; Chen and
Carmichael 2010; Grewal 2010; Turner and Mor-
ris 2010; Kaikkonen et al. 2011).

Eukaryotes transcribe most of their geno-
mic DNA, albeit only 1%–2% of all cellular
transcripts encode proteins. The vast majority

of RNAs are thus noncoding RNAs (ncRNA)
of diverse size (from small 17–30 bp to long
.200 bp ncRNAs), which can be generated
from intergenic regions, exons, introns, or en-
hancers, in sense or antisense orientation (Mat-
tick and Makunin 2005; Tisseur et al. 2011).
Most reported data link ncRNAs to gene si-
lencing. Well-known examples are two long
noncoding transcripts, XIST and TSIX, which
regulate inactivation of one of the two X chro-
mosomes in female mammals (Nora and Heard
2010; Morey and Avner 2011). XIST transcripts
coat the inactive X chromosome in cis and re-
cruit chromatin-remodeling complexes, such as
PRC2 and PRC1, that trigger repressive marks
and heterochomatin formation (Fig. 2B) (Pon-
tier and Gribnau 2011; Wutz 2011). The action
of XIST is antagonized by TSIX, a noncoding
antisense RNA to the Xist gene that represses
Xist transcription through chromatin modifi-
cations. The mechanism at play might involve
XIST/TSIX RNAduplexesprocessedby the RNAi
machinery and subsequent recruitment of chro-
matin-remodeling complexes bysmall interfering
RNAs (siRNAs; see below) (Ogawa et al. 2008).
Numerous cases of sense–antisense transcript
pairs have now been discovered in mammalian
genomes and increasing evidence suggests that
antisense RNAs might play a general role in epi-
genetic changes by recruiting DNA methyltrans-
ferase and/or histone-modifying enzymes (Fa-
ghihi and Wahlestedt 2009; Kaikkonen et al.
2011). Additionally, long ncRNAs were recently
shown to act as scaffolds, localizing genes to spe-
cific subnuclear regions for either repressive or
activating effects (Yang et al. 2011).

Mammalian cells also produce small ncRNAs
that were originally characterized for their role in
posttranscriptional gene silencing in the cyto-
plasm, by targeting specific mRNAs for degrada-
tion or translational inhibition. However, recent
data indicate that small ncRNAs also play an
important role in chromatin dynamics in the
nucleus. These RNAs are generated by cleavage
of double-stranded RNAs (dsRNAs) by dsRNA-
specific RNase III-type enzymes: microRNAs
(miRNAs) derive from unique hairpin-shaped
precursors in long transcripts, whereas endoge-
nous small interfering RNAs (endo-siRNAs)
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are formed by cleavage of long dsRNA generated
at repeated sequences (e.g., centromere, telo-
mere, and transposons) or by antisense tran-
scription (Turner and Morris 2010; Rother
and Meister 2011). Current models suggest
that the regulatory functions of nuclear small
ncRNAs and associated factors in gene expres-
sion are to serve as guides for chromatin-mod-
ifying complexes and target them at specific
sites, in cis or trans, possibly through base pair-
ing or formation of an RNA/DNA triple helix
(Schmitz et al. 2010).

Last, but not least, mounting evidence sug-
gests that chromatin modifications also contrib-
ute to pre-mRNA alternative splicing, which in
eukaryotes allows for one gene to encode func-
tionally distinct proteins (Allemand et al. 2008;
Hnilicova and Stanek 2011). The spliceosome, a
complex of small nuclear RNA (snRNA) and
protein subunits (snRNPs, small nuclear ribo-
nucleoprotein particles) that removes introns,
seems to be influenced by chromatin modifica-
tions. For instance, HDAC inhibition changes
alternative splicing of �700 genes in human
cells (Hnilicova et al. 2011). In addition, splic-
ing regulators, such as PTB or hnRNPs, have
been shown to interact with chromatin regula-
tors, such as MRG15 (Luco et al. 2010) or HP1,
respectively (Piacentini and Pimpinelli 2010).
Interestingly H3K9me2/3 marks are enriched
in introns, in contrast to exons, and a read-
er of such marks, HP1g, was recently shown
to modulate alternative splicing (Saint-Andre
et al. 2011). Furthermore, siRNA-mediated het-
erochromatin formation seems to contribute to
splicing events (Allo et al. 2009). Splicing deci-
sions are thus likely assisted by chromatin fac-
tors and ncRNAs.

The Epigenetic Memory

Chromatin modifications can promote mitoti-
cally heritable changes in gene expression with-
out altering the DNA sequence, especially dur-
ing cell differentiation. This property to persist
through cell division, despite the fact that the
initiating signal is no longer present, and thus
allowing a cell to “remember” its transcriptional
profile and identity, defines epigenetic regula-

tion (Russo et al. 1996). Chromatin modifica-
tions are thus commonly referred to as “epigenet-
ic”modifications.However,many marks induced
by cell signaling, DNA repair, or cell-cycle transi-
tions, are short-lived and do not give rise to long-
term memory storage. To account for both tran-
sient and stable modifications of the epigenetic
language, we thus prefer another definition of
epigenetic events: “the structural adaptation of
chromosomal regions so as to register, signal, or
perpetuate altered activity states,” recently pro-
posed by Adrian Bird (Bird 2007). When inherit-
ed, chromatin modifications generate an epige-
netic memory.

BACTERIAL CYTOSOLIC SIGNALING
TO CHROMATIN

Mechanisms controlling gene expression at the
chromatin level show high levels of complexity.
Various bacterial products can affect them in
many ways (Table 2), through activation of sig-
naling cascades or directly in the nucleus, as we
will review now.

Histone Modifications

So far, most of the reported chromatin modi-
fications induced by bacteria are histone ace-
tylation/deacetylation and phosphorylation/
dephosphorylation events generated through
activation of host cell signaling cascades by
bacterial components (e.g., microbe-associated
molecular patterns, metabolites, and virulence
factors) (Fig. 3). The effects are complex, be-
cause they differ according to the bacterial ago-
nist, cell type, and kinetics parameters. Among
the host signaling pathways that a number of
bacteria activate, MAPKs (e.g., ERK and p38),
NF-kB, and PI3K pathways are known to acti-
vate the kinases that phosphorylate H3S10 in
the nucleus (i.e., MSK1/2, IKKa, and AKT, re-
spectively) (Yamamoto et al. 2003; Baek 2011).
Any bacterial stimulus activating these pathways
has therefore the potential to induce H3S10p
and associated acetylated histones. Examples
of these are listed below.

In endothelial HUVEC cells, the causative
agent of listeriosis, Listeria monocytogenes, rap-
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Table 2. Bacterial species, factors, and effects

Bacterial species

Bacterial

factor Effect

Anaplasma
phagocytophilum

? Histone deacetylation and silencing of host defense genes

AnkA Binding to chromatin at AT-rich sequences; silencing of CYBB
Bacillus anthracis LT Inhibition of MAPK and of H3S10p and down-regulation of IL-8 and KC

genes.
Campylobacter rectus ? Hypermethylation in the promoter region P0 of the IGF2 gene in the

murine-infected placenta
Chlamydia trachomatis NUE Methylation of mammalian histones
Escherichia coli

(uropathogenic)
? DNA methylation and down-regulation of CDKN2A

Ehrlichia chaffeensis Binding to chromatin at Alu-Sx elements
Helicobacter pylori Induction of DNA methylation in gastric mucosa

Induction of H3 modifications
Induction of miRNA expression
Induction of RNA splicing factors

Legionella pneumophila Flagellin Histone acetylation in infected lung epithelial cells
Listeria ? Acetylation of H4 and phosphorylation/acetylation of H3, in

particular at the IL-8 promoter and decreased binding of HDAC1 at
the IL8 promoter in Listeria-infected endothelial cells

LLO Histone modifications and modulation of host defense genes by a
signaling pathway involving Kþ efflux

? Down-regulation of ISG by BAHD1-associated complex in epithelial
cells

LntA Up-regulation of ISG by LntA-mediated inhibition of BAHD1-
associated complex

? Change in expression of a subset of host miRNAs
Moraxella catarrhalis Reduction in the global expression and activity of HDAC1/2 in airway

epithelial cells
Mycobacterium

tuberculosis
Control of chromatin complex at ISG downstream from IFN-g

Porphyromonas
gingivalis

Reactivation of latent viruses via chromatin modification induced by
butyric acid

Salmonella Change in expression of a subset of host miRNAs
Shigella flexneri OspF Down-regulation of MAP kinase in the nucleus by eliminylation;

inhibition of phosphorylation of H3S10; down-regulation of immune
response genes inhibition of NF-kB chromatin access leading to the
inactivation of IL-8 and other genes essential for innate immune
responses

OspB Binding to Rb
IpaH9.3 Ubiquitin ligase, which targets a splicing factor for degradation and

impairs splicing
Bacterial product LPS Inducer of innate immunity via activation of TLR4-mediated responses

and the production of proinflammatory cytokines; induces
immunosuppression by chromatin modifications on repeated
challenge

Butyrate Inhibition of HDAC activity

LT, lethal toxin; LLO, listeriolysin O; LPS, lipopolysaccharide.
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Figure 3. Bacterial signaling to histones and downstream effects. Schematic representation of Listeria monocytogenes-,
Bacillus anthracis-, Mycobacterium tuberculosis-, Helicobacter pylori-, or Porphyromonas gingivalis-induced signaling path-
ways leading to histone modifications, as detailed in the text. Bacterial products inducing host cellular signaling are in
yellow. Membrane (TNF-a-R, IFN-g, TLR2, TLR4) or cytosolic (NOD1) receptors are indicated by a red oval. Effects on
target genes are indicated by arrows (up for activation and down for repression). Cell types in which studies have been
performed are listed below. Abbreviations are listed in Table 1.
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idly increases phosphorylation and acetylation
of histones (H3S10p, H3K14ac, and H4K8ac),
and specifically at the promoter of the pro-
inflammatory gene IL-8 (Schmeck et al. 2005;
Opitz et al. 2006). This effect involves NOD1-
mediated sensing of cytosolic bacteria and acti-
vation of MAP kinases (MAPK), followed by
enhanced binding of HAT p300/CBP and de-
creased binding of HDAC1 to the IL-8 promoter
(Fig. 3). Flagellin of Legionella pneumophila,
the causative agent of Legionnaire disease and
bacterial lipopolysaccharide (LPS), has similar
effects on IL-8 in lung epithelial cells and den-
dritic cells, respectively (Saccani et al. 2002;
Schmeck et al. 2008). Not only pathogenic but
also commensal bacteria, such as Moraxella
catarrhalis, a saprophytic bacterium of the re-
spiratory tract, or Bacteroides vulgatus, a com-
mensal of the intestinal flora, can induce phos-
phorylation/acetylation of H3 via induction of
an inflammatory signaling cascade (Haller et al.
2003; Slevogt et al. 2006).

However, with such an important role on
inflammation, MAPK signaling is often coun-
teracted by bacterial-induced mechanisms. In
the case of B. vulgatus, this is performed by
bacterial induction of the TGF-b1 anti-inflam-
matory pathway, which in turn induces H3 de-
acetylation via HDAC recruitment at proinflam-
matory gene promoters (Haller et al. 2003). This
prevents B. vulgatus from eliciting an inflam-
matory response in the gut and contributes to
its tolerance by the host. Bacterial toxins also
dampen the host innate immune responses
by inhibiting H3 phosphorylation/acetylation.
Once endocytosed into the host cell, lethal toxin
(LT) from Bacillus anthracis, the agent of an-
thrax, cleaves and inactivates MAPKKs leading
to disruption in MAPK signaling (Bardwell et al.
2004). In lung epithelial cells activated by TNF-
a, LT-mediated MAPK inhibition promotes a
decrease in the levels of H3S10p and H3K14ac
at the promoter of IL-8 and KC genes (Fig. 3)
(Raymond et al. 2009). Pore-forming toxins
that “intoxicate” cells by disruption of mem-
brane permeability use another signaling path-
way to change histone marks. In epithelial HeLa
cells, L. monocytogenes listeriolysin O (LLO) pro-
motes deacetylation and dephosphorylation of

histones, in particular at a subset of immune
genes, such as CXCL2, MKP2, or IFIT3, which
become repressed (Fig. 3) (Hamon et al. 2007).
The mechanism at play involves a Kþ efflux
through pore formation at the membrane (Ha-
mon and Cossart 2011). Other pore-forming
toxins, such as PFO of Clostridium perfringens,
PLY of Streptococcus pneumonia, and Aerolysin
from Aeromonas hydrophila have similar effects,
suggesting that all of these toxins activate an in-
tracellular Kþ sensor leading to a pathway that
modifies histones and subsequent gene expres-
sion (Hamon and Cossart 2011).

Of note, MAP kinases have several down-
stream targets other than MSK1/2, some of
which are involved in histone deacetylation
and transcriptional repression at later time
points (Yang et al. 2001). This might explain
why bacterial-induced MAPK signaling does
not always lead to transcriptional activation of
immune genes, as exemplified by Mycobacteri-
um tuberculosis (Mtb), the causative agent of
tuberculosis. Control of Mtb infection requires
IFN-g, but some IFN-g-induced genes are re-
pressed in macrophages infected with Mtb or
exposed to Mtb components, such as the lipo-
protein LpqH (Wang et al. 2005; Pennini et al.
2006). These genes include CIITA, coding for the
master regulatorof MHC class II genes, as well as
some of its targets (e.g., HLA-DR). Activation of
the TLR2/MAPK-dependent pathway on Mtb
infection stimulates recruitment of the tran-
scriptional repressor C/EBP and histone deace-
tylation at the promoter of CIITA, antagoniz-
ing the nucleosome-remodeling activity of the
SWI/SNF complex and down-regulating CIITA
expression (Fig. 3) (Pathak et al. 2006; Pennini
et al. 2007). Additionally, mycobacterial infec-
tion up-regulates expression of Sin3A encoding
a corepressor that acts in concert with HDACs
to repress a number of genes, including MHC
class II genes (Wang et al. 2005). Thus, to coun-
teract IFN-g-induced pathways, Mtb not only
silences CIITA, but also CIITA-regulated genes,
such as HLA-DR, on increased recruitment of
Sin3A-HDACs to their promoters (Fig. 3).

The carcinogenic bacterium Helicobacter
pylori is also capable of modifying histones by
diverse means, including the modulation of the
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MAPK pathway. The peptidyl prolyl cis-, trans-
isomerase HP0175 secreted by H. pylori binds
the innate immunity receptor TLR4, which in
turn activates MAPKs and the downstream
MSK1-dependent phosphorylation of H3, in
particular, at the IL-6 promoter in THP-1 mono-
cytes (Fig. 3) (Pathak et al. 2006). In contrast, in
gastric epithelial cells H. pylori has an opposite
effect by inducing dephosphorylation of H3S10
and H3T3, as well as deacetylation of H3K23
(Fehri et al. 2009; Ding et al. 2010a). H. pylori-
mediated chromatin modifications are in this
case dependent on a functional type IV secretion
system, suggesting involvement of an injected
bacterial product. H. pylori-induced dephos-
phorylation of H3S10 is transient and impacts
both the cell cycle (Fehri et al. 2009) and tran-
scription of oncogene c-Jun (positively) and
heat shock gene hsp70 (negatively) (Ding et al.
2010a). H. pylori-mediated premitotic arrest
involves dephosphorylation of H3S10 upon de-
regulation of the mitotic histone kinase VRK1,
followed by rephosphorylation of H3S10 by
an IKKa-dependent pathway. Another study
showed that exposure of H. pylori to gastric epi-
thelial cells promotes release of HDAC1 from the
promoter of the cell-cycle regulator gene p21WAF,
hyperacetylation of H4, and increased expression
of p21WAF. Chromatin alterations might contrib-
ute to the effects of H. pylori on cell-cycle progres-
sion, cellular proliferation, and cell death (Xia
et al. 2008).

Changes in the levels of chromatin-mod-
ifying components are another possible out-
come of bacterial infections. As discussed above,
Mtb infection up-regulates expression of Sin3A
(Wang et al. 2005), whereas the tick-transmitt-
ed pathogen Anaplasma phagocytophilum up-
regulates the expression of HDACs in infected
cells (Garcia-Garcia et al. 2009a), an effect that
contributes to silencing of host defense genes
by deacetylation of histones. In contrast, the
levels of HDAC transcripts are decreased in gin-
gival epithelial cells treated with oral pathogen
Porphyromonas gingivalis and nonpathoge-
nic Fusobacterium nucleatum (Yin and Chung
2011).

Bacteria can also produce metabolites act-
ing as inhibitors of chromatin-modifying en-

zymes. One such product is butyric acid, a
short-chain fatty acid acting as a potent inhib-
itor of HDACs (Riggs et al. 1977). Interestingly,
the adverse effect of Porphyromanas gingivalis
in reactivating latent viruses, such as human
immunodeficiency virus (HIV) and Epstein–
Barr syndrome (EBV), seems to result from pro-
duction of butyrate by this bacterium (Imai
et al. 2009; Imai et al. 2011). It is proposed that
viral genes maintained silent by HDAC-con-
taining complexes are reactivated following in-
hibition of HDACs by butyric acid (Fig. 3).
Thus, P. gingivalis infection might be a risk fac-
tor for viral diseases, such as AIDS or Herpes.
Butyric acid also exerts beneficial anti-inflam-
matory effects on the host, at least in animal
models, possibly via epigenetic up-regulation
of anti-inflammatory genes. Such observations
open up the interesting possibility to use buty-
rate-producing probiotic bacteria as immuno-
suppressors (Licciardi et al. 2010).

DNA Methylation

The importance of DNA methylation events as-
sociated with bacterial infections is also becom-
ing increasingly appreciated. The best docu-
mented example is H. pylori infection that
induces aberrant DNA methylation in the hu-
man gastric mucosa, strikingly at promoters of
genes found methylated in gastric cancer cells
(Maekita et al. 2006; Ding et al. 2010b; Ushijima
and Hattori 2012). H. pylori-associated hyper-
methylation occurs, for instance, at the E-cad-
herin gene CDH1 (Chan et al. 2003), tumor-
suppressor genes (e.g., USF1/2 and WWOX
[Bussiere et al. 2010; Yan et al. 2011]), DNA
repair genes (e.g., MLH1 [Yao et al. 2006]), as
well as to CpG islands of miRNA genes (Ando
et al. 2009). The ability of H. pylori to induce
DNA methylation in gastric mucosa was con-
firmed in the gerbil animal model and, interest-
ingly, this effect was diminished on treatment
with the immunosuppressor cyclosporin A
(Niwa et al. 2010). Indeed, in contrast to etha-
nol or NaCl stimuli that induce neutrophil in-
filtration in the stomach, H. pylori-mediated
inflammation triggered lymphocyte and mac-
rophage infiltration, which appears to have a
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key role in induction of methylation (Hur et al.
2011). Thus, although the mechanisms by which
H. pylori induces DNA hypermethylation are still
unclear, the infection-associated inflammatory
response is a tempting explanation (Ding et al.
2010b; Ushijima and Hattori 2012). Among sig-
nals resulting from chronic inflammation, ele-
vated levels of IL1b and nitric oxide (NO) are
proposed to contribute to influence the recruit-
ment of DNMTs at specific loci.

In fact, evidence for an epigenetic control of
the inflammatory response is increasingly rec-
ognized (Medzhitov and Horng 2009; Bayar-
saihan 2011). In the intestine, some PRC2 target
genes are subject to aberrant DNA methyla-
tion following chronic inflammation (Hahn
et al. 2008). In a noninflammatory context,
the LPS-sensing receptor encoding gene TLR4
is down-regulated in intestinal epithelial cells
and there is evidence for a role of commensal
bacteria in TLR4 methylation (Takahashi et al.
2011). This is proposed to maintain intestinal
homeostasis by preventing an excessive inflam-
matory reaction toward the gut microbiota.
In the oral cavity, similar mechanisms may
dampen uncontrolled inflammatory response
triggered by bacterial-induced chronic infec-
tion. In particular, periodontally inflamed gin-
gival biopsies showed a significant increase in
promoter methylation of the gene encoding the
proinflammatory enzyme COX-2, when com-
pared with noninflamed biopsy samples (Zhang
et al. 2010). This would allow a chronic inflam-
matory stimulus to be tolerated, preventing
unrestricted tissue destruction. Whether this is a
bacteria-triggered phenomenon is unknown, but
it is of note that resident bacteria, such as P. gingi-
valis, can induce hypermethylation of specific
genes in gingival epithelial cells (Yin and Chung
2011).

Bacteria-induced DNA methylation can also
affect genes involved in cell proliferation, as illus-
trated by uropathogenic Escherichia coli (UPEC).
In human uroepithelial cells, infection with
UPEC results in the up-regulation of DNA meth-
yltransferase (DNMT) activity and DNMT1 ex-
pression and induces CpG methylation and
down-regulation of CDKN2A, a G1-cell-cycle in-
hibitor regulator (Tolg et al. 2011). This may

increase uroepithelial cell proliferation and path-
ogen persistence, by counteracting infection-
stimulated host cell apoptosis. Other organs can
be targeted by bacteria-mediated epigenetic
changes, including placenta. Indeed, maternal
infection with Campylobacter rectus induces hy-
permethylation of the imprinted IGF2 gene pro-
moter in murine placental tissue (Bobetsis et al.
2007). This result suggests that bacterial infec-
tions during pregnancy might epigenetically af-
fect genes that play an important role in fetal
development.

ncRNA and RNA Splicing

It is now well established that miRNAs are impor-
tant regulators of immune responses (O’Connell
et al. 2011). Not surprisingly, several of them are
induced in response to pathogenic bacteria,
such as H. pylori (Fassi Fehri et al. 2010; Matsu-
shima et al. 2011), Salmonella typhimurium
(Schulte et al. 2011), L. monocytogenes, and My-
cobacterium bovis BCG (Ma et al. 2011a; Izar
et al. 2012), and even by microbiota (Dalmasso
et al. 2011). However, in all of the reported stud-
ies, miRNAs function in posttranscriptional re-
pression of mRNAs in the cytosol. Whether a
bacterial stimulus induces expression of miRNA
or endogenous siRNA acts at the chromatin lev-
el in the nucleus is unknown.

Likewise, whereas numerous immunologi-
cally relevant genes undergo alternative splicing
(Lynch 2004), it remains to be explored wheth-
er bacteria could affect alternative splicing by
changes in chromatin to deregulate the function
of the immune system. A recent study analyzing
changes in the phosphoproteome of gastric cells
on H. pylori infection described an enrichment of
RNA processing and splicing factors in infected
cells (Holland et al. 2011). Besides this study and
the reported targeting of a splicing factor by the
Shigella flexneri protein IpaH9.8 (see below)
(Okuda et al. 2005), information of the link be-
tween splicing and bacterial infection is lacking.

As we have seen, bacteria-mediated signal-
ing pathways affect epigenetic processes in many
ways. However, it is not always easy to distin-
guish what is the contribution of the host re-
sponse to infection and what is a specific
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bacteria-targeted mechanism’s on the chroma-
tin changes. The existence of bacterial factors
that act directly in the nucleus, which we recently
referred to as the “nucleomodulins” (Bierne and
Cossart 2012), highlights that bacteria have
evolved mechanisms to actively manipulate the
chromatin-regulatory machinery in the nucleus
and reprogram host gene expression to their ad-
vantage (Fig. 4).

BACTERIAL PROTEINS MIMICKING OR
CONTROLLING HOST CHROMATIN-
REGULATORY FACTORS

Histone-Modifying Bacterial Enzymes

Several components of the eukaryotic protein
methylation system might have their origins in
bacteria. In particular, SET domain-contain-
ing HMT (e.g., G9a, SETDB1) may have first
emerged in prokaryotes from the SAF superfam-
ily of carbohydrate-binding domains (Aravind
et al. 2011). Conversely, a subset of the bacterial
SET domain-containing protein might have
evolved the chromatin-related role of their eu-
karyotic counterparts. Evidence for this hy-
pothesis emerged from studies of chlamydial
SET proteins. A SET domain protein (cpnSET)
from Chlamydophila pneumoniae, which causes
acute respiratory diseases in humans, was first
shown to methylate the chlamydial histone-like
proteins HC1/HC2 (Murata et al. 2007). Its ho-
molog nuclear effector (NUE) from Chlamydia
trachomatis was subsequently identified as a
T3SS effector that enters the nucleus of infected
cells, where it associates with chromatin (Fig. 4)
(Pennini et al. 2010). Importantly, NUE can
methylate mammalian histones H2B, H3, and
H4 in vitro, confirming its histone methyltrans-
ferase activity. Additionally, nuclear effector
(NUE) can methylate itself, a property shared
by eukaryotic G9a. However, experimental evi-
dence for a direct relationship between NUE ac-
tivity in the nucleus and host gene expression is
still lacking. Nonetheless, with regard to the
number of SET domain proteins present in
many bacterial species that interact with eukary-
otes, it is tempting to speculate that several bac-
teria might use this strategy.

Ankyrin Repeat (Ank)-Containing
Bacterial Proteins

Several effectors of human intracellular bacte-
rial pathogens, such as Anaplasma, Ehrlichia,
Ricketssia, Orientia, Coxiella, and Legionella
species contain proteins with Ank eukaryotic
motifs. These motifs mediate protein–protein
interactions in a multitude of host processes,
including transcriptional regulation (Mosavi
et al. 2004). Ank-containing proteins, AnkA
and p200, from the related pathogens Ana-
plasma phagocytophilum and Ehrlichia chaffeen-
sis, respectively, bind chromatin in the nucleus
of infected cells (Fig. 4) (Park et al. 2004; Zhu
et al. 2009). AnkA preferentially targets AT-rich
chromatin sites and decreases expression of a set
of genes. In particular, AnkA represses CYBB
that encodes Cytochrome b-245, a component
of the phagocyte oxidase that influences A.
phagocytophilum survival (Garcia-Garcia et al.
2009b). This is concomitant to deacetylation of
H3 at the CYBB locus. E. chaffeensis p200 binds
to chromatin at Alu-Sx elements located in pro-
moters and introns of various human genes
(Zhu et al. 2009). Several p200 target genes are
strongly up-regulated during infection, suggest-
ing that p200 may affect gene transcription
globally through mechanisms associated with
Alu element gene regulation.

Bacterial Proteins Targeting or Modifying
Chromatin-Remodeling Complexes

Our recent studies identified a bacterial protein
that targets a subunit of a chromatin-repressive
complex, highlighting that bacteria can direct-
ly hijack the heterochromatin machinery. The
nuclear-targeted factor LntA from L. monocyto-
genes interacts with BAHD1, a previously un-
known protein that we characterized as a novel
heterochromatinization factor in vertebrates.
BAHD1 acts in complex with other chromatin
factors (e.g., HP1, MBD1, SETDB1, HDACs,
and KAP1) to silence gene expression (Fig.
2C) (Bierne et al. 2009; Lebreton et al. 2011).
The set of genes repressed by the BAHD1-asso-
ciated complex depends on the signal to which
cells are submitted and on the cell type. In
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Figure 4. Bacterial nucleomodulins targeting chromatin. Schematic representation of Chlamydia, Anaplasma,
Listeria, and Shigella secreted factors involved in the control of gene expression in the nucleus of host cells, as
detailed in the text. The bacterial nucleomodulins are in yellow. 1. Chlamydia histone-methyltransferase NUE
methylate’s mammalian histones. However, target genes are unknown. 2. Binding to AT-rich sequences and
silencing of CYBB expression by Anaplasma Ank effector AnkA. 3. Inhibition of the BAHD1-associated het-
erochromatic complex and induction of interferon-stimulated genes by Listeria LntA. On Listeria infection, an
unknown signaling pathway drives the BAHD1-associated chromatin complex (see Fig. 2C) to repress interfer-
on-stimulated genes. When Listeria produces and secretes LntA, this factor enters the nucleus and interacts with
BAHD1, destabilizes the silencing complex, restores histone acetylation (Ac), and enhances the expression of
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eliminylates MAP kinases preventing phosphorylation of histone H3, and IpaH9.8, which ubiquitinylates and
promotes degradation of the splicing factor U2AF35. OspF and another effector, OspB, bind the retinoblastoma
protein (Rb), which potentially recruits several chromatin-remodeling enzymes (not shown). Ac, Acetylation;
Me, methylation; P, phosphorylation; E, eliminylation; UB, ubiquitinylation.
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particular, BAHD1 represses interferon-stimu-
lated genes (ISG) in epithelial cells infected with
L. monocytogenes (Lebreton et al. 2011). Upon
an unknown signal, L. monocytogenes switches
on expression of the lntA gene. The secreted
LntA factor enters the nucleus and alleviates
BAHD1 binding to ISG promoters, thereby
up-regulating their expression. By preventing
recruitment of BAHD1 and HDAC1/2 at ISG
promoters, LntA is thought to trigger chroma-
tin unwinding (Fig. 4). Consistent with this
model, acetylation of histone H3 increases at
ISG promoters in cells infected with LntA-pro-
ducing bacteria. We propose that the LntA–
BAHD1 interplay spatiotemporally modulates
the interferon response to control bacterial colo-
nization of the host (Lebreton et al. 2012). How-
ever, questions remain regarding how BAHD1 is
specifically recruited to a subset of infection-
dependent targets and what signal determines
the switch between a lntA nonexpressing and
expressing state of Listeria during the infection
process.

Another strategy used by bacteria to target
chromatin is to modify locally and specifically
the activity of key chromatin/transcriptional
regulatory factors. This is used by several T3SS
effectors from gram-negative pathogens, such as
OspF of S. flexneri. OspF is a phosphothreonine
lyase that irreversibly modifies host MAPKs by a
reaction called eliminylation (Li et al. 2007;
Brennan and Barford 2009). This enzymatic re-
action converts a phosphothreonine residue into
a dehydrobutyrine residue that can no longer be
phosphorylated, and hence locks the substrate in
an inactive form. Inhibition of MAPK signaling
by OspF abrogates phosphorylation of histone
H3 at a set of NF-kB-regulated promoters and
blocks the activation of a pool of proinflamma-
tory genes (Arbibe et al. 2007). In addition, OspF
and another nuclear-targeted effector, OspB, in-
teract with the human retinoblastoma protein
Rb, which is known to bind several chromatin-
remodeling factors (Zurawski et al. 2009). Shi-
gella likely uses OspF–OspB synergy to down-
regulate host innate immunity via alteration of
the chromatin structure at specific genes (Fig. 4).

S. flexneri secretes another effector, IpaH9.8,
which also contributes to Shigella pathogenesis

by impairing host inflammatory responses.
IpaH9.8 is an E3 ubiquitin ligase that binds sev-
eral host proteins, likely by its LRR domain, and
targets them for proteasome-dependent degra-
dation (Rohde et al. 2007). IpaH9.8 affects
the NF-kB-dependent pathway in the cytosol
(Ashida et al. 2010), as well as the activity of an
mRNA splicing factor, U2AF35, in the nucleus
(Fig. 4), thus interfering with U2AF35-depen-
dent splicing (Toyotome 2001; Okuda et al.
2005; Seyedarabi et al. 2011). This Shigella
IpaH9.8 effector is a member of a novel family
of bacterial E3 ubiquitin ligases found in several
animal and plant pathogens (Rohde et al. 2007;
Singer et al. 2008; Zhu et al. 2008). Orthologs of
IpaH9.8, such as SspH1 of Salmonella enterica
and YopM of Yersinia pestis, have also been
shown to migrate to the host-cell nucleus (Ha-
raga and Miller 2003; Benabdillah et al. 2004)
but their effect on chromatin regulation has not
yet been examined.

THE EPIGENETIC MEMORY OF INFECTION:
THE BACTERIAL IMPRINTS

As chromatin modifications may be transmitted
to daughter cells during cell division, leading to
heritable changes in gene function, it is possible
that a bacterial infection could generate herita-
ble marks after pathogen eradication. Decipher-
ing whether histone modification and/or DNA
methylation fingerprints imposed by bacterial
components are maintained over time is thus
a key issue. The following two examples support
this idea.

The Epigenetic Component of Severe
Systemic Inflammation and LPS Tolerance

Aberrant inflammatory reactions in response to
sustained exposure to microbes and microbial
products, such as LPS, lead to tissue damage,
multiorgan dysfunction, septic shock, and death.
To compensate these adverse effects, the immune
system has developed postseptic immunosup-
pression (PSI) mechanisms that enable hema-
topoietic cells to become temporary hypores-
ponsive. This compensatory anti-inflammatory
response counteracts the harmful effects of
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sepsis, but leaves individuals more susceptible to
opportunistic infections for extended periods of
time (weeks to years). Although PSI is a complex
multifactorial process, the contribution of epige-
netic regulations is increasingly recognized, as
reviewed recently (McCall et al. 2010; Carson
et al. 2011). One of the facets of PSI is LPS toler-
ance, in which LPS-elicited TLR4 responses are
reprogrammed toward silencing of proinflam-
matory cytokine genes and expression of anti-
inflammatory or antimicrobial mediators. LPS
activation of TLR4 first elicits transcription of
poised proinflammatory genes, which are rapidly
derepressed and then returned to basal state
within hours. As mentioned previously, opening
the chromatin at target genes during this acute
phase involves histone phosphorylation and
acetylation. However, sustained exposure to
LPS or subsequent LPS challenge activates a
pathway leading to permanent gene repression,
as characterized for TNF-a and IL1-b (El Gazzar
et al. 2008; Chen et al. 2009). This relies on a
change in the composition of NF-kB transcrip-
tion factor at the proximal promoters of TNF-a
and IL1-b, with a shift from activating p65-p50
to repressive RelB-p50, owing to the up-regula-
tion of RelB expression by p65-p50. RelB inter-
acts with H3K9 HMT G9a, leading to H3K9me2
and subsequent recruitment of HP1. The repres-
sive complex formed by G9a and HP1 recruits
DNMT3A/B, which induces de novo CpG meth-
ylation (McCall et al. 2010). This leads to assem-
bly of silent, facultative heterochromatin in a
similar cross talk as depicted in Figure 1.

LPS tolerance can last for weeks in humans,
but whether this memory is passed through cell
division is not yet proven. Additionally, even if
imprinted hematopoietic cells divide, why new
cells from progenitors in thebone marrow donot
restore an efficient immune system is an open
question. A tempting hypothesis would be that
epigenetic imprinting also occurs at the level of
stem cells. This hypothesis needs to be investi-
gated by analyzing the epigenome of stem cells
isolated from animal models of sepsis. The re-
versal of heterochromatin to euchromatin at
genes targeted for LPS-mediated repression is
also a key issue to understand how “imprinted”
immune cells return to homeostasis.

Bacterial Infection-Associated Cancers

As mentioned above, H. pylori is an important
acquired risk factor for gastric cancer. Besides
H. pylori-mediated effects on cell proliferation
and DNA integrity, H. pylori-induced aberrant
DNA methylation emerges as an important
mechanism in stomach carcinogenesis (Ding
et al. 2010b; Ushijima and Hattori 2012). Re-
markably, it has been shown that eradication of
H. pylori infection in human patients leads to a
decrease but not to full disappearance in meth-
ylation of promoter CpG islands of genes closely
correlated with the risk of gastric cancer devel-
opment (Nakajima et al. 2010). This is a strong
indication that a bacterial infection may leave
epigenetic imprints in a tissue enabling perma-
nent changes in gene expression. Given the fact
that cancer must arise from a cell that has the
potential to divide, this bacterial reprogram-
ming might be induced in long-living cells,
such as stem cells or progenitors, thereby being
propagated to daughter cells. It may also target
mature epithelial cells for dedifferentiation by
silencing components of the stem cell signaling
network, leading to increased proliferation and
survival (Katoh 2007).

The “Helicobacter paradigm” is transposable
to bacteriatargeting other tissues. It is speculated
that E. coli infection may be linked with bladder
carcinoma risk (Tolg et al. 2011) and intestinal
bacteria might predispose to colon cancer (Sun
2010). More generally, deregulation of tumor-
suppressor and/or stem cell-associated path-
ways (e.g., Wnt, JAK-STAT, JNK, and Notch)
on genetic alteration and epigenetic reprogram-
ming induced by bacteria is a possible cause of
cancer development in epithelial niches.

CONCLUDING REMARKS

There is growing evidence for a role of bacterial
infection in modulating the epigenetic infor-
mation of host cells by diverse mechanisms.
This is particularly well illustrated with the
pathogen L. monocytogenes: on the one hand,
this pathogen induces signaling events in host
cells leading to activation (via activation of
MAP kinases) or repression (via activation of
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the BAHD1 silencing complex) of immunity
genes; on the other hand, this bacterium pro-
duces at least two proteins, LLO toxin and
LntA nucleomodulin, to counteract these path-
ways. How these events are spatiotemporally
coordinated, in particular, how expression and
secretion of bacterial factors is controlled by Lis-
teria during the infectious process, and how
chromatin writers and erasers become specifi-
cally localized at specific regions of the genome,
at a given time and in a specific cell, are impor-
tant questions to be answered. In this regard,
deciphering how chromatin modifications are
spread throughout the genome (the “pathoepi-
genome”) is likely to provide important clues.
Technological advances now make human ge-
nome-wide mapping of DNA methylation and
histone modification profiles feasible. Not only
Listeria, but all bacteria presented here, as
well as others eliciting chromatin modification
in mammalian cells, will undoubtedly benefit
from these new technologies, highlighting genes
epigenetically deregulated on bacterial infec-
tion. Epigenetics has been discussed here for its
role in regulating transcription; however, it has
additional roles in DNA repair, DNA replication,
and cell division. Loss of epigenetic control of
these other DNA-based processes may also be-
come relevant in bacterial infectious diseases.
Interestingly, studying bacterial modulation of
epigenetics processes can help in understand-
ing the fundamental principles of their occur-
rence and regulation, as we have shown with the
discovery of the BAHD1-chromatin-silencing
complex (Fig. 2C).

Understanding the role of chromatin mod-
ifications and their regulators in the physiopa-
thology of infectious diseases is another chal-
lenging perspective. Investigations will have to
be performed at the tissue and cell levels, with
the objective of analyzing cells with long life-
spans, to determine the “chromatin signature”
of infection, not only during infection but also
following recovery. Results of these investiga-
tions will probably depend on the cell type
and host genetic background. With the better
understanding of the connections between bac-
terial infectious diseases and the epigenome, op-
portunities will arise for therapeutic applica-

tions, especially as epigenetic processes can be
reverted. Rapid elimination of microbe-induced
pathoepigenetic changes may prevent chronic or
latent infections, some cancers, or autoimmune
diseases. This opens avenues for future research
in the field of bacterial pathogenesis and chro-
matin-based regulation of defense genes.
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