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Preface

This book describes epigenetic mechanisms in a variety of human pathogens. The
list includes viruses, bacteria, and protists. Two chapters deal with the modifica-
tions of the host epigenome induced by bacterial and protist infections. We trust
that the eleven chapters in this volume will arouse the interest of researchers in
epigenetics, virology, microbiology, and infection biology in general, both in
molecular biology and in molecular medicine.

An incentive to arrange this volume has been the consideration that the enor-
mous success of epigenetics in higher eukaryotes and its relevance for human health
has somehow overshadowed microbial epigenetics. However, epigenetic mecha-
nisms play crucial roles in the lifestyles of viruses, bacteria, protists, and fungi.
Such mechanisms are diverse but have an outcome in common: the generation of
nongenetic diversity. In pathogens, phenotypic heterogeneity permits the formation
of lineages with distinct properties and contributes to the interaction with the
eukaryotic host (e.g., evasion of the immune system, division of work, and pread-
aptation to host-mediated challenges by bet hedging). An equally relevant, emerg-
ing notion is that the interaction of microbial pathogens with their hosts can induce
changes in the eukaryotic epigenome. The significance of such changes remains
poorly understood in many cases. An appealing speculation is that modulation of
the host epigenome might provide a memory mechanism that registers the encoun-
ter with a pathogen and transmits this information to daughter cells.

Studies critically directed toward epigenetic alterations of virus-infected or
virus-transformed cells have so far received limited attention. In contrast, viral
systems have been frequently used as models to document the role of DNA
methylation in long-term gene silencing in eukaryotes. However, there is increasing
evidence to support the notion that virus infections in general can lead to the
destabilization of the host cells’ epigenetic profiles, probably early on after virus
infections. In this volume, the epigenetic consequences for the host genomes upon
infections with human papilloma virus, human herpesvirus type 8, human adeno-
virus type 12, and the human herpesvirus Epstein—Barr virus have been analyzed by
research groups active in these fields.
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We are indebted to Anne Clauss of Springer Verlag and to Mario Noyer-
Weidner, the series editor, and have appreciated their support in completing this
volume.

Erlangen, Germany Walter Doerfler
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Chapter 1

DNA Methylation of Human Papillomavirus
Genomes During Infection and Cancer
Progression

Hans-Ulrich Bernard

Abstract Human papillomaviruses (HPVs) are important pathogens, as they are the
cause of all cervical cancers and of subsets of vulval, anal, oral, and penile cancers.
The viral genome is an 8 kb double-stranded circular DNA, which can replicate in
various types of epithelial cells. HPV DNA shows changes of its methylation profile
during the viral life cycle, namely “sporadic” and “polymorphic” DNA methylation
associated with low transcription in basal cells of epithelia, and a lack of methylation
in suprabasal cells associated with strong transcription. While these epigenetic
changes of HPV DNA during the viral life cycle are still poorly understood, it has
emerged that during progression of low-grade precursor lesions to malignant carci-
nomas, the HPV DNA becomes hypermethylated, probably since the viral genome
recombines with the chromosomal DNA of the infected host cell. This methylation
signal is intensely studied as a candidate biomarker for the diagnosis of
HPV-associated lesions that have the potential to progress to cancer.

Keywords Papillomavirus « HPV « Viral life cycle « Cancer progression ¢
Recombination « Insertion

1.1 Introduction

Papillomaviruses are defined by their (1) non-enveloped capsids, (2) circular
double-stranded DNA genomes with sizes close to 8000 bp and highly conserved
gene organization, (3) host species specificity, (4) tropism for epithelial cells, and
(5) transforming rather than lytic effects on the host cells. They cause neoplastic
growth of the infected epithelium or can persist in asymptomatic infections.
Papillomavirus genomes have a noncoding region (long control region, LCR) of
about 800 bp, which harbors the replication origin, a transcriptional enhancer, and a
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promoter (Bernard 2013). About half of the genome downstream of the promoter
contains the early genes E6, E7, E1, E2, E4, and ES, with the remainder further
downstream encoding the late proteins L2 and L1 (Fig. 1.1). For the purpose of this
chapter, the following brief summary of the function of these proteins may suffice:
E6 and E7 trigger the principal transforming mechanisms, such as interference with
p53 and RB cell cycle control (Roman and Munger 2013; vande Pol and
Klingelhutz 2013). E1 binds the replication origin and functions as helicase
(Bergvall et al. 2013). E2 functions as activating and repressing transcription factor
and cooperates with E1 in identification of the replication origin (McBride 2013).
And L1 and L2 are the major and the minor capsid proteins (Buck et al. 2013; Wang
and Roden 2013).

The papillomavirus life cycle and papillomavirus pathogenesis can be summa-
rized as follows: Papillomaviruses most often infect squamous, i.e., multilayered
and differentiating epithelia. In order to establish a stable infection, a papillomavi-
rus particle has to infect the basal layer of such an epithelium, where the circular
viral episome persists and replicates. Asymmetric cell divisions of the basal cells
lead to suprabasal cells, beginning with the spinous layer. Suprabasal cells normally
lack mitotic activity and DNA replication properties. Papillomavirus genomes that
are sorted into such cells express E6 and E7 oncoproteins, which target the cellular
Rb and p53 proteins, and thereby reestablish an environment of continuing DNA
replication and mitoses. The resulting expansion of the suprabasal cell population
leads to neoplastic lesions, referred to in the case of skin as “warts.” In cell layers
close to the epithelial surface, the virus expresses the capsid proteins, which
encapsidate the viral DNA into viral particles that are released upon disintegration
of terminally differentiated epithelial surface cells. This life cycle also applies
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during nonmalignant infections to those papillomaviruses that are found in cancer,
while it becomes distorted during carcinogenesis. All details of carcinogenesis are
not yet understood, but early molecular events frequently involve recombination
between papillomaviruses and host cell DNA in a genomic arrangement that leads
to stimulation of papillomavirus oncogene transcription. For progression to a
malignant phenotype, the affected cell has to undergo numerous additional muta-
tions and epigenetic changes of cellular genes (see Mine et al. 2013, and references
therein).

For taxonomic purposes, papillomaviruses are referred to as “types,” and their
names are abbreviated with the letters PV, preceded by one or two letters that define
the host, and followed by a number indicating the historic sequence of isolation
(Bernard et al. 2010). Among more than 300 papillomavirus types described so far,
only the cottontail rabbit papillomavirus (CRPV1) and those human papillomavi-
ruses (HPVs), which are most prevalent in carcinomas of the cervix uteri (HPV16,
18, 31, 33, 35, 45, 52, 58), were addressed by DNA methylation research. No
methylation studies have been done with the well-developed cell culture system for
bovine papillomavirus-1 (BPV1) or in situ with those HPVs that cause mostly
benign lesions such as HPV2 (common warts) or HPV6 (genital warts). These
particular PVs are stably maintained as episomes, while the aforementioned PVs
can recombine with cellular DNA, what may influence viral DNA methylation.

1.2 History of Papillomavirus Methylation Research

The first records of PV DNA methylation were garnered with CRPV1 (at that time
also called Shope papillomavirus), which was shown to have methylated, chromo-
somally integrated, multicopy viral DNA in rabbit skin tumors (Wettstein and
Stevens 1983; Sugarawa et al. 1983). These observations preceded the modern
understanding of the regulatory importance of epigenetic alterations. Unfortu-
nately, the CRPV/rabbit system has never been reinvestigated since then. Subse-
quently, the potential for transcriptional effects of DNA methylation on HPV16 and
HPV18 DNA became established in vitro and in cell culture experiments (Thain
et al. 1996; Rosl et al. 1993), but these observations were not extended to a search of
methylated HPV DNA in situ. Several years later it turned out that HPV DNA
methylation is actually a widespread phenomenon, and became observed in a cell
line with episomal HPV16 DNA (Kim et al. 2003), in cell lines with integrated
HPV16 and HPV18 DNA as well as in carcinomas and their precursor lesions
(Badal et al. 2003, 2004; Kalantari et al. 2004). While these studies opened a rich
field of investigation, their analytical power was initially limited by the use of
methylation sensitive restriction enzymes, and by a focus on small genomic
regions, including E2 binding sites. In the last 10 years DNA methylation studies
by bisulfite sequencing have targeted larger parts of the genomes or whole genomes
of several HPV types in the context of the viral life cycle and carcinogenesis, and
these findings will be reviewed in this chapter.
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The following questions emerged as the most challenging research objectives:

1. Does DNA methylation affect HPV biology during the normal viral life cycle
and are HPVs unique DNA methylation targets, e.g., as a form of cellular
defense against foreign DNA?

2. Are there specific regulatory effects of DNA methylation via CpG dinucleotides

in E2 binding sites?

. Do HPVs affect the cellular epigenome?

4. Does DNA methylation differentially affect HPV genomes during progression of
asymptomatic infections through precursor lesions to malignant lesions?

5. Are HPV epigenomes or cellular epigenomic properties in HPV infected cells
useful biomarkers in the diagnosis of cancer precursor lesions?

(98]

1.3 Methylation of HPV DNA During the Normal Life
Cycle

In order to understand a potential role of HPV DNA methylation during the normal
life cycle, it would be desirable to investigate the DNA first in the viral capsid, then
immediately following infection of the basal layer, and further during epithelial
differentiation. Unfortunately, HPV research here and elsewhere has always been
hampered by the absence of animal models and by difficulties to establish or
reproduce cell culture systems. As a consequence, there are presently only two
sources of information about the epigenetics of HPVs during the viral life cycle,
namely, the epigenetic properties of HPV DNA from patients likely to harbor only
episomal DNA and a stable cell line, W12E, that maintains HPV16 DNA
episomally.

HPV16, HPV18 and several related high-risk HPV types infect squamous
mucosal cells of the female genital tract subclinically, and these infections can
progress through cervical cancer precursor lesions (cervical intraepithelial neopla-
sia I and III, CIN I and CIN III) to invasive cervical cancer. In subclinical infections
and CIN I lesions, HPV genomes exist as episomes, while an increasing portion of
them recombines during progression. Consequently, it can be assumed that clinical
samples obtained from asymptomatic individuals and CIN I patients contain HPVs
during the normal viral life cycle. Studies from numerous labs agree that such
clinical samples contain “sporadically” methylated HPV genomes, “sporadically”
referring to average methylation frequencies per CpG in the range of 5-10%, and a
lack of specificity for the CpG target (Kalantari et al. 2004; Turan et al. 2006;
Brandsma et al. 2009; Sun et al. 2011; Mirabello et al. 2013). All of these studies
addressed CpGs in the LCR and the L1 gene, but some extended the findings
throughout the genome. These data constituted methylation analyses of short
PCR amplicons. This is a nontrivial limitation, as the sequencing of multiple cloned
amplicons from each patient sample found substantial heterogeneity of methylation
between HPV genomes from the same sample (Kalantari et al. 2004).
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This investigation of clinical samples became complemented by cell culture
studies. Among the few cell culture models in papillomavirus research are W12E
cells cloned from a CIN lesions of an HPV16-infected patient. The cells grow on a
fibroblast feeder layer and morphologically resemble the basal layer of epithelia.
Some differentiation can be observed in confluent cultures, and these differentiated
cells can be separated from the undifferentiated cells. Lambert and colleagues (Kim
et al. 2003) observed a consistent, but only “sporadic” methylation of the HPV16
LCR in undifferentiated cells, similar to patterns observed in situ in cells harvested
from asymptomatic or CIN I patients. Most of this methylation was lost upon
differentiation of the W12E cells. It is known from studies addressing different
aspects of HPV biology that transcription of HPVs becomes activated upon differ-
entiation, and so it is tempting to hypothesize that the observed epigenetic change is
the switch between two different transcription states. It should be noted that
methylation was only rarely observed at the E2 binding sites overlapping with the
E6 promoter, which would activate rather than repress this promoter (see below).

Another study of W12E cells confirmed the methylation of the HPV16 LCR in
undifferentiated cells, as well as the ensuing demethylation upon differentiation
(Kalantari et al. 2008a). This study also addressed five clonal derivatives of W12E,
where all HPV16 genomes had recombined with the cellular DNA. Three of these
clones with few HPV16 copies had nearly no methylation of LCR sequences but
some methylation of the L1 gene, which is adjacent to the LCR but not transcrip-
tionally affected by its properties. Two clones with numerous HPV16 copies
showed strong methylation of the LCR. In contrast to the W12E cells with episomal
DNA, differentiation of these five clones with chromosomally integrated viral DNA
did not alter HPV16 DNA methylation, neither in the LCR nor in the L1 gene.

1.3.1 In Summary

Studies of clinical samples as well as the W12E line agree that episomal HPV16
DNA is targeted by DNA methylation. DNA methylation is sporadic, i.e., low, and
polymorphic both within an individual sample as well as between comparable
samples. Differentiated W12E cells contain completely unmethylated HPV16
LCR segments, and such molecules exist in most clinical samples with episomal
DNA. It is therefore likely but not mechanistically understood that HPV16 epi-
somes are methylation targets in undifferentiated epithelial cells. This should
negatively affect transcriptional activity. Demethylation may release this repression
in suprabasal cells and lead to increased transcription, as observed in situ. No
evidence suggests a selective recognition of the viral DNA as part of a cellular
defense mechanism.
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1.4 Regulatory Effects of DNA Methylation via CpG
Dinucleotides in E2 Binding Sites

The papillomavirus E2 gene encodes proteins that have the ability to bind the
palindromic DNA sequence 5'-ACCGNNNNCGGT-3’, which occurs four times
in the LCR of HPV16 and related HPV types. This sequence has two CpG
methylation targets, and in vitro studies have shown that E2 proteins cannot bind
the methylated target sequences (Thain et al. 1996). As expected, transfection
experiments with unmethylated and methylated E2 site reporter genes and E2 factor
expression vectors confirmed that methylation dramatically interferes with tran-
scriptional transactivation (Kim et al. 2003).

This straightforward mechanism in vitro is much more complicated in vivo, on
the one side due to the expression of different E2 proteins through differential
splicing, some being transcriptional activators, some lacking the transcription
activation domain, and on the other side due to multiple and opposing functions
of E2 binding sites depending on the genomic context. E2 proteins can be (1) acti-
vators of transcription when their binding site is remote from a promoter, the
binding sites functioning as E2 protein dependent enhancers. Alternatively, they
can (2) repress transcription, when they bind target sites at the HPV E6 promoter, in
part due to competition between E2 and the promoter factors SP1 and TFIID, whose
binding sites overlap with E2 binding sites (Tan et al. 1994), and in part due to E2
complexes with histone modifying proteins (Smith et al. 2014). Lastly, (3) E2 also
forms a complex with the replication factor E1 and increases its specificity and
affinity to replication initiation sites, and (4) is involved in partitioning of papillo-
mavirus genomes during mitosis (McBride 2013).

HPV methylation studies normally address only the second of these four func-
tions. The reasoning goes as follows: For E2 protein to be expressed, the HPV
genome must be continuous from the E6 promoter through the whole E2 gene, as
E2 is translated from a polycistronic mRNA containing the E6, E7, E1 and E2
genes. This is the case when HPV genomes are episomal or exist as tandem repeats
recombined with chromosomal DNA. In these two cases, the E2 protein serves a
repressing feedback loop, binds to the E6 promoter, and decreases its activity. In
this scenario, HPVs and their infected cells would have a growth advantage, if the
E2 binding sites overlapping with the E6 promoter would be methylated, as E2
protein could not bind and could not lead to repression, increasing the amount of E6
and E7 oncoprotein production. No such advantage of host cells with HPV genomes
with methylated E6 promoter sequences exists if no complete E2 transcript (and
protein) can be delivered, which is the case when chromosomal recombination led
to interruption of the E2 gene, a frequent scenario in cancer (see below).

There is agreement that these scenarios are regularly encountered, but different
extents of this mechanism were reported in different studies (Schwarz et al. 1985;
Kalantari et al. 2001; Peitsaro et al. 2002; Arias-Pulido et al. 2006; Bhattacharjee
and Sengupta 2006; Brandsma et al. 2009; Snellenberg et al. 2012; Chaiwongkot
et al. 2013; Mirabello et al. 2013; Bryant et al. 2014). Reasons for disagreement are
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technical limits to differentiate between integrated and episomal viral DNA, as, for
example, integrated DNA often exists as large concatemers. A role for the E2
protein can be deduced from observations that, typically, the rate of CpG methyl-
ation through most of the LCR of HPV16 is by a factor of 2-3 lower than
methylation of the four CpGs within the promoter-proximal E2 binding sites,
suggesting that clones were selected that have eliminated the negative regulation
of the E6 promoter by E2, as this repressor can now not bind anymore to its targets.

1.5 Effects of Papillomaviruses on the Cellular Epigenome

It is well established that extensive epigenomic changes are an intrinsic part of
carcinogenesis of all tissues irrespective of their association with papillomaviruses
(Sharma et al. 2010), and epigenetic changes contribute to carcinogenesis with a
weight similar to that of mutations and aneuplodies. The same applies to cancer of
the cervix (Wentzensen et al. 2009; Louvanto et al. 2015; Siegel et al. 2015), and
those neoplasias, which have etiologies with and without HPVs such as anal and
oral cancer (Hernandez et al. 2012; Jitesh et al. 2013). Although the cellular
methylome of the same group of tumors may differ in the presence and the absence
of HPVs (Sartor et al. 2011), there is no a priori need to assume that methylation
may be affected by the functions of HPV gene products. Nevertheless, this may yet
be the case, as the HPV-16 E7 oncoprotein was reported to associate in vitro and
vivo with the DNA methyltransferase DNMT1 and to stimulate its activity (Burgers
et al. 2007). This observation opens up the possibility that this epigenetic effect
directly influences cellular proliferation pathways. Subsequent studies proposed as
a consequence of this mechanism suppression of E-cadherin expression and
reduced adhesion between squamous epithelial cells (Laurson et al. 2010; D’Costa
et al. 2012) and extended the effect to interactions of both E6 and E7 protein with
components of the histone modification machinery (Bodily et al. 2011; Hsu et al.
2012).

1.6 Differential Methylation of HPV Genomes
in Malignant Lesions

It is known since the early days of HPV research in the 1980s that HPV genomes in
cancer frequently exist in a form recombined with cellular DNA (Schwarz et al.
1985). It is now generally accepted that the transition from high-grade precursors
(CIN III) to invasive carcinomas is accompanied by and possibly caused by this
recombination (Mine et al. 2013), although it is still disputed whether all or only a
subset of cancerous lesions contain HPV genomes in chromosomally recombined
form (Kalantari et al. 2001; Peitsaro et al. 2002; Arias-Pulido et al. 2006;
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Bhattacharjee and Sengupta 2006; Brandsma et al. 2009; Snellenberg et al. 2012;
Chaiwongkot et al. 2013; Mirabello et al. 2013; Bryant et al. 2014). Recombination
can result in interruption of the early polycistronic E6-E7-E1-E2 transcription unit.
Failure to express E2 stimulates oncoprotein expression due to a lack of negative
feedback repression of E2 on the E6 promoter. Beyond this, mechanisms for
eliminating remaining episomal HPV genomes have recently been proposed as
essential for cervical carcinogenesis (Mine et al. 2013).

In malignant and high-grade premalignant lesions, likely due to recombination
with the cellular chromosomes, HPV genomes clearly undergo substantial methyl-
ation beyond the levels observed for episomal genomes (exceeding for some CpG
residues 50%) as confirmed for HPV16 (Kalantari et al. 2004, 2014; Bhattacharjee
and Sengupta 2006; Brandsma et al. 2009; Sun et al. 2011; Vinokurova and Knebel
Doeberitz 2011; Xi et al. 2011; Clarke et al. 2012; Patel et al. 2012; Mirabello et al.
2013; Park et al. 2011; Verhoef et al. 2014; Frimer et al. 2015), HPV18 (Badal et al.
2004; Turan et al. 2006; Wentzensen et al. 2012; Kalantari et al. 2014; Vasiljevic
etal. 2014), HPV31 (Wentzensen et al. 2012; Kalantari et al. 2014; Vasiljevic et al.
2014), HPV33 (Vasiljevic et al. 2014), HPV45 (Wentzensen et al. 2012; Kalantari
et al. 2014), HPV52, and HPV58 (Murakami et al. 2013). For HPV16, this was
reported not only for cervical but also vulval (Bryant et al. 2014), penile (Kalantari
et al. 2008b), oral (Balderas-Loaeza et al. 2007), and anal cancer (Wiley et al. 2005;
Hernandez et al. 2012). Methylation is relatively low in the LCR (which, together
with the use of methylation sensitive restriction enzymes as opposed to bisulfite
sequencing, led to an original misinterpretation of this mechanism, Badal et al.
2003), and is highest at certain CpGs in the late genes L2 and L1 (Brandsma et al.
2014; Mirabello et al. 2015).

Findings of increased methylation of HPV genomes correlating with the increas-
ing severity of the lesion (from CIN I through CIN III to invasive cancer) were
surprising and against intuition, as DNA methylation is normally seen as a tran-
scription repression mechanism. The resolution of this contradiction came from two
sources. Van Tine et al. (2004) reported in situ studies that cervical tumors typically
contain numerous (i.e., up to a few hundred) HPV genome copies. All of these viral
genomes are transcriptionally inactive, except one, which is the only source of E6
and E7 oncogene transcripts. In other words, some selective methylation mecha-
nism targets these recombinant HPV genomes. Should all of them become meth-
ylated, HPV transcription would end, and such a clone would never grow into a
detectable tumor. Only cells with one or few transcriptionally active HPV genomes
grow into a detectable lesion.

This mechanism was further confirmed with the study of two cervical cancer cell
lines, SiHa and CaSki. SiHa cells contain a single chromosomally recombined
HPV16 genome, whose LCR is unmethylated and therefore transcriptionally active.
CaSki cells contain about 500 HPV16 genomes, but generate a similar level of
transcripts as SiHa cells. Not surprisingly, all HPV16 genomes in CaSki cells
except one are methylated and transcriptionally inactive, oncogene transcripts
being generated from the only unmethylated viral genome (Kalantari et al. 2004).
However, it is not a necessary condition that most HPV genomes become
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methylated. The well-known cell line HeLa had been derived from a cervical
adenocarcinoma and was shown to contain about 50 chromosomally recombined
copies of HPV18 DNA. The analysis of its HPV18 genomes showed that the LCR
and the E6 gene are generally not methylated and remain transcriptionally active
(Johannsen and Lambert 2013), while parts of the genome that are upstream of the
LCR, such as the L1 genes are heavily methylated (Turan et al. 2007).

It is unknown why chromosomally recombined HPV genomes become prefer-
entially methylated. HPV DNA may be targeted by a methylation mechanism
affecting all foreign DNA in mammalian cells (Dorfler et al. 2001). More recently
a view emerged that the methylated state of DNA may be quite in general the
default state of the hosts chromosomal DNA to lock genes in an off position
(Edwards et al. 2010; Schuebeler 2015).

1.7 HPV Epigenomes and Cellular Epigenomic Properties
of HPV Infected Cells as Cancer Biomarkers

Cancer of the cervix affects about 500,000 women every year, and about half of
these die of this disease. It is the most prevalent cancer in women in many
developing nations, but its incidence has been reduced in developed nations, to a
large part through early diagnosis of precancerous lesions and surgical intervention.
From the 1950s to the 1990s, diagnosis was mostly based on the Papanicolaou test
(Pap test), which can be complemented with colposcopic observation of lesions.
The Pap test is a staining test of a cervical smear obtained during a gynecological
examination, which was developed without knowledge of the viral etiology of
cervical cancer. The Pap test is a tremendous public health success, but it is less
than satisfactory as it has a high rate of false negative diagnoses, as it misses many
lesions. Since HPV infections are the sole underlying cause of precancerous
cervical neoplasia, HPV DNA detection has become a valuable tool to amend or
replace the Pap test. However, many women are carriers of HPV infections, which
never progress toward malignancies. At this time, the best practice is to administer
both a Pap test and an HPV DNA test on a patient, as well as interpreting the
outcome in the context of the age and the previous diagnostic history of the patient
(Saslow et al. 2012).

From these considerations, it is obvious that the triage of women with a positive
Pap test or positive for HPV infection would benefit from the development of tests
based on novel biomarkers. Detection of DNA methylation has the potential to be
such a biomarker, whose detection can be technically standardized and made
capable for high-throughput processing. This chapter has discussed that HPV
DNA is either unmethylated or lowly methylated in asymptomatic infections and
precancerous CIN I lesion while heavily methylated in cancer, an increase that
begins in high-grade precursor lesions (CIN III). Methylation is particularly high at
certain CpG dinucleotides in the late genes L1 and L2, identifying the best targets
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for HPV methylation analysis (Brandsma et al. 2009). A highly sensitive detection
of these methylation changes may help to separate patients with malignantly
progressing cervical lesions from those not undergoing such changes, as evaluated
recently (Brandsma et al. 2014). In order to eliminate the time consuming DNA
sequencing, HPV18 DNA methylation could be efficiently detected by PCR with
methylation specific primers or with real-time PCR (Turan et al. 2007). As an
alternative improvement toward clinical application, it has been shown that next-
generation sequencing allows the establishment of the whole HPV16 methylome
and eliminates laborious purification of PCR amplicons. Alternatively,
pyrosequencing can target segments of HPV genomes of specific relevance for
diagnosis. The same publication confirmed that high-grade precursors had a higher
methylation than low-grade precursors, the decisive criterion for the usefulness to
detect lesions likely to progress toward cancer (Mirabello et al. 2015). Beyond the
analysis of the HPV genome, specific cellular genes such as DAPK and RARB are
frequently methylated in cervical cancer (Wentzensen et al. 2009), and it may
strengthen epigenomic testing to combine the measurement of HPV DNA methyl-
ation with that of the methylation status of such cellular genes (Sartor et al. 2011;
Johannsen and Lambert 2013; Kalantari et al. 2014; Louvanto et al. 2015; Siegel
et al. 2015). At this point, the utility of HPV methylation deserves to be further
studied as a strategy to identify women at high risk for cervix cancer.
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Chapter 2
Epigenetic Regulation
of Gammaherpesviruses: A Focus

on Kaposi’s Sarcoma-Associated Herpesvirus
(KSHV/HHV-8)

Rosha Poudyal, Rolf Renne, and Michael P. Kladde

Abstract Gammaherpesviruses are ubiquitous in nature and infect a broad range of
animal species. They have a biphasic life cycle that alternates between latent and
Iytic phases and are able to maintain a persistent infection for long periods. Both
Epstein—Barr virus (EBV) and Kaposi’s Sarcoma-associated Herpesvirus (KSHV)
are oncogenic viruses that are known to cause several lymphoproliferative diseases
in humans. EBV and KSHYV persist as viral episomes that orchestrate very tightly
controlled programs of gene expression, whereby a distinct subset of viral genes is
expressed during the latent phase. Various stimuli can induce lytic reactivation of
both viruses, which results in expression of lytic genes and is accompanied by
changes in histone modification and DNA methylation. CTCF and cohesin binding
provide segregation of chromatin loops as well as cross talk between different
regions of the genome. Furthermore, noncoding RNAs (ncRNAs) provide an addi-
tional layer of epigenetic regulation for gammaherpesviruses. MAPiIt, a single-
molecule footprinting assay, has revealed the occurrence of several subtypes of
chromatin architecture at various KSHV promoters, suggesting the presence of
heterogeneity within the population of KSHV viral episomes. In this chapter,
we discuss the epigenetic regulation of gammaherpesviruses during latency and
lytic reactivation, with a primary focus on KSHV.
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2.1 Introduction

Herpesviruses are ubiquitous, linear, double-stranded DNA viruses that infect a
wide range of host animal species. More than 100 herpesviruses have been identi-
fied to date, which are classified into «, B, or y subfamilies based on their genome
organization and unique biological properties such as tissue tropism (Roizman
1982). Herpesviruses have a genome size ranging from 120 to 230 kilobases (kb),
encoding 70-200 genes. Their genome is encapsulated in an icosahedral nucleo-
capsid that is approximately 100 nm in diameter (Liu and Zhou 2007). Herpes-
viruses establish a persistent infection and alternate between latent and lytic phases,
exhibiting a gene expression pattern specific to each state. The y-subfamily of
herpesviruses is known to be oncogenic and is causally associated with several
cancers, primarily in immunocompromised individuals. The y-subfamily of herpes-
viruses is lymphotropic, but some have the capability to replicate in epithelial
as well as endothelial cells. The two species of y herpesviruses that infect humans
are Epstein—Barr virus [EBV, also called Human Herpesvirus type 4 (HHV-4)] and
Kaposi’s Sarcoma-associated Herpesvirus (KSHV, also called HHV-8). EBV,
discovered in 1964, infects approximately 90% of the adult world population and
is largely associated with Hodgkin’s lymphoma, Burkitt’s lymphoma, and naso-
pharyngeal carcinoma (Epstein et al. 1964; Wei and Sham 2005; Maeda et al.
2009). KSHV, which was identified as the etiological agent of Kaposi’s sarcoma
(KS) in 1994, shows a diverse range of seroprevalence that varies among geo-
graphic regions (Table 2.1) (Cohen 2000; Chang et al. 1994; Chatlynne and Ablashi
1999; Wawer et al. 2001; Mohanna et al. 2005). KSHV has also been shown to
cause two other neoplasms: Primary effusion lymphoma (PEL) and multicentric
Castleman’s disease (MCD) (Cesarman et al. 1995; Soulier et al. 1995).

Table 2.1 Worldwide seroprevalence of human y-herpesviruses and their associated disorders

y-herpesvirus | Worldwide seroprevalence Associated disease
EBV >90% in adult population Burkitt’s lymphoma
(HHV-4) Central nervous system lymphomas
Gastric carcinoma
Hodgkin’s lymphoma
Nasopharyngeal carcinoma
Non-Hodgkin’s lymphoma
Post-transplant lymphoproliferative
disorders
T-cell lymphoma
KSHV 40% seroprevalence in sub-Saharan Classical, endemic, and AIDS-
(HHV-8) Africa related Kaposi’s Sarcoma
10% in Mediterranean countries Multicentric Castleman’s disease
2-4% in northern Europe, Southeast Primary Effusion Lymphoma
Asia, and the Caribbean
5-20% in the United States
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2.1.1 Genome Organization and Circularization

The genomes of EBV (~172 kb) and KSHV (~140 kb) within their viral icosahedral
capsids are linear, double-stranded DNA molecules flanked by terminal repeats
(TRs) that are used for circularization of the virus. EBV, a Lymphocryptovirus, has
a variable repeated 500 bp sequence TR and also contains multiple internal repeats
interspersed within the unique regions (Young et al. 2007). KSHV, a Rhadinovirus,
has a long unique region that is flanked by a variable number of 801 bp long TRs
(Renne et al. 1996a). The TRs harbor sequences that serve as an origin of repli-
cation (Renne et al. 1996a; Zimmermann and Hammerschmidt 1995). In the capsid,
both EBV and KSHV have no detectable levels of DNA methylation and
core histones (Johannsen et al. 2004; Birdwell et al. 2014; Bechtel et al. 2005).

During primary infections, EBV viral particles bind to host cell surface receptor
CD21, whereas KSHV binds to integrin and Ephrin A2, and are then internalized by
endocytosis. The viral capsids, which house the viral genomes, are trafficked
through the cytoplasm to the perinuclear region, where the viral genomes are
ejected into the nucleus through nuclear pores (D’Addario et al. 2001; Akula
et al. 2002; Chakraborty et al. 2012; Hahn et al. 2012). This mode of genome deli-
very prevents viral DNA from being degraded and exposed to DNA-dependent
activators in the cytoplasm (Chandran 2010). Upon entering the host nucleus, the
viral DNA circularizes by recombination within the TRs (Fig. 2.1). Genome cir-
cularization is an essential step for efficient viral infection as linear genomes are
subject to exonucleolytic attack and can activate the host DNA damage response
pathway (Weitzman et al. 2010; Deng et al. 2012). After circularization, the
viral DNA of both EBV and KSHV become “chromatinized,” acquiring histones
and subsequently persisting in the nucleus of the host as multicopy, closed-circular,
extrachromosomal episomes (Fig. 2.1) [reviewed in Knipe et al. (2013)]. These
nuclear episomes have similar attributes to host cellular chromatin and are pack-
aged into nucleosomes with a characteristic repeat length [reviewed in Knipe et al.
(2013)].

The mechanism by which the viral DNA duplex establishes a successful non-
reproductive, latent episomal state and is reactivated to a productive lytic phase is
poorly understood. The genomes of both EBV and KSHV code for several proteins
involved in immune evasion and cell cycle regulation, some of viral origin as well
as copies of pirated cellular homologs (Ressing et al. 2015; Lee et al. 2012). In
addition, both viruses encode microRNAs (miRNAs) and long noncoding RNAs
(IncRNAs). The EBV genome contains about 80 protein coding genes, with two
microRNA clusters within the BART and BHRF1 genes [reviewed in Skalsky and
Cullen (2015)]. KSHV has the coding potential for nearly 86 genes, 18 mature
microRNAs from the KSHV latency-associated region (KLAR), and several non-
coding RNAs [reviewed in Zhu et al. (2014)].
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Fig. 2.1 Establishing a latent KSHV infection. During de novo infection, KSHV virions bind to
the cell surface receptors, Integrin and Ephrin A2, and enter the cytoplasm by endocytosis. The
viral capsid containing the linear, dsDNA viral genome docks with the nuclear pore and ejects the
viral genome into the nucleus. Once inside the nucleus, the virus circularizes at its terminal repeats
(TRs; red rectangle). During replication, the KSHV genome is assembled into nucleosomes, and
cellular chromatin-modifying machinery is recruited to posttranslationally mark core histones and
establish episomes that stably replicate as extrachromosomal minichromosomes. Methylation of
DNA at inactive promoters and other regions is apparently established over the course of many
months post infection. KSHV LANA protein (yellow ellipses) binds to the TRs and tethers the viral
genome to host chromosomes. Viral episomes replicate synchronously with the host genome
during S phase and are segregated to daughter cells during cell division, thereby enabling a
persistent infection

2.1.2 Gene Expression During Latency

Gammaherpesviruses exhibit a biphasic life cycle with a persistent, but reversible,
latent phase and a transient lytic reactivation phase. Both phases are characterized
by distinct, tightly regulated gene expression profiles that are governed through the
concerted action of histone modifications, DNA methylation, and noncoding RNAs
(Tsurumi et al. 2005; Dourmishev et al. 2003). EBV displays more than one type of
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latency program, namely, Latency 0, Latency I, Latency II, and Latency III. Each of
the latency programs is associated with the expression of a limited and distinct set
of viral proteins and can vary in different cell types (Amon and Farrell 2005).
Latency 0, observed in noncycling and resting B cells, is the most tightly regulated
transcription program, where no viral genes are transcribed (Babcock et al. 2000).
On the other hand, Latency III, observed in highly proliferating B cells, is the
most transcriptionally permissive program, expressing all the gene products asso-
ciated with latency, such as EBV nuclear antigen 1 (EBNAI), EBNA2, as well as
latent membrane protein 1 (LMP1), LMP2A, and LMP2B [reviewed in Young and
Rickinson (2004)].

KSHV may display less variation in latency types than EBV. Upon de novo
infection, genes responsible for viral latency are expressed from the KLAR as a
multicistronic transcript that encodes latency-associated nuclear antigen (LANA),
virus-encoded Cyclin D homolog (vCyclin), viral Fas-associated death domain-like
interleukin-1 beta-converting enzyme (FLICE)-inhibitory protein (vFLIP), and the
Kaposin (K12) family of proteins (Zhong et al. 1996; Dittmer et al. 1998). No
infectious viral particles are produced during latency. LANA, a functional ortholog
of EBNAT1 with respect to latent DNA replication and episome tethering, binds
preferentially to the TRs of the viral genome and tethers it to the host chromosome.
This ensures the faithful segregation of the viral genome to host daughter cells
during cell division (Ballestas et al. 1999; Cotter and Robertson 1999). In addition,
LANA is a multifunctional protein that is known to either activate or repress tran-
scription of various cellular and viral genes (Renne et al. 2001; Garber et al. 2001;
Fujimuro et al. 2003). The other KLAR gene products play key roles in host cell
proliferation and survival (Chang et al. 1996; Thome et al. 1997; Ye et al. 2008).
The chromatinization that leads to a condensed form of the episome provides pro-
tection to the viral genome from degradation while enabling tight regulation of
gene expression [reviewed in Lieberman (2013)].

2.1.3 Gene Expression During Lytic Phase

For the completion of a full life cycle and maintenance of a persistent infection,
gammaherpesviruses are required to undergo reactivation from latency, whereby
new infectious viral particles are produced during lytic replication. Although the
stimuli that promote the switch from latency to the lytic phase are not completely
understood, various cellular phenomena, such as immune suppression, oxidative
stress, and hypoxia, are known to trigger lytic reactivation [reviewed in Ye et al.
(2011)]. In vitro, cells that are latently infected with EBV, KSHV, or both can be
reactivated when treated with drugs that alter epigenetic modifications, e.g., sodium
butyrate, a histone deacetylase inhibitor (HDACI), or 5-aza-2’'-deoxycytidine, a
DNA demethylating agent (Knipe et al. 2013; Shin et al. 2014; Shamay et al. 2006).
During reactivation, the viral DNA is replicated by a viral polymerase along with a
timely regulated cascade of gene expression, leading to the assembly and egress of
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mature infectious virions. Lytic viral genes are expressed in temporal fashion, acti-
vating three classes of lytic genes: immediate-early (IE), early (E), and late (L)
genes (Renne et al. 1996b; Sun et al. 1999; Jenner et al. 2001).

The key viral IE proteins that are required for the transcriptional activation of
other lytic genes are Zta in EBV and Replication and Transcription Activator
(RTA/ORF50) in KSHV (GI et al. 2007). Although a number of IE-lytic genes,
such as RTA, ORF45, K8.2, K4.2, etc., are expressed upon reactivation in KSHV, it
has been established that RTA functions as the master switch between latent and
Iytic gene expression (Sun et al. 1998). RTA is the only lytic viral protein that is
both necessary and sufficient for the activation of several lytic promoters and repli-
cation of the viral genome (Wang et al. 2003; Guito and Lukac 2012). RTA is also
known to auto-activate its own promoter through an RTA-responsive element and
establish a positive feedback loop in the viral lytic gene expression (Deng et al.
2000). The expression of E genes is activated by IE gene products, which mostly
include proteins that have enzymatic functions that are required for DNA repli-
cation (e.g., DNA polymerase I processivity factor ORF59) and for modulation of
the immune system (MIR1/2) (Coscoy and Ganem 2001; Ishido et al. 2002;
Majerciak et al. 2006). The L genes are expressed following the expression of
E-lytic genes and are transcribed after lytic DNA replication (Honess and Roizman
1974). The L-lytic gene products consist of several viral structural proteins, includ-
ing major capsid protein (MCP) encoded by ORF25, several membrane glyco-
proteins (K8.1), and a viral capsid antigen that facilitates the assembly and
maturation of virions (Schulz and Yuan 2007). Viral tegument proteins that assist
the virus during virion assembly, viral entry, and host immune evasion are also a
part of the L-lytic gene expression period [reviewed in Sathish et al. (2012)].

2.2 Histone Modifications

Genomic DNA in the nucleus of all eukaryotic cells is associated with core histone
proteins and nonhistone regulatory proteins to form chromatin. The fundamental
repeating unit of chromatin, the nucleosome, comprises a histone octamer of
two copies of each core histone protein (H2A, H2B, H3, and H4) wrapped by a
left-handed superhelix of 147 bp of DNA, plus 20-80 bp of linker DNA (Li and
Reinberg 2011; Kornberg and Lorch 1999; Luger 2003). Nucleosomes are organ-
ized in arrays and display higher levels of folding/condensation and chromatin
organization.

The N-terminal tails of a histone octamer, which protrude from the globular
domain of the nucleosome, can undergo at least eight distinct types of posttrans-
lational covalent modification (Kouzarides 2007). An increasing number of amino
acid residues (arginine, lysine, serine, and threonine) in the histone N-terminal tails
are subject to posttranslational modifications, including acetylation, methylation,
phosphorylation, ubiquitination, and ADP-ribosylation. Furthermore, the local con-
centration of differentially modified nucleosomes allows for the regulation of
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chromatin and largely determines the euchromatic (loosely packed) or heterochro-
matic (tightly packed) state of chromatin [reviewed in Ng and Cheung (2015)].
Histone acetylation, for example, is deposited locally following recruitment by site-
specific DNA-binding proteins of histone acetyltransferases (HATS) that transfer an
acetyl group from acetyl-CoA to various lysine residues in histones H3 and H4
(Takahashi et al. 2006; Wellen et al. 2009). High levels of histone acetyllysine have
been causally linked to transcriptional activation (Grunstein 1997; Strahl and Allis
2000). Acetylation neutralizes the positive charge on histones, loosening their
interaction with the negatively charged phosphodiester backbone of DNA (Widlund
et al. 2000; Tse et al. 1998). Charge neutralization also weakens interactions
between neighboring nucleosomes, leading to loss of higher-order compaction of
the chromatin fiber, resulting in increased potential for gene transcription (Tse et al.
1998; Lee et al. 1993). In addition, interactions between histone acetyllysines and
bromodomains lead to recruitment of histone acetyltransferases, providing a posi-
tive feedback loop of acetylation, and ATP-dependent remodelers to effect nucleo-
some disassembly or histone eviction (Chatterjee et al. 2011; Kingston and Narlikar
1999; Horn and Peterson 2001).

Multiple lysine (K) residues and arginine (R) residues in the histone H3 and H4
tails are also subject to methylation (Strahl et al. 1999). The lysine residues can
accommodate mono-, di-, or trimethylated states, whereas the arginine residues can
harbor mono- or dimethylated (symmetric or asymmetric) states. Using S-adenosyl-
L-methionine (SAM) as a cofactor and methyl donor, histone methyltransferases
(HMTs) catalyze the transfer of methyl groups to lysine or arginine residues on
histone proteins (Struhl 1998). Promoter regions of active genes are marked with
high levels of H3K4 methylation in addition to histone acetylation. Trimethylation
of histone H3 lysine 4 (H3K4me3) is significantly enriched at transcription start
sites (TSSs), and H3K36me3 is abundant in gene bodies and around the 3’ end of
genes. Trimethylation of H3K9 and H3K27 is correlated with transcriptional
repression. H3K27me3 levels are higher at silent promoters than at active pro-
moters, and H3K9me3 is more prevalent in gene bodies and constitutive hetero-
chromatin (Barski et al. 2007; Hahn et al. 2011). Previously, H3K4me3 and
H3K27me3 were thought to have mutually exclusive localization, with strictly per-
missive or repressive functions, respectively. However, it has been found that there
are many genes, particularly in embryonic stem cells, that possess both H3K4me3
and H3K27me3 modifications. Genes with such bivalent domains are frequently in
a poised state that can be activated upon receiving particular stimuli (Bernstein
et al. 2006). Similarly, bivalent histone modifications have also been observed in
differentiated T cells (Roh et al. 2006).

Histone modifications regulate chromatin activity not only by altering histone—
DNA interactions, but also by providing a landscape with differentially modified
nucleosomes that can be recognized or “read” by other protein modules. Acetylated
lysine residues on the histone tails create a docking site for bromodomains, which
are found on various proteins and play a significant role in acetylation-dependent
assembly of transcription regulator complexes (Yun et al. 2011). Methylated
lysines, a very stable histone mark, are recognized by multiple proteins including



22 R. Poudyal et al.

Tudor, chromodomain, PWWP, PHD, and BAH domains (Yun et al. 2011). Some
chromodomain-containing proteins are also components of the RNA-induced tran-
scriptional silencing complex, hence bridging distinct dimensions of gene regula-
tion (Verdel et al. 2004).

Nucleosome positioning regulates accessibility of trans-acting factors to DNA
and is a key regulator of DNA-templated processes, including transcription, DNA
replication, and DNA repair (Ehrenhofer 2004; Richmond and Davey 2003; Owen-
Hughes and Workman 1994). Consequently, regions of high nucleosome occu-
pancy are associated with gene repression, whereas areas with extensive nucleo-
some remodeling correlate with promoters of active genes where RNA polymerase
IT (RNAPII) and other transcription factors (TFs) bind (Narlikar et al. 2002; Sun
et al. 2009). Such dynamically remodeled promoters also have elevated levels of
histone acetylation (Barski et al. 2007). A key characteristic of highly expressed
genes is the presence of a nucleosome-free region (NFR) immediately upstream
from or including the TSS (Schones et al. 2008; Jiang and Pugh 2009; Cairns 2009).
Nucleosomes are also found to be positioned on the 5’ end of genes, creating a
chromatin-organizing center that regulates access to TSSs for TF binding
(Zhang et al. 2011). In biochemical studies targeting the ATP-dependent chromatin
remodeler complex SWI/SNF to a dinucleosome by an activator, the activator-
adjacent nucleosome is slid toward the more distal nucleosome from which one
H2A/H2B dimer is first displaced, followed by displacement from the same nucleo-
some of the H3/H4 tetramer and remaining H2A/H2B dimer (Dechassa et al. 2010).
This results in sliding of the activator-targeted mononucleosome and the complete
displacement of the distal mononucleosome from the dinucleosome substrate. In
brief, nucleosome positioning, histone modifications, and DNA methylation col-
lectively work to generate chromatin states that regulate gene expression. Combi-
natorial contributions of epigenetic modifications add a dense layer of complexity
to gene regulation.

2.2.1 Histone Modifications During Gammaherpesvirus
Latency

Genome-wide studies have made it apparent that both EBV and KSHV have a
complex pattern of histone modifications during latency (Knipe et al. 2013; Day
et al. 2007; Minarovits 2006; Arvey et al. 2013; Giinther and Grundhoff 2010; Toth
et al. 2010; Hu et al. 2014). In EBV, the EBNA1 N-terminal domain interacts with
the host cell protein EBNA1-binding protein (EBNA1BP2), which binds to AT-rich
DNA (Sears et al. 2004). In KSHV, LANA has a DNA-binding and a chromatin-
binding domain in its C- and N-terminal domains, respectively (Ballestas et al.
1999; Cotter and Robertson 1999; Garber et al. 2002). The LANA N-terminal
domain interacts with host chromosomes by binding to the acidic patch on histone
H2A-H2B dimers of nucleosomes (Barbera et al. 20064, b). The C-terminal domain
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binds to multiple LANA binding sites (LBS) on the TRs, as well as interacts with
cellular proteins that recognize modified histones, such as methyl CpG binding
protein (MeCP2), and bromodomain proteins BRD2 and BRD4 (Garber et al. 2002;
Hellert et al. 2015; Viejo-Borbolla et al. 2005; You et al. 2006). The tethering of the
viral genomes to host chromosomes via EBNA1 or LANA enables the maintenance
of a stable viral copy number over the course of many host cell divisions (Verma
et al. 2013). Thus, both EBV and KSHV are tethered to host chromosomes via
interactions with specific, virally encoded proteins.

The KSHV genome has been shown to be decorated with both activating histone
marks, H3 acetylation (H3ac) and H3K4me3, and repressive marks, H3K9me3 and
H3K27me3 (Giinther and Grundhoff 2010; Toth et al. 2010). The localization of
H3K4me3 and H3K27me3 is largely mutually exclusive in the latent KSHV
genome (Giinther and Grundhoff 2010; Toth et al. 2010). The KLAR, which
expresses the latent genes, possesses activating histone marks, H3ac and
H3K4me3, and colocalizes with transcriptionally active RNAPII (Giinther and
Grundhoff 2010; Toth et al. 2010). In contrast, IE and E-lytic genes in
latent genomes possess either highly activating marks, H3ac and H3K4me3, or
bivalent modification of H3K4me3 and H3K27me3 (Giinther and Grundhoff 2010;
Toth et al. 2010; Hu et al. 2014). As in embryonic stem cells, the bivalent modifi-
cations enable the rapid induction of genes in response to a triggering stimulus
(Bernstein et al. 2006). The L-lytic genes in episomes are initially characterized by
high levels of the repressive heterochromatic marks H3K9me3 and H3K27me3
(Giinther and Grundhoff 2010; Toth et al. 2010).

The Polycomb repressive complex proteins compact chromatin with dense
nucleosome occupancy, resulting in gene silencing (Schuettengruber and Cavalli
2009). The EZH2 catalytic subunit of Polycomb Repressive Complex 2 (PRC2)
trimethylates H3K27 [reviewed in Riveraa et al. (2014)]. H3K27me3 recruits the
PRC1 complex, because the modification serves as a docking site for a
chromodomain-containing subunit of PRC1 (Cao et al. 2001). Recruitment of
PRC1 prevents chromatin remodeling factors, such as SWI/SNF, from accessing
nucleosomes and leads to the formation of a repressive chromatin state (Cao et al.
2001).

The repressive mark H3K27me3 and the PRC2 catalytic subunit EZH2 have
been shown to colocalize and bind to the KSHV genome predominantly during
latency (Giinther and Grundhoff 2010; Toth et al. 2010). While H3K27me3 is
widespread across the KSHV genome, H3K9me3 is restricted to two regions
containing late genes (Giinther and Grundhoff 2010; Toth et al. 2010). The histone
demethylase JMJID2A (Jumonji domain 2A), which primarily removes H3K9me3,
also binds to the KSHV genome and is thought to guard against the methylation of
H3K9 (Chang et al. 2011). The binding of JMID2A to chromatin prevents the
formation of H3K9me3, which expedites the acetylation of H3K9 upon reactivation
and enables robust induction of genes (Chang et al. 2011). Together, the PRC2 and
JMID2A protein complexes help maintain H3K27me3 and other silencing marks on
lytic genes and repress lytic gene expression during latency (Knipe et al. 2013).
LANA, which is continuously expressed during latency following de novo
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infection, interacts with several host transcriptional factors [MeCP2, DNA methyl-
transferases (DNMTs), etc.] and chromatin remodelers (MLL, CBP, etc.), leading
to the epigenetic silencing of lytic genes and promotion of viral latency, respec-
tively (Hu et al. 2014; Matsumura et al. 2010; Kim et al. 2013). Likewise, LANA
interacts with hSET1 complex, a H3K4 methyltransferase, and may play a role in
binding at latent promoters thereby protecting them from PRC2-mediated silencing
(Hu et al. 2014).

2.2.2 Histone Modifications During Lytic Reactivation

Histone deacetylases (HDACSs) remove acetyl groups from lysines and play a
critical role in the regulation of gene expression. Gammaherpesvirus latency has
been shown to be disrupted by HDAC inhibitors (Miller et al. 1996). Lytic reacti-
vation mostly corresponds to the alteration in histone modifications of the
viral genome by histone acetyltransferases (HATs). Chromatin remodeling post-
acquisition of acetylation of histones H3 and H4 following the treatment with an
HDAC inhibitor is observed both at EBNA and RTA promoters (Alazard et al. 2003;
Lu et al. 2003). The RTA promoter in latent KSHV concurrently harbors both acti-
vating H3K4me3 and repressive H3K27me3 histone modifications, which keeps it
poised for activation and rapid gene expression upon induction (Giinther and
Grundhoff 2010; Toth et al. 2010; Hu et al. 2014).

A wave of histone modifications occurs once lytic reactivation is induced.
Demethylation of H3K27me3 by UTX (Ubiquitously transcribed tetratricopeptide
repeat, X chromosome protein) or dissociation of EZH2 reverses PRC2-mediated
repression of the RTA promoter (Giinther and Grundhoff 2010; Toth et al. 2010).
Reactivation by RTA leads to the dissociation of EZH2 from the genome, espe-
cially from IE and E-lytic genes, where decreasing levels of H3K27me3 are
concomitant with increasing gene expression (Giinther and Grundhoff 2010;
Toth et al. 2010). RTA binds to its own promoter using cellular transcription factor
CBF1, which recruits the CBP/p300 histone acetyltransferases, SWI/SNF chroma-
tin remodelers, and the TRAP/mediator coactivators (Gwack et al. 2003). This feed-
forward activation allows for efficient modification of the chromatin structure of the
virus to a transcriptionally active state, which enables a complete viral reactivation
cycle. Overall, histone modifications play an important role in the maintenance of
latency as well as the lytic reactivation process in gammaherpesviruses. All these
studies demonstrate that gammaherpesvirus genomes, like host chromosomes,
show similar epigenetic modifications.
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2.2.3 Intra- and Inter-locus Epigenetic Heterogeneity
in KSHV Episomes

A major difference between viral and human genomes is that viral genomes often
persist at a high copy number. Since ChIP-seq and ChIP-on-chip always measure
the average state of overall genomes, it was formerly not clear if heterogeneity
exists among the viral genomes. Heterogeneous gene expression has been reported
in various models of KSHV-infected cells (Chang and Ganem 2013). Hetero-
geneous chromatin states at particular loci across the population of KSHV episomes
could constitute an underlying reason for spontaneous activation of the virus in
latently infected cells. The episomal chromatin state maintains the latent phase and
represses the lytic phase (see histone modifications above and DNA methylation
below). With the advent of single-cell and single-molecule techniques, epigenetic
heterogeneity has been observed in cancer stems cells, pluripotent stem cells, and
also the KSHV genome (Smallwood et al. 2014; Nabilsi et al. 2014; Boland et al.
2014; Darst et al. 2013).

NFRs, as discussed above, are essential for transcription factor binding and
formation of the RNAPII transcription pre-initiation complex. Typically, accessi-
bility to the nucleases DNase I and micrococcal nuclease (MNase) are used to map
hypersensitivity and the positions of nucleosomes, respectively. Following MNase
digestion of nuclear chromatin, increased accessibility at the RTA TSS due to
remodeling of positioned nucleosomes was shown to be a regulatory step in the
transition from the latent to lytic state in the KSHV viral life cycle (Lu et al. 2003).
However, a population-averaged view of chromatin structure was obtained, obscur-
ing detection of cell-to-cell epigenetic heterogeneity. To detect such heterogeneity,
we used Methyltransferase Accessibility Protocol for individual templates (MAPit),
a single-molecule, methylation-based footprinting technique, to examine KSHV
chromatin structure. In MAPIt, the native chromatin structures of nuclei are probed
with the viral DNA methyltransferase (DNMT), M.CviPI, which modifies accessi-
ble GC dinucleotides, followed by bisulfite sequencing (Fig. 2.2) (Xu et al. 1998;
Darst et al. 2012). As modification of GC sites can be unequivocally distinguished
from endogenous CG methylation when analysis of methylated GCG sites is
excluded, MAPit enables simultaneous detection of endogenous CG methylation,
nucleosome positioning, and DNA-bound transcription factors at high resolution
(Darst et al. 2010, 2012; Kilgore et al. 2007).

To visualize epigenetic heterogeneity across the populations of KSHV episomes
and infected cells, three gene promoter regions (LANA, RTA, and vIL6) were
investigated (Darst et al. 2013). MAPit was used to analyze the chromatin configur-
ations present at the IE-lytic RTA promoter on KSHV episomes in TREx BCBL-1
RTA cells that contain a doxycycline-inducible RTA transgene (integrated into a
host cell chromosome) (Darst et al. 2013; Nakamura et al. 2003). About 1-3% of
TREx BCBL-1 RTA cells exhibit spontaneous lytic reactivation at any time. Many
bisulfite sequencing reads, each representing the chromatin architecture of a spe-
cific promoter from one genome in the population, were obtained from cells that



26 R. Poudyal et al.

Isolate nuclei Probe with M.CviPI (GC MTase)
‘— o "_ o gy ;’:‘:
h ‘ f'j m; P I."u
| SR 00t | PUREG Qe i
POy | VOGS,
y A y
A h y % /~
’ = ! e ’~' ' — ..!:_.. _—

Q}—W Extract gDNA
Q ce

f m°CG ¢

C e U Bisulfite conversion
¥ Gm°C | PCR amplification
U e T and
MOC m— Next-generation sequencing

Base calling and alignment

methylated  unmethylated
C G

border
border
| - ==
accessible inaccessible
GC GC

Fig. 2.2 Overview of Methyltransferase Accessibility Protocol for individual templates (MAPit)
assay. Nuclei are isolated from cells and incubated with the GC methyltransferase, M.CviPI, which
methylates cytosines in GC context. Following probing with M.CviPI, genomic DNA is extracted,
bisulfite converted, and PCR amplified. The PCR product is either cloned for Sanger sequencing or
prepared as a library for next-generation sequencing. The sequencing reads are aligned to the
reference genome (with masked Cs), and methylation maps are generated. Each horizontal line
represents a single DNA molecule/read (bottom panel). Any two consecutive endogenously
methylated cytosines are shown in red patches, and exogenously methylated cytosines are
shown in yellow patches. Gray represents the boundary between a methylated and unmethylated
cytosine patch. For CG map, red represents hypermethylation whereas black represents
hypomethylation. For GC map, yellow represents chromatin accessibility, and black represents
either a protein footprint or a closed, inaccessible chromatin structure. Red-filled circle, endo-
genous CG methylation; unfilled circle, unmethylated cytosine; yellow-filled star, M.CviPI-
accessible and methylated GC; unfilled star, M.CviPI-inaccessible and unmethylated GC
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were latently infected or in which viral reactivation had been induced. Bisulfite
sequencing reads from uninduced and lytically reactivated TREx BCBL1-RTA
cells were pooled and populated five different clusters following unsupervised
hierarchical clustering (Fig. 2.3). These chromatin structures varied from com-
pletely inaccessible, most likely transcriptionally inactive (Fig. 2.3, cluster i), to
almost completely accessible at every GC site, presumably corresponding to lyti-
cally replicating viral genomes that were stripped of core histones (Fig. 2.3,
cluster v). Strikingly, about 40% of the episomes in the latently infected cells from
all three analyzed promoters were completely inaccessible to the viral GC DNMT,
even at high concentrations of the enzyme, suggesting genome-wide compaction of
a subpopulation of KSHV episomes (Fig. 2.3, cluster i). Interestingly, lytic reacti-
vation significantly depleted the percentage of copies of the RTA promoter in a
cluster displaying a short ~75 bp NFR in favor of another cluster with a 150-175 bp
NFR (Fig. 2.3, clusters ii and iii), consistent with the chromatin remodeling
observed previously by MNase digestion (Lu et al. 2003). However, the ~40% of
RTA promoters that were inaccessible in uninduced cells, were not significantly
depleted by lytic reactivation, suggesting that the pool of highly compacted epi-
somes was less responsive to lytic reactivation stimuli and did not show a shift in
chromatin architecture (Darst et al. 2013).

MAPit was also used to analyze the chromatin configurations present at the
latent LANA promoter. Bisulfite sequencing reads from the LANA promoter popu-
lated nine different hierarchical clusters, i.e., nine different overall chromatin con-
figurations. Each cluster exhibited varying degrees of chromatin accessibility, in
particular, displaying different NFR sizes at the LANA latent TSS (Darst et al.
2013). To our knowledge, these data constitute the first observation of episome-to-
episome variation in chromatin structure. In contrast, CTCF (discussed in detail
below) exhibited strong footprints at its three binding sites in the LANA promoter in
a significant fraction of promoter copies in each identified subpopulation, demon-
strating uniform organization at specific regions.

Another independent method called Formaldehyde-Assisted Isolation of Regu-
latory Elements (FAIRE), which identifies regulatory regions on a population aver-
age basis, has showed that only around 8% of the latent KSHV genome has an open
chromatin structure, and that most of the viral episomes are covered in nucleosomes
(Nagy and Price 2009; Hilton et al. 2013). The study also showed the presence of
two broad subpopulations based on the regions of open chromatin within the KSHV
episomes: ones that are bound to CTCF and map to transcriptionally inactive loci
and ones that are in the open chromatin region but not bound by CTCF and are
presumably actively transcribing or poised for transcription (Hilton et al. 2013).
In sum, considering our single-molecule studies along with the FAIRE-seq analysis,
it seems plausible that at any given time in latency and during lytic reactivation,
specific loci in KSHV episomes adopt diverse epigenetic configurations that likely
vary in their potential to be transcriptionally active.



28 R. Poudyal et al.

Czn
ORF48 ‘J

TITYW VAN UM IWIYINIWIY Oh 12h P
37% 25% 0.27

28% 10% 0.03
12% 39% 4x1073
7% 10% 0.73

16% 16% 1.00

—-200 0 200
Distance to RTA TSS (bp)

Fig. 2.3 Various classes of chromatin architecture at the RTA promoter in KSHV in TREx
BCBLI-RTA reactivated cells. MAPit assay was performed on nuclei isolated from TREx
BCBLI1-RTA cells in which the RTA transgene was either uninduced (0 h doxycycline) or lytically
induced (12 h doxycycline). The top panel depicts the organization of the amplicon from the
KSHV genome that was analyzed by bisulfite sequencing. Each horizontal line represents one
sequenced read or molecule from one episome in the population. Regions accessible to the viral
GC DNMT M.CviPI were colored light blue and yellow in reads obtained from uninduced and
induced cells, respectively. Regions inaccessible were colored black. White indicates areas of
nonalignment to the reference sequence. Reads from both uninduced and induced cells were
pooled and subjected to unsupervised hierarchical clustering. The coloring scheme and clustering
facilitate pattern recognition. The GC methylation plot is centered on the RTA TSS. Each black
triangle represents a GC site. Regions of protection against GC DNMT methylation corresponding
to nucleosomes N — 1, N + 1, and N + 2 are indicated. Five distinct clusters, ranging from closed
(cluster i, fop) to open (cluster v, bottom), were observed, demonstrating epigenetic heterogeneity
across the population of analyzed KSHV episomes. Values on the right are the expectation
P values for the proportion of reads from each sample. Cluster (iii), displaying an approximately
150 bp NFR, is presumably the transcriptionally active subset of episomes. Upon lytic induction of
the virus, a statistically significant fraction of episomes in cluster (ii) (with ~75 bp NFR) is
depleted (i.e., low number of reads with accessibility colored yellow), and a highly significant
increase in the fraction of induced episomes in cluster (iii) (~150 bp NFR; most reads with accessi-
bility are colored yellow). This indicates active chromatin remodeling at the RTA TSS during
lytic gene reactivation in response to RTA activation. Figure reproduced from Darst RP, Haecker I,
Pardo CE, Renne R, Kladde MP (2013) Epigenetic diversity of Kaposi’s sarcoma-associated
herpesvirus. Nucleic Acids Res 41:2993-3009 under the CCA license
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2.3 DNA Methylation

DNA methylation predominantly occurs at carbon 5 (C-5) on cytosine (m°C) in the
context of CG dinucleotides in vertebrates (Bird 1986; Deaton and Bird 2011).
Mammalian DNMT3A and DNMT3B establish initial patterns of de novo CG
methylation during embryogenesis [reviewed in Feng et al. (2010)]. This activity
is enhanced by interaction of the catalytic domains of either DNMT3A or
DNMT3B with the carboxyl-terminal domain of DNMT3-like (DNMT3L), which
has no known catalytic activity of its own (Bestor 2000; Cheng and Blumenthal
2008; Suetake et al. 2004; Jia et al. 2007). Interaction of the DNMT3A-DNMT3L
complex with nucleosomes is inhibited by trimethylation of histone H3K4 in
transcriptionally active regions of chromatin (Ooi et al. 2007). DNMTT1 is prefer-
entially recruited to hemi-methylated CG sites in replication forks by ubiquitin-like
with PHD and RING finger domains 1 (UHRF1) and therefore, in the classical view,
is the primary activity for maintenance of DNA methylation patterns in vertebrates
(Sharif et al. 2007). However, biochemical studies using purified DNMT1 have
demonstrated that the enzyme can also perform de novo methylation (Pradhan et al.
1999; Bacolla et al. 1999, 2001). Additionally, siRNA depletion of DNMT3A,
DNMT3B, and DNMT?3L, either alone or in all combinations, revealed that
DNMT1 can de novo methylate CG sites in cells (Tiedemann et al. 2014). Aberrant
hypermethylation of CG islands (GC-rich regions of ~1 kb with a high content of
unmethylated CG dinucleotides) in promoters, which are predominantly unmethyl-
ated in non-diseased somatic cells, is a characteristic phenotype of many cancers
(Robertson and Wolffe 2000).

The methylation status of CG dinucleotides is recognized by a family of
nuclear proteins called methyl-CG binding proteins. In humans, members of the
methyl-CG binding family of proteins are related to each other by the presence of a
methyl-CpG-binding domain (MBD) that often recognizes m>CG (Hendrich and
Bird 1998). DNA methylation can either directly repress local transcription by
inhibiting the binding of transcription factors or indirectly by recruiting MBDs and
remodeling chromatin into a repressive conformation. MeCP2 recruits and binds to
a multiprotein corepressor complex containing Sin3A-histone deacetylases
(HDAC1/2), which leads to chromatin reassembly and increased nucleosome occu-
pancy (Robertson and Wolffe 2000; Theisen et al. 2013; Jones et al. 1998).

DNA methylation plays an important role in the establishment of viral latency,
although more so in EBV than in KSHV. Treating cells that are latently infected
with EBV or KSHV with 5-azacytidine, a DNA demethylating agent, induces sto-
chastic viral lytic reactivation, indicating that DNA methylation plays a vital role in
controlling the lytic phase (Masucci et al. 1989; Pantry and Medveczky 2009). This
suggests that direct methylation of lytic promoters or indirect regulation by methyl-
ation of other genes is essential for repression of lytic genes during latency (Chen
et al. 2001). However, while much work has focused on deciphering methylation
regulatory mechanisms in EBV and KSHV, the role of various DNMTs in the
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establishment and maintenance of the viral genomes has not been rigorously
elucidated.

DNA methylation is crucial in propagating the EBV life cycle as reactivation of
some lytic viral promoters is methylation dependent (Bhende et al. 2004). Zta, the
Iytic activator, preferentially binds to its cognate target elements when CG motifs
within them are methylated; therefore, some lytic viral genes require accumulation
of DNA methylation for transcriptional activation by Zta (Bhende et al. 2004;
Karlsson et al. 2008; Kalla et al. 2011; Woellmer and Hammerschmidt 2013;
Hong et al. 2017). EBV latency stages (I-III) are defined by the methylation state
of a distinct set of gene promoters; however, DNA methylation is usually not
observed at transcriptionally active latent promoters (Tao and Robertson 2003;
Fejer et al. 2009). Lytic replication of the EBV genome resets its genome to an
epigenetically naive state as the newly synthesized viral DNA molecules lack
detectable epigenetic modifications (Woellmer and Hammerschmidt 2013).

DNA methylation appears to exert less epigenetic control in KSHV. During
latency, methylation is neither detectable at the LANA latency-associated promoter
nor at proximal promoters such as K9, ORF45, K7, and ORFS. In contrast, DNA
methylation is present at transcriptionally silent regions and at many lytic gene
promoters (Glinther and Grundhoff 2010; Toth et al. 2010). The KSHV genome is
initially unmethylated in the viral capsid. In contrast to EBV, after de novo
infection in model cell systems, KSHV episomes are not prone to rapid accumu-
lation of DNA methylation. Instead, DNA methylation steadily accumulates over
the course of many months, primarily over transcriptionally inactive promoters
(Giinther et al. 2014). This gradual accumulation of DNA methylation on KSHV, as
compared to rapid association with and modifications of histones, strongly suggests
that chromatinization and posttranslational histone modifications play primary roles
in the establishment and maintenance of latency upon infection of the host by the
virus. DNA methylation might reinforce the inhibition of expression of lytic cycle
gene products at later times after productive infection. DNA methylation is
undetectable at the RTA promoter in several KSHV-infected cell lines, suggesting
that the repression of this gene promoter, and perhaps several others, during
latency is achieved by an alternative mechanism (Giinther et al. 2014). Further-
more, methylation of histone H3K4 and DNA are mutually exclusive, so regions
with active or bivalent histone modifications usually lack DNA methylation
(Rose and Klose 2014). Therefore, nucleosome positioning and histone modifi-
cations rather than DNA methylation appear to be the key players in establishment of
latency in KSHV.
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2.4 Chromatin Organization by CTCF and the Cohesin
Complex

CTCF (CCCTC-binding factor) is a nuclear transcription factor that is involved in
the three-dimensional organization of eukaryotic genomes [reviewed in Ong and
Corces (2014)]. CTCF contains 11 zinc fingers with varying target recognition
specificity that bind in different combinations to the consensus sequence
CCGCGNGGNGGCAG, producing a 50-60 bp footprint (Ohlsson et al. 2001,
2010; Kim et al. 2007). CTCF blocks enhancer function when bound between
enhancers and promoters, thus serving as a chromatin insulator (Ohlsson et al.
2001; Herold et al. 2012).

CG methylation blocks CTCF binding to many genomic sites and thus regulates
enhancer blocking activity, as exemplified by allele-specific, parent-of-origin
imprinting of the mammalian H/9/IGF2 locus (Szabo et al. 1998, 2004). CTCF
binds to the unmethylated imprinting control region (ICR) on the maternally
inherited and hypomethylated allele, preventing an enhancer from communicating
with and activating the distally located /GF2 promoter. As a consequence, this
enhancer is redirected to activate transcription from the more proximal H/9 pro-
moter. By contrast, on the paternally inherited, hypermethylated allele, methylation
of a CG dinucleotide in the ICR blocks CTCF binding, alleviating its enhancer
blocking activity. This allows the enhancer to communicate with and induce /IGF2
expression at the expense of H/9 activation (Szabo et al. 2004).

At least some of these regulatory properties are likely governed by CTCF’s
ability to organize chromatin structure. Sites bound by CTCF in the human genome
are strongly depleted of nucleosomes and DNA methylation (Kelly et al. 2012). By
contrast, arrays of well-positioned nucleosomes reside adjacent to CTCF binding
sites (Fu et al. 2008). At CTCF-bound sites located at least 10 kb from promoters, a
sufficient distance to ensure strong depletion of histone H3K4 trimethylation, DNA
methylation often accumulates and is confined to linker DNA, i.e., excluded from
nucleosomal DNA wrapped around the core histone octamer (Kelly et al. 2012).

In EBV, CTCF has been found to bind at key regulatory regions, namely, the Cp,
the Qp, and the latent LMP1/2 promoters. It can serve the function of a chromatin
boundary element or affect the transcription level of surrounding genes. Deletion of
the EBNA2 CTCF binding site has been shown to increase the level of EBNA2
transcription, whereas overexpression of CTCF can repress EBNA2 expression
(Chau et al. 2006). CTCF binds upstream of the Qp and acts as an insulator,
impeding accumulation of DNA methylation at the promoter. Chromatin-bound
CTCEF also prevents the spread of the repressive histone modification H3K9me3.
When binding of the factor is abolished, the repressive chromatin mark spreads to
the Qp and silences transcription. Thus, CTCF plays an essential role in preventing
the promiscuous transcription of genes during latent EBV infection and also blocks
the epigenetic silencing of the Qp (Tempera et al. 2010).

CTCF and the cohesin complex associate at several regions on the KSHV
genome, with the strongest colocalization upstream of the major latency-associated
transcript region (Stedman et al. 2008). Deletion of the CTCF-binding site from the
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viral genome disrupts cohesin binding, resulting in deregulated and elevated
expression of neighboring lytic genes (Stedman et al. 2008). Chromatin conforma-
tion capture (3C) assay has shown that the KSHV KLAR is physically juxtaposed to
the promoter region of RTA (ORF50) (Kang et al. 2011). CTCF and cohesin medi-
ate the formation of two major chromatin loops in the KSHV episome: (1) a short
10 kb loop between the cluster of three CTCEF sites upstream of the LANA ORF and
the 3’ end of the K72 gene, which appears to organize the entire KLAR region into a
topological domain and (2) a larger loop (>50 kb) between the CTCF binding site
cluster and the promoter for RTA (ORF50) (Knipe et al. 2013; Kang et al. 2011).
Disruption of CTCF-cohesin binding by genetic mutation of the viral genome
leads to the elimination of the chromatin loops, decreased intra- and extracellular
KSHV copy number, reduced expression of IE genes (RTA and ORF69), and
increased LANA expression (Kang et al. 2011). Furthermore, knockdown of
cohesin results in a dramatic 100-fold increase in viral yield, indicating the impor-
tance of CTCF and cohesin-mediated control of latent and lytic viral gene expres-
sion (Li et al. 2014).

In addition to looping and partitioning the viral genome into domains, CTCF
serves as a boundary element that facilitates the organization of nucleosomes. At
the KSHV LANA promoter, CTCF occupies a cluster of three sites spanning ~150
bp, including intervening sequences. These CTCF sites in LANA reside between the
open reading frame (ORF73) and lytic TSS, which is located downstream of a
second latent TSS used during latency and lytic reactivation (Sun et al. 1998). An
array of positioned nucleosomes is arranged downstream of the CTCF sites and CG
methylation is apparently restricted to the linkers (Darst et al. 2013), as was
observed in human chromosomes (Kelly et al. 2012). Ablation of CTCF binding
at LANA by genetic mutation of all three binding sites disrupts nucleosome posi-
tioning, reduces the efficiency of de novo infection, leads to alterations in RNAPII
binding, accumulation of the unspliced form of the multicistronic transcript, and
changes in histone modifications in the latency control region (Kang et al. 2013).
Thus, CTCF along with the cohesin complex serves as an organizer of higher-order
chromatin structure in the coordination of latent and lytic gene expression and
viral replication, as blocks of latent and lytic genes are separated within the
virus by CTCF.

2.5 Noncoding RNAs and Epigenetic Control

A significant fraction of the eukaryotic genome has been reported to transcribe
functional RNA molecules that do not code for proteins, i.e., noncoding RNAs
(ncRNAs) [reviewed in Palazzo and Lee (2015)]. These ncRNAs regulate gene
expression at both the transcriptional and posttranscriptional level. There are
reports of regulatory RNAs that are longer than 200 nt, long noncoding RNAs
(IncRNAs), and shorter RNAs (sRNAs) that are less than 200 nt in length (Bartel
2004; Kapranov et al. 2007; Mercer et al. 2009). In the context of this chapter,
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we focus on ncRNA targets that contribute to the epigenetic regulation of latent and
lytic replication.

MicroRNAs (miRNAs) are 20-22 nt sSRNAs that regulate gene expression by
targeting mRNAs for degradation or translational repression and regulate cellular
processes such as apoptosis and tumorigenesis (Bartel 2004; Mercer et al. 2009;
Ponting et al. 2009). MiRNAs are synthesized by RNAPII as a long primary
miRNA (pri-miRNA) transcript, which is then serially processed first by the
nuclear enzyme Drosha, in conjunction with its cofactor DGCRS, and subsequently
by Dicer activity to yield short functional miRNAs (Hutvagner et al. 2001;
Chendrimada et al. 2005). Many viruses, including herpesviruses, also encode
miRNAs; more than 225 viral miRNAs have been identified to date [reviewed in
Zhu et al. (2014) and Grundhoff and Sullivan (2011)].

Gammabherpesviruses encode numerous miRNAs. The EBV genome harbors
two differentially expressed miRNA clusters, one within the BART gene and a
second within BHRFI. The BHRF I cluster codes for three pre-miRNAs, whereas at
least 20 miRNAs are transcribed from the BART pri-miRNA cluster (Cai et al.
2006). MiRNAs generated from the miR-BART cluster in infected cells have been
shown to target anti-apoptotic cellular and tumor suppressor genes like CASZIa,
OCTI, PAK2, and NDRGI and enhance carcinogenesis (Kang et al. 2015; Kanda
et al. 2015). One of the targets of the EBV-miR-BHRF1-2 from the BHRF'I cluster
is the PR domain zinc finger protein 1 (PRDM]I) transcript, which encodes a
repressor in the p-interferon pathway. Repression of PRDMI promotes viral sur-
vival and lymphomagenesis (Ma et al. 2015).

In KSHV-infected cells, several viral miRNAs have been demonstrated to regu-
late both host and viral gene expression during latency as well as the lytic phase
(Samols et al. 2005; Pfeffer et al. 2005). KSHV miRNAs have also been shown to
induce metabolic transformation, repress inhibitors of oncogenic transformation,
and promote survival and proliferation of infected cells, hence facilitating the
pathogenesis of KSHV (Yogev et al. 2014; Forte et al. 2015; Yang et al. 2014;
Kieffer-Kwon et al. 2015). The KSHV genome encodes 12 pre-miRNAs from two
different locations in the genome, which yield 25 mature miRNAs [reviewed in
Zhu et al. (2014)]. At the molecular level, KSHV miRNAs, particularly miR-K12-3
and miR-K12-11, target host transcription factors, such as Myc, Ets-1, and C/EBPa,
which are known to activate transcription of RTA (Plaisance-Bonstaff et al. 2014).
Thus, KSHV miRNAs directly facilitate and provide tight regulation of
viral latency maintenance by downregulating many host transcription factors
which, in turn, leads to downregulation of the expression of RTA (Plaisance-
Bonstaff et al. 2014). Besides mimicking cellular oncogenic miRNAs and targeting
host transcription factors, KSHV miRNAs have also been implicated in regulating
genes coding for cellular transport and membrane proteins such as KCNS1, PRAM1,
IPO5, and EDA (Gottwein et al. 2011; Quan et al. 2015).

PAR-CLIP and HITS-CLIP techniques have identified more than 2000 targets
for KSHV miRNAs (Gottwein et al. 2011; Haecker et al. 2012). For instance,
KSHV miR-K12-4-5p decreases the expression of host retinoblastoma-like protein
2 (RBL2), which is a known repressor of DNMT3A and DNTM3B gene
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transcription (Lu et al. 2010). Therefore, by downregulating RBL2 expression via
miR-K12-4-5p, cellular de novo DNMT expression is upregulated. The resulting
global increases in DNA methylation of the viral and host genomes attenuates the
gene expression program of the viral lytic cycle (Lu et al. 2010).

Besides miRNA, both EBV and KSHYV transcribe highly abundant ncRNAs that
can bind to host factors and enhance viral pathogenesis. EBV expresses two
non-polyadenylated ncRNAs, EBERI and EBER2 (EBV-encoded RNA 1 and 2),
which are 166 and 172 nt, respectively, that form double-stranded RNA structures
with hairpin loops (Lerner et al. 1981; Arrand and Rymo 1982). EBER expression is
seen in nasopharyngeal carcinoma, Burkitt’s lymphoma biopsies, and Burkitt’s
lymphoma and lymphoblastoid cell lines (Jat and Arrand 1982; Minarovits et al.
1992). In latently infected cells, EBER expression can exceed 5 x 10° copies per
cell (Lerner et al. 1981; Clemens 1993). EBER has been proposed to enhance B cell
survival by facilitating specific gene expression and preventing apoptosis, some of
which is achieved via epigenetic regulation. For instance, EBER?2 facilitates the
recruitment of Paired box protein 5 (PAXS5), a host DNA-binding transcription
factor and important regulator of B-cell lineage differentiation, to the TRs on the
viral episome through interaction with nascent TR transcripts (Lee et al. 2015).
Binding of PAXS to the TRs promotes viral latency by regulating the transcription
levels of latency-associated factors EBNAI, EBNA2, and lytic activator Zta
(Arvey et al. 2012).

KSHV transcribes a ncRNA that acts as a major regulator of latent and
lytic replication. During lytic infection a highly abundant, 1.1 kb viral IncRNA,
termed polyadenylated nuclear RNA (PAN RNA), is highly expressed. PAN RNA,
which is retained in the nucleus, plays key roles in immune modulation as well as
viral gene expression and replication (Rossetto and Pari 2011; Borah et al. 2011;
Rossetto et al. 2013). The PAN RNA is transcribed from the KSHV genome within
aregion between K6 and ORF 16, slightly overlapping the 5’ of the RNA with the 3’
end of ORF K7 [reviewed in Rossetto and Pari (2014)]. PAN RNA is an E-gene
product that accounts for up to 80% of the polyadenylated RNA transcripts during
Iytic phase. Although detection of PAN RNA in latency has been reported, this has
been attributed mostly to transcription in cells undergoing spontaneous lytic reacti-
vation (Arias et al. 2014). PAN RNA expression during lytic reactivation is regu-
lated by RTA. RTA binds with high affinity to a cis-acting RTA-response element
located in the promoter of PAN RNA transcription (Song et al. 2001; Massimelli
et al. 2013).

During the lytic phase of KSHV infection, polyadenylate-binding protein cyto-
plasmic 1 (PABPC1) is relocalized from the cytoplasm to the nucleus as a conse-
quence of expression of viral shutoff exonuclease (SOX) protein (Borah et al. 2011,
2012). PABPC1 complexes with nuclear ORF57 protein, allowing the protein to
interact with a 9 nucleotide core element at the 5’ end of PAN RNA, consequently
increasing the stability of PAN RNA (Massimelli et al. 2013). During lytic reacti-
vation, PAN RNA serves as a molecular scaffold for the chromatin-modifying
enzymes JMJD3 and UTX, an H3K27 demethylase complex, and MLL2, an
H3K4me3 methyltransferase. Thus, PAN RNA enables transcriptional activation
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Fig. 2.4 Epigenetic regulation of KSHV episomes during latency and lytic reactivation. During
latency, only genes in the KSHV latency-associated region (KLAR) possess activating histone
marks (H3ac/H3K4me3), whereas bivalent genes (e.g., RTA) also possess the repressive histone
mark H3K27me3. CTCF (black ellipses) and cohesin (purple rings) stabilize latency by forming a
long-range, looped interaction (purple tether of two cohesin rings) between the IE gene RTA and
the KLAR. The Polycomb Repressive Complex (PRC), comprised of PRC1 and PRC2, maintains
silencing and/or poising of lytic genes as well as a highly condensed state of most non-transcribed
chromatin. Upon viral reactivation in the lytic phase, histone demethylases UTX and JMJD3 and
the histone H3K4 methyltransferase MLL2, among other activities, are recruited to transcription-
ally inactive or poised promoters via PAN RNA. SWI/SNF, a complex that disassembles nucle-
osomes in an ATP-dependent manner, is also recruited to evict nucleosomes to create nucleosome-
free regions for assembly of the RNAPII pre-initiation complex. The combined recruitment of
these chromatin-associated activities reverses Polycomb-mediated repression, repositions nucleo-
somes, and allows for transcriptional activation of lytic genes

of KSHV lytic genes by relieving their repression by removal of the repressive
H3K27me3 mark (Fig. 2.4) (Rossetto and Pari 2012). PAN RNA can also associate
with the RTA promoter and recruit JMJD3, UTX, and MLL2, thus promoting a
positive feedback regulatory mechanism that perpetuates RTA expression during
reactivation. However, given that RTA is an IE gene and PAN RNA is an E gene,
the initial derepression of PRC2-mediated silencing of the RTA promoter is likely
achieved by another mechanism (Rossetto and Pari 2012). PAN RNA acts as an
RNA aptamer by directly interacting with LANA and promotes the dissociation of
LANA from the viral episome to allow for efficient viral reactivation (Fig. 2.4)
(Campbell et al. 2014). Thus, PAN RNA is a multifunctional IncRNA that interacts
with multiple chromatin-modifying enzymes and factors to modulate KSHV gene
expression programs.
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2.6 Conclusions

The life cycle of gammaherpesviruses fluctuates between latent and lytic states and
is coordinated by an intricate series of regulatory mechanisms. The viral genome is
quickly circularized and chromatinized once it enters the nucleus to establish a
persistent infection of the host. To do so, the gammaherpesviruses have mimicked
various cellular gene homologs that facilitate evasion of the host immune system.
The interplay of epigenetic mechanisms, namely, histone modifications, DNA
methylation, remodeling of nucleosome occupancy and positioning, and noncoding
RNAs, elicits tightly regulated patterns of gene expression during both the
latent and lytic phases (Fig. 2.4). CTCF and cohesin binding elicit regulation by
means of higher-order chromatin structure. The CTCF-cohesin complex propagates
formation of DNA loops that keep various parts of the viral genome segregated.
Viral miRNA and PAN RNA have been identified as further key players that affect
the critical balance between viral latency and lytic reactivation as well as modify
the expression status of host genes. Much progress has been made; however, a
detailed molecular understanding of the viral and cellular epigenetic mechanisms
that enable the gammaherpesviruses to successfully establish latency and ultimately
transition to viral lytic reactivation remains elusive. Using a single-molecule foot-
printing assay, we have recently shown that epigenetic diversity exists within the
viral episomal population and not all episomes might be transcriptionally active at
once (Fig. 2.3). This adds another dimension to understanding the molecular switch
between latency and lytic reactivation.
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Chapter 3

Discoveries in Molecular Genetics

with the Adenovirus 12 System: Integration
of Viral DNA and Epigenetic Consequences

Walter Doerfler

Abstract Starting in the 1960s, the human adenovirus type 12 (Ad12) system has
been used in my laboratory to investigate basic mechanisms in molecular biology
and viral oncology. Ad12 replicates in human cells but undergoes a completely
abortive cycle in Syrian hamster cells. Ad12 induces neuro-ectodermal tumors in
newborn hamsters (Mesocricetus auratus). Each tumor cell or Ad12-transformed
hamster cell carries multiple copies of integrated Ad12 DNA. Ad12 DNA usually
integrates at one chromosomal site which is not specific since Ad12 DNA can
integrate at many different locations in the hamster genome. Epigenetic research
occupies a prominent role in tumor biology. We have been using the human Ad12
Syrian hamster cell system for the analysis of epigenetic alterations in Ad12-
infected cells and in Adl2-induced hamster tumors. Virion or free intracellular
Ad12 DNA remains unmethylated at CpG sites, whereas the integrated viral
genomes become de novo methylated in specific patterns. Inverse correlations
between promoter methylation and activity were described for the first time in
this system and initiated active research in the field of DNA methylation and
epigenetics. Today, promoter methylation has been recognized as an important
factor in long-term genome silencing. We have also discovered that the insertion of
foreign (Ad12, bacteriophage lambda, plasmid) DNA into mammalian genomes
can lead to genome-wide alterations in methylation and transcription patterns in the
recipient genomes. This concept has been verified recently in a pilot study with
human cells which had been rendered transgenomic for a 5.6 kbp bacterial plasmid.
Currently, we study epigenetic effects on cellular methylation and transcription
patterns in Ad12-infected cells and in Ad12-induced hamster tumor cells. These
epigenetic alterations are considered crucial elements in (viral) oncogenesis.

Keywords Abortive infection of hamster cells with Adl12 ¢ Adenovirus type
12 (Ad12) « Ad12-induced hamster tumors » Ad12 viral oncogenesis * A model

W. Doerfler (<)
Institute for Clinical and Molecular Virology, University Erlangen-Niirnberg Medical School,
Schlossgarten 4, 91054 Erlangen, Germany

Institute of Genetics, University of Cologne, Ziilpicherstralie 47, 50674 Koln, Germany
e-mail: walter.doerfler@viro.med.uni-erlangen.de

© Springer International Publishing AG 2017 47
W. Doerfler, J. Casadesus (eds.), Epigenetics of Infectious Diseases, Epigenetics
and Human Health, DOI 10.1007/978-3-319-55021-3_3


mailto:walter.doerfler@viro.med.uni-erlangen.de

48 W. Doerfler

for Ad12-induced oncogenesis * De novo methylation of integrated foreign DNA e
Epigenetics * Epigenetic consequences of foreign DNA insertions « Epstein—Barr
Virus immortalization and epigenetic changes ¢ Foreign DNA in the environment ¢
Genome-wide epigenetic alterations < Hit-and-run mechanism of viral
oncogenesis ¢ Integration of foreign (viral) DNA into mammalian genomes ¢
Promoter methylation and long-term silencing ¢ Stability of induced epigenetic
changes in the genome * Viral oncogenesis

3.1 Background on Interest in DNA Methylation
and Epigenetic Effects

In the history of research on viruses and their interactions with host cells, unex-
pected observations have frequently drawn the investigator to the study of mech-
anisms far beyond the realms of virology. For several decades, molecular virology
has thus succeeded in occupying a pioneering role in molecular genetics. In the late
1960s and the 1970s, my laboratory at Rockefeller University in New York City,
NY, and later at the Institute of Genetics in Koln has been investigating the
integration of human adenovirus type 12 (Ad12) DNA into the genome of hamster
cells (Doerfler 1968, 1970; Groneberg et al. 1977; Sutter et al. 1978; Sutter and
Doerfler 1980; Stabel et al. 1980; Hochstein et al. 2007). Ad12 had been shown to
induce tumors at the site of virus inoculation into newborn hamsters (Trentin et al.
1962). This discovery had attracted my interest and led to detailed studies on the
molecular biology of the DNA virus Ad12. In a 1970 publication in the Journal of
Virology, I had raised the question of whether the integration of the Ad12 genome
into the hamster genome was the decisive precondition (conditio sine qua non) for
the oncogenic consequences of Ad12 infection (Doerfler 1970).

At the same time, we analyzed details of the structure and sequence of the
adenovirus DNA molecule (Doerfler 1969; Sprengel et al. 1994), established the
denaturation maps of Ad2 and Adl2 DNA (Doerfler and Kleinschmidt 1970;
Doerfler et al. 1983), and demonstrated that the DNAs of Ad2 and Ad12 did not
contain 5-methyl-deoxycytidine (5-mC) (Giinthert et al. 1976; Wienhues and
Doerfler 1985). One of these studies (Giinthert et al. 1976) also demonstrated that
the DNA of hamster cells transformed by Adl12 contains 3.11 and 3.14%
5-methylcytosine (cell lines HA12/7 and T637 cells, respectively), whereas the
DNA from untransformed hamster cells (BHK21 cells) contains only 2.22%
5-methylcytosine. These results suggested early on that levels of DNA methylation
in transformed or tumor cells were fundamentally altered (Giinthert et al. 1976).

In the late 1970s and early 1980s, we used restriction enzyme analyses of
cellular DNA with integrated Ad12 genomes in Ad12-transformed cells to elucidate
the viral DNA integration patterns and to localize more precisely the site of foreign
DNA insertion. In the course of this work, we recognized that the restriction
endonuclease Hpall, which cuts unmethylated virion Ad12 DNA frequently to
small fragments, did not cleave the integrated Ad12 DNA efficiently. In contrast,
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the restriction endonuclease Mspl, known to be methylation insensitive (Waalwijk
and Flavell 1978), cut the integrated viral genome to small fragments (Sutter et al.
1978; Sutter and Doerfler 1980). Hpall and Mspl are isoschizomers, i.e., restriction
endonucleases which recognize the same 5'-CCGG-3’ sites, where Hpall is blocked
by a 5-mC residue in the 3’-position, whereas Mspl is refractory to this inhibition.
These data documented that the integrated Ad12 genomes had become extensively
de novo methylated. These thus roughly determined profiles of Ad12 DNA meth-
ylation were more precisely mapped by using the bisulfite sequencing technique in
a later publication (Hochstein et al. 2007). We went on to show that there was an
inverse correlation between the levels of methylation in the different regions (early
versus late) of the integrated adenovirus genomes and their genetic activities (Sutter
and Doerfler 1980; Vardimon et al. 1980). These data were the first to functionally
relate genetic activity and promoter methylation in eukaryotic and viral genomes
and became the basis for our interest in problems of DNA methylation which have
been continuously pursued in different systems until today.

Here, I will refrain from describing all of our research on DNA methylation of
the past 30 years, but instead refer the reader to recently published reviews on these
topics (Doerfler 2011, 2012, 2016). Based on these earlier studies, we have contin-
ued to investigate the biological meaning of DNA methylation and the fifth
nucleotide, 5-methyldeoxycytidine. Here are some of the key references to our
work on DNA methylation: Sutter and Doerfler (1980), Vardimon et al. (1980),
Doerfler (1983, 2011), Toth et al. (1989), Kochanek et al. (1990), Kochanek et al.
(1993), Orend et al. (1995), Heller et al. (1995), Zeschnigk et al. (1997), Naumann
et al. (2009), and Weber et al. (2015).

3.1.1 Introduction to the Adenovirus System

Epigenetic research has gradually occupied a prominent role also in virology. Ad12
offers the opportunity to study virus infections in a productive (human cells) and a
completely abortive system (Syrian hamster cells). In addition, Adl12-induced
hamster tumors allow epigenetic analyses in an efficient viral oncogenesis model.
Ad12 tumorigenesis in hamsters was originally discovered by Trentin, Yabe, and
Taylor in 1962. Ad12 induces undifferentiated neuro-ectodermal tumors in >90%
of the inoculated and surviving newborn hamsters (Mesocricetus aureatus) within
3-6 weeks after inoculation (Hohlweg et al. 2003). A combination of important
parameters, like high incidence and short latency between infection and tumori-
genesis, coupled with Ad12 DNA integration in all tumor cells (Knoblauch et al.
1996; Hilger-Eversheim and Doerfler 1997) facilitates the molecular analysis of
tumor induction by this DNA virus. My laboratory has been working on the
molecular biology, genetics, and epigenetics of adenoviruses since 1966 (Doerfler
1968, 1969, 1970; Doerfler and Kleinschmidt 1970): molecular strategies of ade-
novirus types 2 (Ad2) and Ad12 (199 citations in PubMed); studies on foreign DNA
integration (61 citations); and investigations on the role of DNA methylation in
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epigenetic regulatory mechanisms in adenovirus infection and transformation
(117 citations) as well as in human genetics (>70 citations). We were probably
the first laboratory to initiate epigenetic investigations of an (adeno-) viral system
(Giinthert et al. 1976; Sutter and Doerfler 1980; Vardimon et al. 1980). A more
detailed account of previous work has been summarized in Weber et al. (2016b) and
will be briefly summarized in the following sections.

3.1.1.1 Ad12-Syrian Hamster Cells: The Abortive System

When viruses transcend their natural host range, which has been developing over
evolutionary timescales, their impact on the noncanonical host can be catastrophic.
Human Ad12 infecting hamster cells and leading to oncogenic transformation is a
case in point and only one of several examples. The retrovirus HIV of originally
simian origin or the coronavirus SARS of canine origin upon their adaptation to the
human organism are examples of extraordinary medical importance. Hence the
study of the interaction of human Ad12 with cells of the Syrian hamster has been
considered of importance to understand this abortive interaction of oncogenic
relevance at the molecular level.

One of the characteristics of the Ad12-hamster cell system is a strictly abortive
infection cycle (review Hosel et al. 2003). The block of Ad12 replication lies before
viral DNA replication (Doerfler 1969) and late gene transcription which cannot be
detected (Ortin et al. 1976). Ad12 adsorption, cellular uptake, and transport of the
viral DNA to the nucleus were less efficient in the nonpermissive hamster cells than
in permissive human cells. However, many of the early functions of the Ad12
genome were expressed in BHK21 cells, though at a low level. In the downstream
region of the major late promoter (MLP) of Ad12 DNA, a mitigator element of
33 nucleotide pairs in length was identified which contributed to the inactivity of
the MLP in hamster cells and its markedly decreased activity in human cells (Zock
and Doerfler 1990). The El functions of Ad2 or Ad5 were capable of partly
complementing these Ad12 deficiencies in hamster cells in that Ad12 viral DNA
replication and late gene transcription could proceed, e.g., in a BHK hamster cell
line, BHK297-C131, which carried in an integrated form and constitutively
expressed the El region of Ad5 DNA (Klimkait and Doerfler 1985). Nevertheless,
the late Ad12 mRNAs, which were synthesized in this system and carried the
authentic Ad12 nucleotide sequence, failed to be translated to structural viral
proteins (Schiedner et al. 1994). Hence, infectious virions were not produced
even in this partly complemented system. There appears to exist an additional
translational block for late Adl2 mRNAs in hamster cells. We have further
shown that the overexpression of the Ad12 preterminal protein (pTP) or of E1A
genes facilitated the synthesis of full-length, authentic Ad12 DNA in Ad12-infected
BHK?21 hamster cells. Apparently, the Ad12 pTP had a hitherto unknown function
in eliciting full cycles of Ad12 DNA replication even in nonpermissive BHK21
cells when sufficient levels of Ad12 pTP were produced (Hosel et al. 2001). The
amounts of Ad12 DNA in the nuclei or cytoplasm of the complemented hamster
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cells were about 2 orders of magnitude [2 h postinfection (p.i.)] and 4-5 orders of
magnitude (48 h p. i.) lower than in permissive human cells. Cell line BHK21-
hCAR is transgenic for and expresses the human coxsackie and adenovirus receptor
(hCAR) gene. Nuclear uptake of Ad12 DNA in BHK21-hCAR cells was markedly
increased compared to that in naive BHK?21 cells. Ad12 elicited a cytopathic effect
in BHK21-hCAR cells but not in BHK21 cells. Quantitative PCR or [3H] -thymidine
labeling followed by zone velocity sedimentation however failed to detect Ad12
DNA replication in BHK21 or BHK21-hCAR cells. Newly assembled Ad12 virions
could not be detected. Thus, the block in Ad12 DNA replication in hamster cells
was not released by the hCAR-enhanced nuclear import of Ad12 DNA (Hochstein
et al. 2008).

We pursue the possibility that the completely abortive infection cycle of Ad12 in
hamster cells ensures the survival of Ad12-induced hamster tumor cells which all
carry multiple copies of genomically integrated Ad12 DNA. In this way, the viral
genomes are immortalized and expanded into a huge number of tumor cells.
Moreover, the totally abortive cycle of Ad12 in Syrian hamster cells is one of the
decisive preconditions for the ability of Ad12 to induce tumor cells and tumors in
Syrian hamsters, since Ad12-infected cells are capable of surviving virus infection,
in contrast to the Ad12-human cell system in which all infected cells are killed
(Doerfler 1991).

3.1.2 Foreign DNA in the Environment

DNA, free or embedded in tissue remnants, abounds all over the living world. These
DNA molecules might still reside in complexes with specific proteins and RNAs
attached. Their stability is variable and dependent on numerous, unidentified
environmental factors. DNA fragments with free termini and DNA protein com-
plexes belong to the most stable and aggressive molecules in nature and represent
versatile recombination partners which can target the genomes of recipient cells.
The pathways of DNA from cellular remnants in the environment to the nucleus of
successfully entered cells and their genomes are poorly understood. DNA carried
by viruses is well equipped for entry into specialized cells. In an earlier study on the
fate of adenovirus type 2 (Ad2) DNA added directly to a culture of actively
replicating human KB cells, between 3 and 9% of this DNA became associated
with the cells in a DNase-resistant form (Groneberg et al. 1975). At 24 hr after the
addition of DNA to the culture medium, 70% of the cell-associated DNA was found
in the nucleus, and this DNA had been endonucleolytically fragmented. Direct
penetration of the cytoplasmic membrane, perhaps during cell division, appeared
the most likely mechanism for DNA uptake in these experiments. I suspect that
there are less haphazardly acting mechanisms via DNA-sensitive receptors on the
cell’s surface.
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3.1.3 Biology of Ad12-Induced Hamster Tumors

Histological and Immuno-histochemical Properties (Hohlweg et al. 2003) The
following is a quote from this article in which the histopathological analysis was
performed by Reinhardt Biittner, now in Cologne.

Independent of location and size, the histology of all Ad12-induced tumors revealed small,
rounded, uniformly stained cells with a large hyperchromatic nucleus and granular chro-
matin, numerous mitotic cells, and Homer—Wright rosette structures characteristic of
primitive neuro-ectodermal tumors (Fig. 3.1). Immuno-histochemical assays for the expres-
sion of tissue-specific markers identified vimentin, synaptophysin, and neuronal-specific
enolase in all tumors. The presence of the latter two proteins was compatible with the
neuronal origin of the Adl2-induced tumors, whereas vimentin was typical for their
mesenchymal derivation. Tests for additional tissue markers proved marginally positive
(S-100, glia fiber protein) or negative (Table 3.1).

Figure 3.1 and Table 3.1 were taken from Hohlweg et al. (2003).

Fig. 3.1 Histological section of an Ad12-induced hamster tumor stained with hematoxylin and
eosin

Table 3.1 Immuno-
histological properties of

Ad12-induced hamster Cytokeratin —
tumors Vimentin +

Neuronal-specific enolase (NSE) +
Synaptophysin (+)

S-100a (+)

Gliafiber protein (+)

Ewing sarcoma marker: MIC2/CD99 —
Chromogranin A —

Immuno-histological staining
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3.1.4 Characteristics of Chromosomally Integrated
Adenovirus DNA

¢ AdIl2-transformed cells or Ad12-induced hamster tumor cells carry up to >30
copies of viral genomes chromosomally integrated by covalent bonds between
viral and cellular DNAs (Stabel et al. 1980; Hilger-Eversheim and Doerfler
1997; Knoblauch et al. 1996; Hohlweg et al. 2003; Hochstein et al. 2007).

e Although multiple copies of viral DNA are integrated, there is most frequently
only one site of Ad12 DNA insertion on the chromosomes. In one study, 59/60
Ad12-induced tumors showed only one chromosomal site of Ad12 DNA inte-
gration as detected by fluorescent in situ hybridization (FISH) (Hilger-
Eversheim and Doerfler 1997). The integratiion site was different in each tumor.

o In different Adl2-transformed cells or Ad12-induced tumor cells, viral DNA
integration occurred at different sites in the cellular genome. There is no evidence
for a specific cellular site of viral DNA insertion (Deuring et al. 1981b; Doerfler
et al. 1983; Knoblauch et al. 1996; Hilger-Eversheim and Doerfler 1997).

¢ At the sites of recombination between the Ad12 and the cellular genomes, short
or patchy nucleotide sequence homologies were frequently observed (Gahlmann
et al. 1982; Stabel and Doerfler 1982). Moreover, the cellular pre-integration
sites of viral DNA insertion often showed transcriptional activity and presum-
ably an open chromatin structure (Schulz et al. 1987; Hochstein et al. 2007).

¢ Most of the integrated Ad12 genomes appeared to be intact, but fragmented
genomes were also observed (Stabel et al. 1980; Hochstein et al. 2007). At the
site of foreign DNA integration, cellular DNA sequences have been found to be
completely conserved (Gahlmann and Doerfler 1983). In other instances, some
of the abutting cellular DNA sequences were deleted.

¢ Recombination of Ad12 DNA with a cloned hamster cell DNA fragment, which
had previously been identified as an integration site of Ad12 DNA, could be
elicited also in a cell-free system by using high-salt nuclear extracts from
hamster cells (Jessberger et al. 1989; Tatzelt et al. 1993).

e There is evidence that adenovirus DNA can recombine with cellular DNA also in
human cells productively infected with adenoviruses (Burger and Doerfler 1974;
Schick et al. 1976). An integrated state of viral DNA is difficult to prove since human
cells productively infected with adenoviruses do not survive the infection. However,
the discovery of a symmetric recombinant between Ad12 DNA and human cellular
DNA has documented that Ad12 DNA does in fact recombine with cellular DNA
even in productively infected cells (Deuring et al. 1981a; Deuring and Doerfler 1983).

e All of the aforementioned characteristics of Ad12 DNA integration in hamster
cells have been confirmed in studies on the integration of replication-deficient
adenovirus vector genomes in mouse cells (Stephen et al. 2010). In this system,
adenoviral infection is compatible with cell survival due to the replication
deficiency of the adenoviral vector genomes used. The results described in this
system confirmed all our earlier findings in the Ad12 hamster cell system and in
human cells productively infected with Ad12.
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3.1.5 The Consequences of Inserting Foreign DNA into
Established Mammalian Genomes

We have studied the consequences of foreign DNA insertions into the mammalian
genome, namely (i) the de novo methylation of the transgenomes and (ii) alterations
in the epigenetic stability of the recipient genomes. Several independently investi-
gated mammalian systems with integrates of adenovirus DNA, bacteriophage
lambda DNA, plasmid DNA, EBV DNA, or the telomerase gene as well as
expansions of a CGG repeat were investigated (Heller et al. 1995; Remus et al.
1999; Miiller et al. 2001; Naumann et al. 2014; Weber et al. 2015, 2016a).

3.1.5.1 Hypermethylation of Integrated Ad12 DNA, the Transgenome

As mentioned above, the virion genomes of Adl2 and Ad2 lack
5-methyldeoxycytidine nucleotides (Giinthert et al. 1976). Free intracellular adenovi-
rus DNA also remains unmethylated (Wienhues and Doerfler 1985; Kdmmer and
Doerfler 1995). In contrast, the integrated form of Ad12 DNA in Ad12-transformed
hamster cells or in Ad12-induced hamster tumor cells becomes hyper-methylated in
specific patterns (Sutter et al. 1978; Sutter and Doerfler 1980; Orend et al. 1995;
Hochstein et al. 2007). De novo methylation appeared to be initiated at certain regional
sites and extend from there by spreading (Toth et al. 1989; Orend et al. 1995).

3.1.5.2 Promoter CpG Methylation and Promoter Silencing

In 1979/1980, we documented an inverse correlation between adenoviral gene
expression and CpG methylation of integrated adenovirus DNA in Ad12- and
Ad2-transformed hamster cells (Sutter and Doerfler 1980; Vardimon et al. 1980;
Doerfler 1983). These data were extended to activity studies of promoter-indicator
gene constructs by using adenoviral promoters in order to document that
pre-methylated promoters led to gene silencing, whereas unmethylated promoters
allowed gene transcription (Vardimon et al. 1982; Kruczek and Doerfler 1983;
Langner et al. 1984, 1986; Knebel and Doerfler 1986; Munnes et al. 1998). The
silencing effect of promoter methylation could be partly or completely reversed by
the expression of a viral trans-activator/ enhancer sequence, e.g., of the E1 proteins
of Ad2 (Langner et al. 1986; Weisshaar et al. 1988), or by the close vicinity of a
strong viral promoter/enhancer element, e.g., that of the human cytomegalovirus
(Knebel-Morsdorf et al. 1988). Today, it has been generally appreciated that many
factors collaborate in regulating eukaryotic promoter function. Nevertheless, pro-
moter methylation remains one of the dominant and experimentally convenient
factors when studying the long-term silencing of gene activities.
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3.1.5.3 Foreign DNA Integration into Mammalian Genomes Leads
to Alterations in Methylation and Transcription Patterns

Genome-Wide Increases in DNA Methylation in Ad12-Transformed Cells—
Stability of Changes Even After the Loss of All Viral Genomes: A “Hit-and-
Run” Mechanism

The Ad12-transformed cell line T637 originated from BHK21 hamster cells follow-
ing the infection of these cells with Ad12 and the selection of cells which expressed
early Ad12 gene products (Strohl et al. 1970). In comparison to the levels of DNA
methylation in the ~900 copies of the retrotransposon intracisternal A particle (IAP)
genomes in the parent BHK?21 cells, methylation of the IAP sequences in T637 cells,
which are transgenomic for Ad12 DNA, was very markedly increased as detected by
Southern blot hybridization (Heller et al. 1995). The extent of methylation augmen-
tation in the T637 cell genome suggested that alterations in CpG methylation involved
the entire cellular genome, since IAP sequences are distributed over many hamster
chromosomes, frequently on their short arms (Heller et al. 1995; Meyer zu
Altenschildesche et al. 1996). Methylation in other parts of the T637 genome—
including single copy genes—was also enhanced (Heller et al. 1995). These hyper-
methylation patterns persisted in TR3 cells, a revertant of T637 cells (Groneberg et al.
1978; Groneberg and Doerfler 1979) which had lost all Ad12 DNA sequences.'
Hence, the effects of foreign DNA insertions on cellular CpG methylation patterns
were not dependent on the continued presence of the originally causative insertion of
foreign (Ad12) genomes. This mechanism has the characteristics of a “hit-and-run”
event. Since we consider the genome-wide methylation effects of Ad12 integration as
crucial to the transformation and its oncogenic consequences (Doerfler 1995, 2000,
2011, 2012), the much debated possibility of a “hit-and-run” mechanism in viral
oncogenesis is again raised by these results and has to be considered highly relevant.

Alterations of Cellular DNA Methylation and Transcription Patterns Are
Also Elicited in Bacteriophage Lambda or Bacterial Plasmid Transgenomic
Cells

Alterations of CpG DNA methylation patterns were also observed in BHK21 cells
transgenomic for bacteriophage lambda or bacterial plasmid DNA (Heller et al.
1995). Alterations of DNA methylation in the lambda DNA trans-genomic cells
were documented in more detail by bisulfite sequencing of a subsegment of the AP
transposon DNA in these cells (Remus et al. 1999). Bisulfite sequencing (Frommer

! By using the very sensitive PCR technique, which was not available in 1979, the revertant cell
line TR3 of the Ad12-transformed hamster cell line T637 (Groneberg et al. 1978; Groneberg and
Doerfler 1979) has recently been shown to be completely devoid of any Ad12 genome segments
(S. Weber and W. Doerfler, unpublished studies).
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et al. 1992; Clark et al. 1994) provides a positive display of all 5-mC residues in a
DNA sequence. The inserted bacteriophage lambda DNA became also de novo
methylated. There was no evidence that the increase in IAP DNA methylation
might have preexisted in some of the non-transgenomic BHK21 cell clones (Remus
et al. 1999).

A wide array of cellular DNA segments and genes was analyzed in hamster cells
transgenomic for Ad12 or bacteriophage lambda DNA (Miiller et al. 2001) for
alterations in their transcriptional profiles as well by using the techniques of
methylation-sensitive representational difference analysis (MS-RDA) (Ushijima
et al. 1997) and suppressive subtractive hybridization. The data demonstrated that
the insertion of foreign (Ad12 or bacteriophage lambda) DNA into an established
mammalian genome can lead to extensive alterations also in cellular DNA tran-
scription patterns (Miiller et al. 2001).

Alterations of CpG Methylation Patterns Way Upstream of the FMR1
Boundary in Human Cells Immortalized by Epstein—Barr Virus (EBV) or by
Transformation with the Telomerase Gene

We had previously investigated CpG methylation patterns in the human FMR1
segment (Geng et al. 2000; Gray et al. 2007) and in the human Prader—Willi region
on chromosome 15q11-13 (Zeschnigk et al. 1997; Schumacher et al. 1998). The
genome segment upstream of the FMRI1 (fragile X mental retardation 1) gene on
chromosome Xq27.3 contains several genetic signals (Naumann et al. 2009).
Among them, we have described a DNA methylation boundary which is located
65-70 CpGs upstream of the CGG repeat in the gene’s untranslated first exon and
has been detected in any human (or mouse) cell type investigated (Naumann et al.
2009). In patients with the fragile X syndrome (FXS) (OMIM 300624), the meth-
ylation boundary is lost and, as a consequence, de novo methylation spreads
downstream into the FMR1 promoter region and subsequently leads to promoter
inactivation (Naumann et al. 2009). Loss of the FMR1 gene product is the cause for
the FXS (for review O’Donnell and Warren 2002). This stable methylation bound-
ary appears to help protect the promoter against the spreading of de novo methyl-
ation (Naumann et al. 2009, 2010). In cells transgenomic for EBV DNA or for the
telomerase gene, the large number of normally methylated CpGs in the
far-upstream region of the boundary is decreased about fourfold (Naumann et al.
2014). We have interpreted this marked decrease of DNA CpG methylation in a
well-studied part of the human genome as a consequence of the introduction of
foreign genomes (EBV or telomerase gene) into human cells (Naumann et al.
2014).
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A Model System to Study the Epigenomic Destabilization in Human Cells
Transgenomic for a 5.6 kbp Bacterial Plasmid

We have recently described a model system to study the effects of foreign DNA
insertion into human cells in culture (Weber et al. 2015). Human cells from cell line
HCT116 were rendered transgenomic for a 5.6 kbp bacterial plasmid.
Transgenomic cell clones were selected with foreign plasmids stably integrated,
most likely at different genomic sites. In five non-transgenomic HCT116 control
clones, transcription and methylation patterns proved very similar among individ-
ual cell clones. These control data facilitated comparisons of these patterns between
non-transgenomic and transgenomic clones. In 4.7% of the 28.869 gene segments
analyzed, the transcriptional activities were upregulated (907 genes) or
downregulated (436 genes) (Weber et al. 2015) (Fig. 3.2a). Upregulations were
frequently found in small nucleolar RNA genes which regulate RNA metabolism
and in genes involved in signaling pathways. Genome-wide methylation profiling
was performed for 361,983 CpG sites. In comparisons of methylation levels in five
transgenomic versus four non-transgenomic cell clones, 3791 CpGs were differen-
tially methylated, 1504 CpGs were hyper-methylated, and 2287 were hypo-
methylated (Fig. 3.2b). These differential values, both for transcriptional activities
and methylation patterns, were statistically corrected for minute differences in
some of the 28.869 genome segments in non-transgenomic cell clones. The impor-
tance of transgenome size, CG or gene content, copy number, and the mechanism
(s) responsible for the observed epigenetic alterations have not yet been
investigated.

As a corollary to this earlier study (Weber et al. 2015), we have investigated
whether the alterations in transcriptional and methylation profiles had extended also
to repetitive genome elements like the HERV and LINE-1.2 sequences in the same
transgenomic HCT116 cell clones which had exhibited epigenetic alterations in the
above studied parts of the human genome. Such differences were not found.
Apparently in the cell clones selected for this investigation, the HERV and LINE
elements had not responded to foreign DNA insertions (Weber et al 2016a). In
addition, this work provided a survey of the CpG modifications in the human
endogenous viral sequences HERV-K, HERV-W, and HERV-E and in LINE-1.2
whose methylation levels ranged between 60 and 98%. At least some of these
elements were transcribed into RNA as determined by reverse transcription and
PCR. Obviously, there are enough unmethylated control sequences to facilitate
transcription of at least some of the tested elements into RNA.

3.1.6 Résumé

Based on the study of human Ad12 as an oncogenic DNA virus, the fate of foreign
DNA in mammalian systems and the epigenetic consequences of foreign DNA
insertions in general have been a long-term interest in my laboratory (Doerfler et al.
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Fig. 3.2 Alterations in patterns of transcription (a) and methylation (b) in pC1-5.6 transgenomic
HCT116 cell clones as compared to non-transgenomic cells. (a) Volcano plot displays
non-standardized signals (log2 fold-change) on the x-axis against standardized signals (—logl10
FDR-adjusted p-value) on the y-axis for the comparison of five non-transgenomic against seven
transgenomic cell clones of all 28,869 genes analyzed. Upregulated genes in transgenomic cell
clones were displayed in red and downregulated genes in blue (FC £ 2, adjusted p-values <0.05;
n = 1343 genes). (b) Volcano plot displays differences in methylation on the x-axis against
standardized methylation (—logl0 FDR-adjusted p-value) on the y-axis for the comparison of
four non-transgenomic against five pC1-5.6 transgenomic cell clones of all 361,983 CpGs inter-
rogated. Hyper-methylated CpGs in transgenomic cell clones were displayed in red and hypo-
methylated CpGs in blue (A value >0.2, adjusted p-value <0.05; n = 3791 CpGs). This
Figure and its legends were taken with permission from Weber et al. (2015)

1983; Weber et al. 2016b). Foreign DNA which emanates from a panoply of
sources is ubiquitous and abundant in our environment. Research about the fate
of this very stable and biologically potent molecule in the environment is a
medically highly relevant topic. How can DNA interact with and be taken up by
living cells, how frequently is it integrated into the invaded cell’s genome, and what
are the consequences of these interactions for cell survival and genetic integrity—
oncogenicity?

In studies on the integrated state of Ad12 DNA in Adl2-transformed hamster
cells, we discovered that the CpG methylation profiles in some of their endogenous
retrotransposon sequences and in several cellular genes were increased. This
augmented methylation persisted in revertants of the transformed cells that had
lost all Ad12 genomes (“hit-and-run” mechanism). Moreover, alterations of DNA
methylation and transcription profiles were documented in Ad12 DNA- and in
bacteriophage A DNA-transgenomic cells.

« I have previously hypothesized that epigenetic effects in mammalian genomes
due to the insertion of foreign DNA are a general phenomenon (Doerfler 2012).
These alterations might play a role in (viral) oncogenesis and are possibly
instrumental during evolution as a consequence of multiple retroviral DNA
insertions into ancient genomes. Over evolutionary times, these alterations
of transcription profiles might have led to novel phenotypes that were then
selected for or against depending on environmental conditions during evolu-
tion (Doerfler 2016).
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¢ To examine the general significance of these observations, we designed a model
system for proof-of-principle assessment. Human cells from cell line HCT116
were rendered transgenomic by transfecting a 5.6 kbp bacterial plasmid and
selecting cell clones with foreign plasmids stably integrated, most likely at
different genomic sites.

¢ In five non-transgenomic HCT116 control clones without the plasmid, transcrip-
tion and methylation patterns proved similar, if not identical, among five indi-
vidual cell clones. This finding opened the possibility for comparisons of these
patterns between non-transgenomic and transgenomic clones.

* In4.7% of the 28,869 gene segments analyzed, the transcriptional activities were
upregulated (907 genes) or downregulated (436 genes) in plasmid-transgenomic
cell clones in comparison to control clones. A significant gene set enrichment
was found in 43 canonical pathways. Frequent upregulations were noted in small
nucleolar RNA genes that regulate RNA metabolism and in genes involved in
signaling pathways.

e Genome-wide methylation profiling was performed for 361,983 CpG sites. In
comparisons of methylation levels in five transgenomic versus four
non-transgenomic cell clones, 3791 CpGs were differentially methylated, 1504
CpGs were hyper-methylated, and 2287 were hypo-methylated.

» Thus, the epigenetic effects in the wake of foreign DNA integration events can
be considered a very significant effect also in human cells. We still lack insights
into the role of transgenome size, gene or CG content, or copy number of the
transgenome. The mechanism(s) underlying the observed epigenetic alterations
are unknown. Extent and location of alterations in genome activities and CpG
methylation might depend on the site(s) of foreign DNA insertion.

« In the same cell clones studied as described above, differences in methylation
and transcription profiles in some of the HERV and LINE-1.2 repetitive ele-
ments were not observed.

* We note that genome manipulations in general—work with transgenomic or
knocked cells and organisms—have assumed a major role in molecular biology
and medicine. The consequences of cellular genome manipulations for epige-
netic stability have so far received unwarrantedly limited attention. Before
drawing far-reaching conclusions from work with cells or organisms with
manipulated genomes, critical considerations for and careful analyses of their
epigenomic stability will prove prudent.

With previous and current research described here, we have barely scratched the
surface of the problem but are now poised to ask more precise questions. The Ad12
system has been a very reliable guide to this approach which has in due course been
extended also to other types of foreign DNA molecules. We will now pursue more
far-reaching questions and again use the Ad12 system as a versatile model organism
and guide.
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Chapter 4
Epigenetic Consequences of Epstein—-Barr
Virus Infection

Christine E. Birdwell, Krista Queen, and Rona S. Scott

Abstract The biphasic nature of the Epstein—Barr virus (EBV) life cycle is tightly
regulated by epigenetic modifications. Silencing of viral gene expression associated
with latency is accompanied by repressive chromatin modifications and DNA
methylation. Latency is integral to the lifelong persistence of EBV, yet persistence
also relies on viral replication and virus production for infection of naive hosts.
Thus, EBV can overcome and disrupt the repressive epigenetic environment of the
latent viral genomes. Viral modulators of the host epigenetic machinery are not
only involved in establishing the latent and lytic viral epigenetic states but also
reprogram the host epigenome in ways that are likely beneficial to the virus, but can
carry long term consequences to the host. Here, we will review epigenetic aspects
of EBV life cycle control and consequences to the host cell.
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4.1 Epigenetic Regulation of the EBV Life Cycle

4.1.1 EBYV Life Cycle

The Epstein—Barr virus (EBV) double-stranded DNA genome is linear within the
virion and lacks major epigenetic modifications (Szyf et al. 1985; Fernandez et al.
2009). EBV is primarily shed and transmitted in the saliva of infected persons
(Niederman et al. 1976; Hadinoto et al. 2009) using epithelial cells and naive B
cells to carry out the viral life cycle. Upon entering a host cell, the viral genome
circularizes via recombination of the terminal repeats (TR) located at the ends of
the viral genome and is maintained as an episome in infected cells (Lindahl et al.
1976). The EBV genome is chromatinized and progressively DNA methylated
similar to what is found on the host genome (Kalla et al. 2010). The virus uses
the host epigenetic machinery to establish various epigenetic states that regulate
viral gene expression and that are integral to completion of the viral life cycle.

Epithelial cells support the replicative phase of the viral life cycle with produc-
tion of progeny virions (Sixbey et al. 1984), whereas EBV infection of B cells
supports the latent phase of the viral life cycle characterized by a set of increasingly
restricted viral gene expression patterns. Epithelial cells may harbor latent EBV
infection, but the nature of EBV epithelial latency is less understood than in B cells
(Reusch et al. 2015). EBV latent genes assist in navigating naive B cells through
their differentiation program into long-lived memory B cells. EBV uses a set of
latency programs characterized by silencing of viral gene expression as an immune
evasion strategy required for viral persistence in the B-cell compartment (Miyashita
et al. 1997). During latency III (growth program) in the naive B cell, six Epstein—
Barr virus nuclear antigens (EBNA) 1, 2, 3A, 3B, 3C, and LP and three latent
membrane proteins (LMP) 1, 2A, and 2B are expressed. The EBNA proteins are
involved in transcriptional regulation while the LMPs mimic the signaling neces-
sary for B-cell maturation. In latency II (default program), four latency proteins are
expressed: EBNA1, LMP1, LMP2A, and LMP2B. Latency I (latency program) in
resting memory B cells is characterized by expression of EBNAI1, required for the
maintenance of the viral episome during cell division (Yates et al. 1984), and
sometimes LMP2A (Decker et al. 1996; Babcock et al. 2000). Latency O is the
absence of viral proteins and has been reported in nondividing memory B cells
(Thorley-Lawson and Gross 2004). In addition, EBV has noncoding RNAs that are
expressed during latency that include the EBV encoded RNAs (EBERs), BamH 1
fragment A rightward transcripts (BARTSs), and viral microRNAs (miRNA)
(Qu and Rowe 1992; Tierney et al. 1994). Rescue from latency and induction of
the productive phase of the viral life cycle occurs upon terminal differentiation of
memory B cells into plasma cells, typically induced by antigen stimulation of the
cognate B-cell receptor (BCR) (Crawford and Ando 1986; Laichalk and Thorley-
Lawson 2005). Virus released from the B cell can then infect epithelial cells where
the virus can be amplified and spread cell to cell or infect a new host.
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4.1.2 Epigenetic Control of Viral Promoter Usage

In B cells, the latency transcription patterns of EBV have been well described with
differential promoter activities that are epigenetically regulated through DNA
methylation and chromatin modifications. DNA methylation occurs on cytosine
residues in the context of a CpG dinucleotide, and catalyzed by the DNA methyl-
transferases 1, 3A, and 3B. DNMT1 is the maintenance DNMT, while DNMTs 3A
and 3B act as de novo DNMTs. EBV has an underrepresentation of CpG residues
compared to other human herpesviruses (Honess et al. 1989; Karlin et al. 1994).
This reduction of CpGs is suggestive of EBV adaptations commandeering the host
DNA methylation response to regulate its life cycle. Methylated CpG residues in
EBYV genomes are thought to have mutated and lost over time and suggesting that
the remaining CpG residues have important regulatory roles in the viral lifecycle.
Indeed, DNA methylation of the EBV genome is observed in latency and required
for completion of the productive phase of the viral lifecycle. Dense CpG methyl-
ation at promoter regions can inhibit the binding of activating transcription factors
as well as recruit chromatin remodelers to compact the DNA and hinder transcrip-
tion (reviewed in Schubeler 2015). Transcription of EBNA2 and EBNA-LP fol-
lowing initial B-cell infection is driven by the W promoter (Wp) (Woisetschlaeger
et al. 1990). Wp-derived EBNA2 with the cellular factor recombination signal
binding protein for immunoglobulin Kappa J Region (RBP-Jk) activates the
upstream C promoter (Cp), required for transcription of the six EBNA gene
products (Ling et al. 1993). Over time, the Wp becomes hypermethylated and
transcription occurs mostly through Cp (Tierney et al. 2000). In latency I and II,
the Q promoter (Qp) is used for expression of EBNAI1, which is required for the
maintenance and replication of the EBV episome in latency (Rawlins et al. 1985).
Transcriptional silencing of the other five EBNAs results from Cp DNA methyl-
ation (Paulson and Speck 1999). Both Wp and Cp are methylated, at least in part, by
the cellular DNA methyltransferases (DNMTs) 3A and 3B (Tao et al. 2002;
Leonard et al. 2011). Qp is protected from silencing by DNA methylation and
repressive chromatin through the host boundary protein CTCF (CCCTC-binding
factor), which demarcates the active Qp on one side and the chromatinized and
DNA methylated W repeats on the other (Tempera et al. 2010). DNA methylation
of Wp and Cp is critical for the promoter switch to Qp. Additionally, the
lytic promoters tend to be highly methylated in latency (Paulson and Speck 1999).

In addition to DNA methylation control of viral promoter usage, chromatin
modifications add another layer of regulation. The EBV genome accumulates a
nucleosomal density similar to the host genome with active latent promoters being
relatively nucleosome free and lytic promoters being more densely packed
(Dyson and Farrell 1985). Repressive chromatin generally lacks histone acetylation
and promotes the compaction of the DNA to inhibit transcription. Repressive chro-
matin is associated with various histone modifications that include histone 3 lysine
9 trimethylation (H3K9me3), histone 3 lysine 27 trimethylation (H3K27me3), and
histone 4 lysine 20 trimethylation (H4K20me3). Actively transcribed regions can
be associated with histone acetylation and histone 3 lysine 4 tri- and dimethylation
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(H3K4me3/2) (reviewed in Zhou et al. 2011). H3K9me3 is abundant in the latency I
genome and tends to overlap with regions of DNA methylation (Chau and
Lieberman 2004). Furthermore, lytic promoters are also associated with the repres-
sive mark H3K27me3 during latency (Arvey et al. 2013). Inversely, active pro-
moters during latency III, like the LMP promoters, are associated with the
active histone mark H3K4me?2 and acetylation (Gerle et al. 2007). Several CTCF
binding sites are located on the EBV genome (Arvey et al. 2013). CTCF is involved
in organizing chromatin into higher ordered structures that separate condensed and
decondensed chromatin into distinct transcriptional domains. CTCF binding up-
stream of EBV Cp and Qp forms distinct chromatin loops with the distal enhancer
element of the origin of latent replication, OriP (origin of plasmid replication), in
the respective latency program that reflects Qp or Cp activity (Chau et al. 2006).
Moreover, the LMP promoters can also form a chromatin loop with OriP mediated
by CTCF that enhances their transcription in early latency (Chen et al. 2014).

4.1.3 Epigenetic Regulation of Lytic Reactivation

Viral reactivation of latent EBV genomes generally occurs upon B-cell differenti-
ation into plasma cells or in response to epithelial cell differentiation (Reusch et al.
2015). Engagement of the BCR by antigen or antibody cross-linking induces the
signaling pathways phosphatidylinositol-3-kinase (PI3K), Ras-family GTPases,
and phospholipase C gamma-2 (PLC) that lead to derepression and activation of
viral immediate early genes: BZLF1 (Zta, Z, or Zebra) or BRLF1 (Rta or R)
(Crawford and Ando 1986; Laichalk and Thorley-Lawson 2005). Other stimuli
such as phorbol esters, histone deacetylase inhibitors, calcium ionophores, and
chemotherapeutic agents can stimulate viral reactivation in vitro (reviewed in
Kenney and Mertz 2014).

The bicistronic R promoter (Rp) can transcribe both BZLF1 and BRLF1 genes,
while the Z promoter (Zp) transcribes the BZLF1 gene. Expression of either
BZLF1 or BRLF]1 is sufficient to initiate viral reactivation in some cases. However,
both immediate early proteins cooperate in viral replication and full activation of
lytic gene expression (Wille et al. 2013). Epigenetic modifications likely regulate
Rp and Zp activity. DNA hypermethylation is observed at Rp and other
lytic promoters in latently infected tumor samples (Li et al. 2012). Zp has fewer
CpG residues and is more likely controlled by repressive chromatin such as
H3K9me?2/3, H4K20me3, and H3K27me3. During lytic reactivation, Zp is associ-
ated with the active chromatin marks histone acetylation and H3K4me3 (Fernandez
et al. 2009; Murata et al. 2012).

BZLF1 is a bZIP transcription factor that binds as a homodimer to activator
protein 1 (AP-1)-like consensus sites known as BZLF1 response elements (ZRE)
(Reinke et al. 2010). There are approximately 469 BZLF1 binding sites on the EBV
genome encompassing over 90% of EBV promoters (Flower et al. 2011). BZLF1
has multiple epigenetic modulatory functions that aid in the disruption of latency.
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(1) BZLF1 is a chromatin reader that can preferentially bind and activate methyl-
ated promoters (Bhende et al. 2004; Bergbauer et al. 2010). CpG methylation of the
viral genome is required for full activation of the lytic genes compared to virion
DNA devoid of methylation (Kalla et al. 2012). (2) BZLF1 can function as a chro-
matin eraser as binding of BZLF to repressed lytic promoters leads to nucleosome
eviction (Woellmer et al. 2012). (3) BZLF1 can act as a chromatin writer through
interaction with the histone acetyltransferases (HATs), CREB-binding protein
(CBP) and p300, to enhance the BZLF1 transcriptional activation of early
viral promoters (Adamson and Kenney 1999; Zerby et al. 1999). In contrast,
sumoylated BZLF1 can act as a repressor and recruit histone deacetylases
(HDACs). Sumoylation may regulate BZLF1 after initial infection to promote the
establishment of latency (Murata et al. 2010).

The second lytic transcription factor BRLF1 can activate many of the same
lytic promoters as BZLF1. DNA methylation does not inhibit its binding but DNA
methylation reduces BRLF1 acetylation of H3K9. BRLF1 also interacts with CBP
and p300, implicating these interactions in the preferential histone acetylation of
unmethylated DNA (Wille et al. 2013). The outcome of BZLF1 and BRLF1 viral
reactivation is reversion of an epigenetically repressive state imposed during
latency. Viral lytic replication results in newly synthesized viral genomes that
lack epigenetic modifications (Fernandez et al. 2009). It is not clear why EBV,
like other herpesviruses, is packaged devoid of epigenetic marks. Since DNA
methylation has been shown to enhance BZLF1 transactivation activity, loss of
DNA methylation may mark newly synthesized templates for packaging. Loss of
epigenetic marks also suggests that encapsidated viral genomes are free of epi-
genetic memory and are not committed to an epigenetic state that could impact the
outcome of B-cell or epithelial cell infections.

4.2 Viral Protein Interactions with the Host Epigenetic
Machinery

4.2.1 EBNAI

EBNAL is a multifunctional protein expressed in all latency states and during
viral reactivation. EBNA1 functions include sequence-specific and non-specific
DNA binding and protein—protein interactions that occur in the context of chroma-
tin. EBNA1 binds at OriP and is required for the replication and maintenance of the
viral episome during latency (Rawlins et al. 1985). EBNA1 can bind directly to the
host chromatin through its High Mobility Group Box (HMGB)-like domain or
through interactions with cellular proteins (Shire et al. 1999; Lin et al. 2008;
Jourdan et al. 2012; Coppotelli et al. 2013).

EBNAT1 also binds viral and cellular promoters with positive and negative tran-
scriptional effects (Canaan et al. 2009; Dresang et al. 2009; Lu et al. 2010).
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EBNA1 bound at OriP activates the viral Cp and LMP promoters, while EBNA1
can directly bind and repress Qp as an autoregulatory feedback loop to control
EBNAT1 expression (Ambinder et al. 1990). Although EBNA1 has greater affinity
for viral DNA than cellular DNA (Horner et al. 1995), EBNA1 binding at multiple
locations to the host genome can influence transcription (Canaan et al. 2009). In
addition, expression of EBNA1 in EBV-negative cell lines leads to global tran-
scription changes and loss of heterochromatin (Wood et al. 2007; Lu et al. 2010;
Coppotelli et al. 2013). Together, these observations provide evidence that EBNA1
is capable of modifying viral and cellular transcription.

EBNAT1’s ability to act as a chromatin modifier involves various mechanisms
described from studies investigating EBNA1’s replication or transactivation func-
tions. (1) EBNAI1 is capable of directly evicting nucleosomes in an
ATP-independent mechanism by destabilization of the octamer in a manner similar
to the host HMGB proteins (Avolio-Hunter et al. 2001). (2) EBNAI can interact
with the host nucleosome chaperones nucleosome assembly protein 1 (NAP1),
TAF-1p (also known as SET), and nucleophosmin to reposition nucleosomes and
recruit the HAT cofactor p300 family members (Malik-Soni and Frappier 2012).
(3) EBNALI can interact with host chromatin modifiers like the arginine methyl-
transferase Protein Arginine Methyltransferase 5 (PRMTS5) (Wang and Frappier
2009) and the ubiquitin ligase of histone 2B, ubiquitin-specific peptidase 7 (USP7)
(Holowaty et al. 2003). The EBNA1/TAF-1p interaction has also been shown to
negatively regulate replication from OriP, yet is required for transcriptional acti-
vation of EBNA1 binding the OriP. TAF-1§ can recruit HATs and HDACs:,
suggesting a role for EBNAI in recruiting chromatin writers to EBNA1 target
sites (Wang and Frappier 2009). (4) EBNAI has a role in the formation of higher
order chromatin structures. EBNA1 can loop DNA between EBNA1 complexes and
link OriP on different episomes, as well as form DNA loops with EBNA1 bound at
distal sites (Frappier and O’Donnell 1991; Mackey et al. 1995). (6) EBNA1 bound
to DNA protects DNA from becoming DNA methylated (Hsieh 1999).

4.2.2 EBNA2

EBNA?2 is a transcriptional activator expressed during latency III that partially
mimics constitutively active cellular Notch signaling (Sakai et al. 1998). EBNA2
does not bind to DNA itself, but rather interacts with cellular DNA binding proteins,
like RBP-Jx (Ling et al. 1993), and recruits coactivators to specific sites with
EBNAZ2 response elements on the viral genome (Abbot et al. 1990) as well as the
cellular genome (Wang et al. 1987; Knutson 1990). EBNA?2 interacts with
HAT co-activators p300, CBP, and P/CAF, leading to histone acetylation and
active transcription (Jayachandra et al. 1999; Wang et al. 2000). EBNA2 also
interacts with a subunit of the chromatin remodeling SWI/SNF complex,
SMARCBI (also known as hSNF5/Inil), to presumably evict nucleosomes and
activate transcription (Wu et al. 1996). Chromatin immunoprecipitation-



4 Epigenetic Consequences of Epstein—Barr Virus Infection 71

sequencing (ChIP-seq) experiments have shown EBNA2 bound at over 5000
cellular sites, some at locations far from gene promoters (Zhao et al. 2011;
McClellan et al. 2013). A subset of sites were classified as super-enhancers where
EBYV and cellular transcription factors converged to regulate gene expression of
cellular oncogenes such as c-MYC and the apoptosis regulator, BCL2 (Zhou et al.
2015).

4.2.2.1 EBNA3 Family

The EBNA3 family (A, B, and C) are expressed in latency I1I and are nonredundant
transcription factors that can activate or repress viral and cellular genes. The
EBNA3s do not directly bind to DNA but like EBNA2 interact with cellular
DNA binding and chromatin remodeling factors to regulate transcription (Jiang
et al. 2014; Schmidt et al. 2015). All EBNA3s contain a RBP-Jk binding site
(Robertson et al. 1996) and can compete with EBNA2 for this cellular factor,
usually leading to transcriptional repression of EBNA2 regulated genes. Many
EBNA2 and EBNA3 binding sites overlap, but they are not often bound at the
same time, suggesting that EBNA3s act as antagonists of EBNA2 (White et al.
2010). EBNA3A and C can interact with a number of cellular repressive factors,
including the polycomb repressive complex 2 (PRC2) which is responsible for
deposition of H3K27me3. EBNA3A and C have been associated with silencing of
the tumor suppressor gene (TSG) p16™ ** (CDKN2A) and the proapoptotic gene
BCL2-Like 11 (BC2L11/BIM) through recruitment of PRC2 subunits, the chroma-
tin remodifier C-terminal binding protein (CtBP), and HDAC cofactor Sin3a to the
promoters (Skalska et al. 2010; Paschos et al. 2012). EBNA3C was also shown to
interact with prothymosin alpha and the HAT p300 in a complex that led to a
decrease in p300 HAT activity (Cotter and Robertson 2000). In addition, EBNA3A
and C repress transcription by modulating enhancer-promoter loop formation
(McClellan et al. 2013). Removal of EBNA3A or C can reverse repression, albeit
slowly (Harth-Hertle et al. 2013), suggesting that their continued expression is
required for the maintenance of their repressive effects.

4.2.2.2 EBNA-LP

EBNA-LP is one of the first proteins expressed upon initial infection and acts as a
transcriptional co-activator for EBNA2 (Portal et al. 2013). EBNA-LP
co-activation may act through the removal of repressive chromatin factors from
EBNAZ2 responsive promoters. HDAC4 and 5 are able to repress EBNA2-mediated
activation of Cp and LMP promoters. Expression of EBNA-LP resulted in a loss of
repression and re-localization of HDAC4 to the cytoplasm (Portal et al. 2006).
Furthermore, EBNA-LP displaces the Promyelocytic Leukemia (PML) nuclear
body member Spl100 and its interaction partner heterochromatin protein 1 alpha
(HP1a), a repressive chromatin binding protein, from PML nuclear bodies during
early infection (Ling et al. 2005).
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4.2.3 The Latent Membrane Proteins

The LMPs consist of three protein members: LMP1, LMP2A, and LMP2B. The
LMPs mimic cellular signaling to help drive naive B cells into long-lived memory
B cells and promote survival (Fruehling and Longnecker 1997; Uchida et al. 1999).
LMP1 mimics CD40 T cell help signaling, while LMP2A mimics B cell receptor
(BCR) signaling. LMP2B acts as an antagonist of LMP2A (Rovedo and Long-
necker 2007). LMP1 and LMP2A signaling has been shown to upregulate and
activate the cellular DNMTs (Tsai et al. 2002; Hino et al. 2009). Upregulation of the
DNMTs by LMPI1 involved activation of the c-Jun N-terminal kinase (JNK)
signaling pathway (Tsai et al. 2006) and for LMP2A upregulation involved acti-
vation of signal transducer and activator of transcription 3 (STAT3) signaling (Hino
et al. 2009). The increased DNMT levels and activity resulted in hypermethylation
of CpG-rich regions of viral and cellular genes and their subsequent repression.
LMP1 activation of the DNMTs correlated with silencing of the cellular genes
E-cadherin (CDH1) (Tsai et al. 2002) and Retinoic acid receptor-beta 2 (RARB2)
(Seo et al. 2008). LMP2A expression led to upregulation of the DNMTs with sub-
sequent silencing of phosphatase and tensin homolog (PTEN) (Hino et al. 2009).

4.2.4 EBYV Noncoding RNAs

Noncoding RNAs have been shown to be epigenetic regulators that can target DNA
methylation and chromatin modifiers to regulate transcription at specific loci,
best exemplified by the XIST noncoding RNA in the regulation of X chromosome
inactivation (reviewed in Gendrel and Heard 2014). EBV encodes various types of
noncoding RNAs with similar epigenetic regulatory potential. The EBERs (EBER1
and 2) are abundantly expressed nuclear viral transcripts used clinically for the
detection of EBV in cancer (Rymo 1979; Howe and Steitz 1986; Khan et al. 1992).
Recently, EBER2 was shown to bind nascent TR transcripts and recruit the B-cell
transcriptional regulator PAXS to the TR. EBER2 and PAXS were required for
repression of the LMPs (Lee et al. 2015). Since EBERs have been shown to be
secreted in exosomes (Iwakiri et al. 2009), these small RNAs have the potential to
epigenetically regulate uninfected, bystander cells.

EBV encodes approximately 44 miRNAs from two clusters, four from the
BHRF1 region and 40 from the BART region (Cai et al. 2006; Grundhoff et al.
2006; Zhu et al. 2009). Briefly, miRNAs are short noncoding RNAs about
22 nucleotides long that target mRNA and can lead to degradation of the
mRNA or translational repression depending on the degree of complementation
(reviewed in Ha and Kim 2014). The miRNAs from the BHRFI1 region
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(miR-BHRF1 1-4) are more highly expressed in B cells, particularly during
latency III. The BART miRNAs have been detected in all latency types and cells,
and are highly expressed in epithelial cells (Cai et al. 2006; Yang et al. 2013).
Several viral transcripts, such as the LMPs, the viral polymerase BALFS5, and the
viral BCL2 homolog BHRF1, are known to be downregulated by viral miRNAs
(Lo et al. 2007; Barth et al. 2008; Lung et al. 2009; Riley et al. 2012).
Viral miRNAs also target a number of cellular genes with potential regulatory
effects on the viral life cycle as well as detrimental effects to the host, which include
apoptosis, cell signaling, cell cycle modulation, and the immune response
(Kang et al. 2015). Viral miRNAs can be released in exosomes from infected
cells and be taken up by neighboring uninfected cells with coordinated effects on
transcription, bringing in the possibility of long-range effects in vivo (Pegtel et al.
2010).

4.3 Epigenetics of EBV-Associated Malignancies

Greater than 90% of the adult population worldwide harbor EBV. While most
primary infections are asymptomatic, infection later in life is associated with the
development of infectious mononucleosis. In some rare cases, latent EBV infection
is also associated with B-cell and epithelial cell malignancies. EBV immortal-
ization of infected B cells in vitro underscores the virus’ tumorigenic potential.
As an opportunistic virus, EBV-driven transformation often requires other contri-
buting factors, such as malarial infection, immunesuppression, or genetic alter-
ations (reviewed in Rickinson 2014). EBV-associated B-cell malignancies include
Burkitt Lymphoma (BL), Hodgkin Lymphoma (HL), and post-transplant lympho-
proliferative disease (PTLD), while nasopharyngeal (NPC) and gastric carcinoma
(GC) are epithelial cancers associated with EBV. As described, EBV is armed with
a number of virally encoded epigenetic modulators. EBV-induced epigenetic
changes can likely substitute for genetic mutations required for tumor evolution.
Indeed, EBV-associated cancers tend to be epigenetically distinct from
EBV-negative matched tumors with DNA hypermethylation of TSGs frequently
occurring in EBV-associated cancers.

4.3.1 Lymphoid Cells

Endemic BL, found in sub-Saharan Africa, is nearly 100% associated with EBV
infection, while sporadic BL is only ~15% associated with EBV (Cohen et al.
2011). EBV-positive BLs are characterized by the restricted type I latency program
(Rowe et al. 1987). All BLs have a characteristic c-MYC translocation, putting
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¢c-MYC under the control of immunoglobulin (Ig) heavy-chain or light-chain
enhancer region (Zech et al. 1976). EBV-positive BLs show resistance to apoptosis
compared to EBV-negative BLs (Kelly et al. 2006; Piccaluga et al. 2015). Further-
more, BL cell lines that lose EBV are more sensitive to apoptosis (Shimizu et al.
1994), providing evidence that the presence of EBV confers a specific growth
advantage. Yet, EBV-positive BLs have fewer mutations than EBV-negative BLs
(Giulino-Roth et al. 2012), suggesting that virally induced epigenetic silencing of
TSGs might replace the requirement for mutation. Indeed, DNA hypermethylation
of PRDM1/Blimp-1, involved in B-cell terminal differentiation with putative tumor
suppressor activity, is more frequent in EBV-positive BL than EBV-negative BL
(Zhang et al. 2014).

Overall about 50% of HLs are associated with EBV (Glaser et al. 1997). The
malignant cells of HL, the Reed-Sternberg (RS) cells, are thought to originate from
germinal center B cells and have nonfunctional immunoglobulin rearrangements
(Brock et al. 2007). RS cells account for <2% of the tumor, the rest of the cells
being nonmalignant lymphocytes and various other cell types (Harris et al. 1994).
The EBV genome is found in the RS cells and is monoclonal, as determined by
EBV TR number (Brousset et al. 1994). RS cells display a latency II viral gene
expression pattern (Pallesen et al. 1991). Crippling mutations in the immuno-
globulin gene in RS cells are almost always found in EBV-positive cases
(Brauninger et al. 20006), suggesting that EBV plays a role in survival. Although
TGS promoter hypermethylation was observed in HL, EBV-positive HL displayed
a lower frequency of TSG hypermethylation than EBV-negative cases (Dhiab et al.
2015). In vitro EBV infection of germinal center B cells generates immortalized
cell lines with a type III latency profile. Analysis of the DNA methylation state of
EBV-immortalized germinal center B cells showed widespread DNA hyper- and
hypomethylation at cellular promoters. EBV infection increased DNMT3A expres-
sion but reduced expression of DNMT1 and DNMT3B (Leonard et al. 2011).
LMP1, a known activator of DNMTs, was sufficient ot reprogram germinal center
B cells with characteristics of HL Reed-Sternberg cells (Vockerodt et al. 2008).

Post-transplant lymphoproliferative disease (PTLD) associated with EBV exhi-
bits type III latency, and can be modeled by the in vitro immortalization of B cells
by EBV (LCLs) (Thorley-Lawson and Gross 2004). EBV immortalization of
B cells was associated with large-scale demethylation covering two-thirds of the
genome (Hansen et al. 2014). DNA hypomethylation was unique to EBV infection
and was not observed following B-cell activation with CD40L and interleukin-4.
DNA hypermethylation of CpG islands was also observed but to a lesser degree in
EBV immortalized B cells (Hansen et al. 2014; Hernando et al. 2014). A recent
study similarly observed that EBV infection resulted in DNA methylation of TSGs
over a course of 15 days. Both DNMT3A and B were upregulated over time,
while DNMT1 levels did not change. Additionally, all HDACs were also upregu-
lated (Saha et al. 2015). Concomitant changes in the chromatin landscape have been
reported following EBV immortalization of B cells. Analysis of histone modifi-
cations showed that EBV reduced H3K27me3, H3K9me3, and H4K20me3 levels
and altered the nuclear distribution of H3K27me3 and H3K9me3 in EBV-
immortalized B cells. Genes that lost repressive chromatin belonged to
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cell division, positive regulation of proliferation, apoptosis, and transcription fac-
tors by gene ontology analysis (Hernando et al. 2014).

In sum, EBV infection of B cells leads to hypo-methylation and loss of repres-
sive chromatin over large portions of the host genome, with localized hyper-
methylation and repressive chromatin marks deposited on specific genes. Such
epigenetic changes are also seen in EBV-positive B-cell lymphomas, as early
events in the development and progression of cancer. With the paradigm that epi-
genetic changes are heritable, virally induced epigenetic events could have long-
lasting implications and be maintained in latent state or following loss of the virus.
Some EBV-associated BL and HL, previously positive for EBV, have been shown
to be EBV negative upon relapse (Nerurkar et al. 2000; Xue et al. 2002) sug-
gesting that EBV epigenetic alterations may act as a “hit-and-run” mechanism in
lymphomagenesis.

4.3.2 Epithelial Cells

Latent EBV infection is associated with almost 100% of NPC and approximately
10% of GC worldwide (Cohen et al. 2011). In both carcinomas, EBV infection is
associated with an increased DNA hypermethylation with a relatively low fre-
quency of mutation compared to EBV-negative tumors of the same type
(Lin et al. 2014; Wang et al. 2014). This suggests that the EBV-dependent increased
DNA methylation is playing a major role in the pathogenesis of these malignancies.

NPC is characterized by a latency II pattern of viral gene expression with
variable detection of LMP1 (Brooks et al. 1992). Expression of LMP1 is linked
to a greater metastasis rate and faster disease progression (Ozyar et al. 2004).
EBERs and BART noncoding RNAs are highly expressed, with the EBV BART
miRNAs constituting up to 20% of the total cellular miRNA content (Hitt et al.
1989; Wu et al. 1991; Zhu et al. 2009). NPC has a low number of mutations; for
example, almost all NPCs have functional p53 and it is often highly expressed
(Sheu et al. 2004). However, NPC is also associated with a greater frequency of
promoter CpG hypermethylation (Table 4.1). Promoters of the tumor suppressors,
p16™K4 and p275P! (CDKN1B), are almost always DNA hypermethylated and
repressed (Baba et al. 2001; Kwong et al. 2002).

Although EBV is only associated with 10% of GC, it is still the most prevalent
EBV-associated malignancy. EBV-associated gastric carcinoma (EBVaGC) dis-
plays a latency I viral gene expression program (Imai et al. 1994). Analysis of
molecular features that included gene copy number, mutations, DNA methylation,
and transcriptional profiles of mRNA and miRNAs classified GC into four sub-
types. EBVaGC had unique properties with extreme DNA hypermethylation and
fewer mutations compared to other EBV-negative GC (Cancer Genome Atlas
Research 2014). Various studies have confirmed a greater frequency of CpG island
hypermethylation (CIMP) in EBVaGC compared to EBV-negative GC (Table 4.1).

Several in vitro studies have provided evidence for EBV infection inducing a
CIMP phenotype. Stable infection of epithelial cell lines with EBV is challenging
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Table 4.1 EBV-dependent hypermethylated genes

C.E. Birdwell et al.

Genes References

GC | APBA2, APC, ARID1A, CDH1, Kang et al. (2002), Sudo et al. (2004),
CDKN2A, CDKN2B, DAPK1, DLC1, Chang et al. (2006), Kang et al. (2008),
EPHBG6, FHIT, GSTP1, HOXA10, IHH, Matsusaka et al. (2011), Wang et al.
IL15RA, IRF5, MARK 1, MGMT, NEK9, | (2011), Liu et al. (2013), Okada et al.
NKX3-1, PLXNDI, PTEN, RASSF1, (2013), Saito et al. (2013), Zhao et al.
RBPI1, REC8, RUNX3, SSTR1, TIMP2, (2013a), Zhao et al. (2013b), Liang et al.
TIMP3, TP73, WNTS5A, WWOX, (2014), Dong et al. (2015), and He et al.
ZMYNDI0 (2015)

NPC | APC, CADMI, CALCA, CCNAL1, CDH1, |Kwong et al. (2002), Hui et al. (2003),

CDH13, CDKN2A, CDKNI1B, CHFR,
DAB2, DACT2, DAPK1, DCC, DKK2,
DKK3, DLC1, ESR1, FEZF2, FHIT,
FLOT1, HOXAZ2, IER3, KIF1A, LOX,
PCDH10, PRDM2, PTPRG, RARB,
RARRESI1, RASALL, RASSF1, RASSF2,
SFRP1, SFRP2, SFRP4, SFRP5, THY1,
TNXB, TP73, UCHL1, WIF1

Wong et al. (2003), Li et al. (2004), Lung
et al. (2005), Ying et al. 2006), Jin et al.
(2007), Sun et al. (2007), Cheung et al.
(2008), Yanatatsaneejit et al. (2008), Tong
et al. (2010), Hutajulu et al. (2011), Loyo
et al. (2011), Li et al. (2013), Shu et al.
(2013), Sung et al. (2014), Dai et al.
(2015), Li et al. (2015), and Yang et al.

(2015)

List of hypermethylated genes reported in the literature as EBV specific in gastric carcinoma and
nasopharyngeal carcinoma involved in cell development, cell cycle regulation, cell survival,
growth, and movement as determined by Ingenuity Pathway Analysis

GC gastric carcinoma; NPC nasopharyngeal carcinoma

Bold: genes hypermethylated in both GC and NPC

as the virus is rapidly lost; therefore, it requires the use of recombinant viruses with
selectable markers (Sixbey et al. 1983). EBV infection of GC cell lines induced
silencing of PTEN by promoter hypermethylation that could be recapitulated by
ectopic LMP2A expression in GC cell lines. LMP2A induced DNMT1 through a
signaling axis that involved STAT3 activation (Hino et al. 2009). LMP1 has also
been implicated in CIMP, where LMP1 activation of DNMT1, DNMT3A, and
DNMT3B expression resulted in E-cadherin promoter methylation and silencing
(Tsai et al. 2002). Similarly, we have shown that EBV infection of a lung carcinoma
cell line displaying a latency II viral gene expression program resulted in a cadherin
switch that involved loss of E-cadherin via promoter methylation/repressive chro-
matin modifications and increased N-cadherin expression. Removal of selection
pressure allowed cells to naturally lose EBV allowing us to study the epigenetic
heritability of such changes. EBV-negative transiently infected cells retained the
cadherin switch, E-cadherin promoter methylation, and the enhanced invasiveness
observed in the EBV-positive counterparts (Queen et al. 2013). In a second study,
we examined the cellular methylome following EBV infection of hTERT-
immortalized oral keratinocytes including a set of clones that lost EBV
(Birdwell et al. 2014). Common among the latently infected keratinocytes and
those that lost EBV was CIMP of 25 genes, including RARRESI, which is also
hypermethylated in NPC (Yanatatsaneejit et al. 2008). EBV-negative clones
maintained gene expression changes and a delayed induction of keratinocyte
differentiation for over 20 passages. These findings support the notion that EBV
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epigenetic reprogramming can be maintained in the absence of viral gene expres-
sion or loss of the viral genome with long-lasting consequences to the cell.

4.4 Concluding Remarks

EBV latency and reactivation are central to lifelong viral persistence and involve
strict regulation of viral gene transcription. EBV achieves its latent gene expression
patterns through the use of the host epigenetic machinery and can overcome the
epigenetically silenced state during reactivation. Many viral genes are able to
recruit or modulate host epigenetic modifiers to refine viral gene transcription and
tweak the cellular environment to the virus’ advantage. While the process proceeds
with little appreciable side effects, EBV-induced epigenetic alterations to the host
likely contribute to the oncogenic process. EBV-associated cancers are marked by
unique epigenetic changes without the high number of accompanying gene muta-
tions that are seen in matching EBV-negative tumors. The epigenetic modifications
include targeting of cellular TSGs for silencing through DNA methylation of pro-
moters and/or repressive chromatin. Such epigenetic changes likely provide a
selective advantage in the cancer context. However, it is unclear if virally induced
epigenetic changes arise from nontargeted stochastic events due to viral disturbance
of the cellular epigenetic machinery or are specifically targeted to a gene loci
directed by transcriptional circuits that maintain the epigenetic state. In colorectal
cancer, such instructive epigenetic modulation has been shown to depend on
oncogene signaling, recruitment of co-repressors complexes, and DNMTs to spe-
cific promoter regions. Continued oncogene expression was required for the main-
tenance of promoter DNA methylation, which may not be the case to maintain
phenotypes during EBV latency (Serra et al. 2014). Similarly, the potent oncogenic
signaling activities of EBV proteins, such as LMP1 and LMP2, or viral activation
of cellular oncogenes may instruct the deposition of DNA methylation to specific
genes. The selective growth advantage imposed by such epigenetic changes may be
maintained despite latency or loss of the viral genome. If so, such virally induced
epigenetic modifications provide a basis for EBV and agents with similar activities
in “hit-and-run” carcinogenesis.
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Epigenetic Programming by Microbial
Pathogens and Impacts on Acute and Chronic
Disease
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Abstract Epigenetic programming of the pathogen and the host can have a marked
influence on the development and progression of acute and chronic disease. Bac-
terial pathogenesis may be viewed as a developmental program similar to that of
cell differentiation and development in eukaryotes. Bacterial epigenetic program-
ming is imparted by DNA methylation, whereby the virulence traits expressed by a
pathogen may depend on the cumulative interactions between the microbe and its
environment. Such bacterial “memory” provides a means for adaptation to the
varied subsequent microenvironments encountered during the infective process.
DNA methylation can affect DNA—protein interactions and resultant gene expres-
sion by altering DNA thermodynamic stability and curvature and by methyl-group-
mediated steric hindrance. Some of these epigenetic interactions can form heritable
DNA methylation patterns in the microbial genome that control gene expression in
their progeny cells. Microbes can also stimulate heritable changes in the host
epigenome via infection-associated alterations to host epigenetic determinants
including DNA methylation, histone modifications, chromatin-associated com-
plexes, and noncoding RNA-mediated silencing. The resultant changes in host
chromatin remodeling and gene expression may be localized and/or systemic due
to direct microbe-to-host cell communication or via dissemination of microbial-
host signaling. Thus, the role of epigenetics in host-microbe interactions may be the
nexus of many pathological syndromes even though there may be no apparent direct
link between infection and disease, providing the basis for the development of
novel therapeutics and diagnostic tests for diseases with epigenomic determinants.
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5.1 Introduction

Deciphering the mechanisms that govern epigenetic programming in the pathogen
and the host is crucial to the development of new therapeutic approaches to control
acute and chronic disease. For instance, pathogenic Escherichia coli utilize herita-
ble DNA methylation patterns to control pili production via a phase variation
mechanism, whereby individual cells either express pili (phase-ON) or not
(phase-OFF), resulting in periods of attachment and detachment that are critical
for progression of an ascending urinary tract infection (Low and Casadesus 2008;
Marinus and Casadests 2009). Microbial infection can also stimulate epigenetic
changes in the host epigenome, potentially leading to a variety of human diseases
including cancer and autoimmune disorders (Bierne et al. 2012; Dawson and
Kouzarides 2012; Elinav et al. 2013; Feinberg and Tycko 2004; Stein 2011).
Despite this knowledge, the role of epigenetic modifications on pathogen virulence
is poorly understood, and the role of host epigenetic modifications that contribute
to, or result from, infectious diseases are only just beginning to be elucidated.

5.2 DNA Methylation

DNA methylation is a fundamental epigenetic process that provides a means to
impart additional information to the genomic sequence. In bacteria, DNA methyl-
ation occurs at the N® position of adenine (6mA) and the C° or N* positions of
cytosine (SmC; 4mC), and these modifications are catalyzed by DNA
methyltransferases (Noyer-Weidner and Trautner 1992; Palmer and Marinus
1994; Sanchez-Romero et al. 2015; Wion and Casadesis 2006). Such epigenetic
information can alter the timing and targeting of cellular events including tran-
scription, transposition, chromosomal replication, and DNA repair. The most com-
mon DNA modification in eukaryotes is SmC, which is involved in a variety of
processes including gene regulation, genomic imprinting, X-chromosome inactiva-
tion, and epigenetic memory maintenance (Jones 2012; Jones and Takai 2001;
Smith and Meissner 2013). Additionally, 6mA has been recently reported as a
possible epigenetic mark in eukaryotes that plays a potential role in transcription
and epigenetic inheritance (Luo et al. 2015).

5.2.1 Bacterial Restriction Modification Systems

DNA methylation is a standard means by which restriction-modification (R-M)
systems serve to protect bacterial cells from foreign DNA (viruses, transposons,
plasmids) (Kobayashi et al. 1999; Meselson et al. 1972; Roberts and Macelis 2001).
In most R-M systems, base methylation by a methyltransferase (on adenine or
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cytosine) prevents DNA cleavage of host DNA by cognate restriction enzymes.
Recent evidence suggests that the role of R-M-associated methyltransferases is not
restricted to protecting host genomes as the lack of certain R-M systems alters the
gene expression pattern of the cell, suggesting a role in epigenetic control of gene
expression (Fang et al. 2012; Furuta et al. 2014; Sanchez-Romero et al. 2015; Vasu
and Nagaraja 2013). E. coli O104:H4 is a hemolytic uremic syndrome (HUS)-
linked outbreak strain that harbors multiple active adenine methyltransferases—
some of which are associated with R-M systems (Fang et al. 2012). E. coli O104:H4
also contains a lysogenic lambdoid phage, fStx104, which encodes Shiga toxin (the
cause of HUS), and an R-M system that engenders both the production of Shiga
toxin and alteration of the bacterium’s transcriptome. These findings indicate that
DNA methyltransferases associated with R-M systems can make considerable
contributions to bacterial virulence (discussed further below).

5.2.2 Solitary DNA Methyltransferases

Some bacterial DNA methyltransferases lack cognate restriction enzymes and thus
are not part of R-M systems. These solitary methyltransferases play roles in cellular
regulatory events including those that control bacterial gene regulation, cell-cycle
events, and virulence (Low et al. 2001; Marinus and Casadesus 2009; Reisenauer
et al. 1999).

5.2.2.1 Dam Methylase

DNA adenine methylase (Dam) is a solitary methyltransferase of
Gammaproteobacteria (e.g., E. coli and Salmonella) that methylates the N° position
of adenine in the sequence “GATC” of the bacterial genome and plays a role in the
timing and targeting of many cellular events by influencing the interactions of
regulatory proteins with DNA (Casadesus and Low 2006; Lgbner-Olesen et al.
2005; Low and Casadesus 2008; Low et al. 2001; Marinus and Casadesus 2009).
DNA adenine methylation can affect DNA-protein interactions at GATC
sequences by altering DNA thermodynamic stability and curvature and by methyl-
group-mediated steric hindrance (Wion and Casadesis 2006). There are about
130 molecules of Dam per cell in E. coli, a level that allows sufficient time for
some DNA—protein binding between DNA synthesis and the methylation of GATC
sequences within newly synthesized DNA (Boye et al. 1992). Competition between
Dam and DNA-binding proteins resulted in the formation of ~35 nonmethylated
GATC sequences in the E. coli genome (Hale et al. 1994; Ringquist and Smith
1992; Tavazoie and Church 1998; Wang and Church 1992). The actual number of
nonmethylated sites at any one time is dependent on bacterial growth rate and
growth phase, supporting the hypothesis that the DNA-binding proteins are in
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competition with Dam at these sites to control the timing and targeting of cellular
regulatory events.

5.2.2.2 Cytosine Methylases

Although the role of cytosine methylases has been generally associated with R-M
systems, recent evidence suggests that this view may need to be broadened
(Marinus and Casadests 2009; Sanchez-Romero et al. 2015). DNA cytosine meth-
ylase (Dcm) is a solitary methyltransferase of Gammaproteobacteria that methyl-
ates the internal cytosine in the CCA/TGG motif at the C5 position (SmC) (Bigger
et al. 1973; Kahramanoglou et al. 2012). E. coli dem mutants display increased
expression of the stress response sigma factor, RpoS, suggesting cytosine methyl-
ation may be involved in gene expression and the stress response (Kahramanoglou
et al. 2012). Further, the absence of a solitary cytosine methyltransferase (SmC),
HpyA-VIBM, in Helicobacter pylori alters the expression of genes involved in
motility, adhesion, and virulence (Kumar et al. 2012).

5.2.2.3 CcrM Methylase

The role of DNA adenine methylation in cell-cycle-related events has been exten-
sively studied in Caulobacter crescentus, serving as a model organism for bacterial
cell-cycle regulation and development (Gonzalez et al. 2014; Marczynski and
Shapiro 2002; McAdams and Shapiro 2003; Reisenauer et al. 1999).
C. crescentus is a member of the Alphaproteobacteria, which includes Brucella
abortus (brucellosis), Agrobacterium tumefaciens (crown gall disease), and
Sinorhizobium meliloti (nitrogen-fixation). It has a dimorphic life cycle, spending
part of its life cycle as a non-replicating motile swarmer cell and the other as a
replicating sessile stalked cell. Many of the cellular events leading to differentiation
into these morphological stages are modulated by the solitary cell-cycle regulated
methyltransferase, CcrM, which methylates the N° position of adenine in the
sequence GANTC (Marczynski and Shapiro 2002; McAdams and Shapiro 2003;
Reisenauer et al. 1999). The C. crescentus chromosomal methylation state
(unmethylated, hemimethylated, fully methylated) controls a regulatory cascade
that couples DNA replication and the expression of cell-cycle master regulators,
which facilitate progression of the Caulobacter cell cycle (Collier et al. 2006).
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5.3 Dam Methylation Modulates the Timing and Targeting
of Cellular Processes

Dam plays a role in the timing and targeting of many cellular processes including
DNA repair, DNA replication, transposition, conjugation, as well as those specif-
ically involved in bacterial virulence (Lgbner-Olesen et al. 2005; Low and
Casadesus 2008; Low et al. 2001; Marinus and Casadesus 2009; Sanchez-Romero
et al. 2015).

5.3.1 Dam Controls DNA Repair and Replication

Errors that occur during replication are corrected by methyl-directed mismatch
repair that can distinguish base mismatches on the newly synthesized strand. Such
DNA strand discrimination is accomplished using hemimethylated DNA that arises
after passage of the replication fork, whereby the parental strand is methylated at
Dam-target sequences (GATC sites) and the newly synthesized strand is
non-methylated (Pukkila et al. 1983). DNA base mismatches on newly synthesized
DNA are recognized and removed by the MutHLS DNA mismatch repair proteins,
and the errors are corrected using the parental strand as a template (Iyer et al. 2000).
Subsequently during the cell cycle, the newly synthesized strand is methylated by
Dam at GATC sites resulting in fully methylated DNA. Dam levels are controlled
primarily at the transcriptional level (Lgbner-Olesen et al. 2003) and the absence, or
overproduction, of Dam leads to an increase in spontaneous mutation frequency due
to the lack of hemimethylated DNA needed for strand discrimination during DNA
mismatch repair (Heithoff et al. 2007; Herman and Modrich 1982; Marinus and
Morris 1974).

The timing of DNA replication is controlled by a competition between Dam and
DNA-binding proteins that recognize hemimethylated DNA. SeqA binds specifi-
cally to several hemimethylated GATC sites at and near the origin of replication
(oriC), delaying their methylation by Dam (Kang et al. 1999; Lu et al. 1994). The
sequestration of these hemimethylated sites by SeqA delays further replication fork
initiation since it represses transcription of the replication initiator (dnaA) and
inhibits DnaA binding at oriC as both processes operate optimally at fully methyl-
ated GATC sites (Marinus and Casadesus 2009). Additionally, SeqA acts at
hemimethylated sites to play a role in nucleoid structure, organization, and
partitioning into daughter cells (Bach et al. 2003; Helgesen et al. 2015; Joshi
et al. 2013; Skarstad and Katayama 2013). Thus, competition between Dam and
DNA-binding proteins controls the timing and targeting of many cellular events
that are critical to the cell cycle.
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5.3.2 Dam Controls Bacterial Gene Expression

Dam methylation of GATC sites can control gene expression via altering the
affinity of DNA-binding proteins to regulatory sequences, as described in the
following examples (Casadestis and Low 2006; Lgbner-Olesen et al. 2005; Low
and Casadesus 2008; Low et al. 2001; Marinus and Casadesus 2009; Sanchez-
Romero et al. 2015).

Initiation of DNA Replication Sequestration of hemimethylated GATC sites by
SeqA at the oriC region delays replication fork initiation via dnaA transcriptional
repression and DnaA-binding inhibition at oriC (discussed above). Implications:
Maintenance of hemimethylated DNA near the oriC region limits the number of
replication forks that can initiate before cell division.

Transposition Tnl0 transposition occurs upon the generation of hemimethylated
GATC sites in the transposase promoter (Roberts et al. 1985). The transposase
promoter is only active when the transposase-coding strand is methylated and the
noncoding strand is not methylated. Implications: Transposition is repressed
through most of the cell cycle, preventing high-level transposition that would
otherwise cause detrimental effects to the genome. Transposition is limited to one
copy while the other copy remains in the original location.

Conjugal Plasmid Transfer Stimulation of the fra operon for conjugal transfer of
the Salmonella virulence plasmid occurs upon generation of hemimethylated
GATC sites within the upstream regulatory sequences for fraJ expression, a
transcriptional activator of the tra operon. Methylation of the noncoding strand
(but not the coding strand) stimulates binding of the leucine-responsive regulatory
protein (Lrp), with resultant traJ transcription, and conjugal transfer of the meth-
ylated noncoding single-stranded DNA into the recipient bacterium (Camacho and
Casadesus 2002; Camacho and Casadesus 2005). Implications: Conjugal transfer is
repressed through most of the cell cycle via a traJ epigenetic switch, thereby
modulating the considerable metabolic and energetic cost of mating functions to
the cell. Recipient cells are competent for conjugation since the noncoding, meth-
ylated strand serves as a template for DNA replication, reproducing the DNA
methylation pattern that permits Lrp binding.

Cell Invasion Salmonella invasion of human epithelial cells is impaired in the
absence of Dam methylation (Garcia-Del Portillo et al. 1999). Binding of the HdfR
regulatory protein to unmethylated GATC sites in regulatory sequences for the std
fimbrial operon stimulates StdEF-mediated repression of invasion determinants
encoded on Salmonella Pathogenicity Island I (SPI-1) (Jakomin et al. 2008;
Lépez-Garrido and Casadesus 2012). Implications: Methylation state of invasion-
associated regulatory sequences ensures bacterial invasion of only appropriate
cells/cellular compartments that contribute to the onset and progression of
infection.
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Pili Phase Variation Dam methylation controls the production of E. coli
pyelonephritis-associated pili (pap) via a phase-variation mechanism that results
in cells that either express or do not express the pili. Dam is in competition with two
transcriptional activators (Lrp, Papl) for GATC sites in upstream regulatory
sequences for pap expression, forming DNA methylation patterns that can be
inherited in progeny populations similar to that observed in eukaryotes (Low and
Casadesis 2008; Marinus and Casadesus 2009). Implications: Phase variation
(ON-OFF) control of pili adherence via Dam methylation results in periods of
bacterial attachment and detachment, facilitating uropathogenic E. coli progression
from the bladder to kidney, resulting in pyelonephritis.

5.4 DNA Methylation Plays an Essential Role in Bacterial
Virulence

DNA methylation has been shown to play a role or has been implicated in the
virulence of many bacterial pathogens (Casadestis and Low 2006; Heusipp et al.
2007; Low et al. 2001; Marinus and Casadests 2009; Sanchez-Romero et al. 2015).
Representative examples are discussed below, including pathogens that utilize
solitary or R-M methyltransferases to modulate bacterial virulence.

5.4.1 DNA Methylation Controls Bacterial Pathogenesis

Salmonella spp. Nontyphoidal Salmonella (NTS) is the greatest foodborne-disease
burden in the United States, with greater than one million illnesses annually (Gilliss
et al. 2011; Scallan et al. 2011). Salmonella enterica infection can result in any of
four disease syndromes: enterocolitis/diarrhea, bacteremia, typhoid fever, and
chronic asymptomatic carriage (Coburn et al. 2007). Many serovars infect both
humans and animals, with the particular syndrome a function of the serovar
(serotypic variant), strain virulence, and host susceptibility (Coburn et al. 2007;
Heithoff et al. 2012). Dam methylation plays an essential role in Salmonella
virulence (Garcia-Del Portillo et al. 1999; Heithoff et al. 1999). The lack or
overproduction of Dam confers significant virulence attenuation (10,000-fold) in
murine models of typhoid fever. Dam methylation is involved in the invasion of
nonphagocytic cells, M-cell cytotoxicity, bile resistance, envelope stability, cell
motility, fimbrial, O-antigen and cytotoxin production, systemic dissemination, and
the elicitation of host innate and adaptive immune responses (Badie et al. 2007;
Garcia-Del Portillo et al. 1999; Heithoff et al. 1999, 2001, 2007, 2008; Lopez-
Garrido and Casadesus 2010; Pucciarelli et al. 2002; Sarnacki et al. 2009;
Shtrichman et al. 2002; Simon et al. 2007). Implications: Dam methylation controls
the production of many factors underlying microbial virulence (adhesins, invasins,
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toxins) and impacts host—pathogen interactions that compromise host immunity.
Salmonella dam mutants are capable of eliciting cross-protection against a diversity
of salmonellae and are well-tolerated when applied as modified live vaccines in
mice (Heithoff et al. 2001, 2008, 2015), poultry (Dueger et al. 2001, 2003a), sheep
(Mohler et al. 2011) and calves (Dueger et al. 2003b; Mohler et al. 2006, 2008).
Induction of immunity is rapid, and the vaccine can be delivered in drinking water
for low-cost and low-stress vaccination of livestock populations (Mohler et al.
2011, 2012).

Yersinia spp. Yersinia pseudotuberculosis and enterocolitica are zoonotic
foodborne pathogens that can cause severe disease in humans including gastroen-
teritis, mesenteric lymphadenitis, and septicemia (Galindo et al. 2011; Tauxe 2015).
Many pathogenic strains infect both humans and animals whereby the particular
syndrome is a function of the serotype, strain virulence, and host susceptibility. The
dam gene is essential in certain strains of Yersinia species, and the lack or
overproduction of Dam in Y. pseudotuberculosis leads to severe virulence attenu-
ation in murine models of bacteremia (Julio et al. 2001; Kubicek-Sutherland et al.
2014; Taylor et al. 2005) and confers protection to heterologous
Y. pseudotuberculosis or Y. pestis challenge (Julio et al. 2001; Kubicek-Sutherland
et al. 2014; Taylor et al. 2005). Dam overproducing Y. pseudotuberculosis ectop-
ically secrete several Yersinia outer proteins (e.g., YopE cytotoxin) as well as LerV,
a low-calcium-responsive virulence factor normally involved in Yop synthesis,
localization, and suppression of host inflammatory activities (Badie et al. 2004;
Julio et al. 2001, 2002). Dam overproducing Y. enterocolitica confer altered
invasion, motility, and composition of the lipopolysaccharide (LPS) O-antigen
and also display ectopic Yop secretion via increased ClpP protease degradation of
the LcrG regulatory protein that normally blocks Yop secretion (Filker et al. 2005,
2006, 2007). Implications: Dam methylation controls the strict environmental
regulation of Yersinia virulence function synthesis and localization, serving to
modulate bacterial pathogenesis and host inflammatory activities.

Enterohemorrhagic E. coli EHEC are a subgroup of Shiga toxin-producing E. coli
(STEC) that can cause severe intestinal disease [i.e., hemorrhagic colitis [HC] and
hemolytic uremic syndrome [HUS] (Hartland and Leong 2013; Mahan et al. 2013)].
EHEC intestinal adherence requires the delivery of the type III secretion system
(TTSS) effector proteins Tir and EspFy into the host cell and expression of the
bacterial outer membrane adhesin, intimin. Increased adherence exhibited by dam
mutant EHEC was correlated with increased protein levels of Tir, EspFy, and
intimin (Campellone et al. 2007). Dam also controls the maintenance of lysogeny
for a bacteriophage (933W) that encodes Shiga toxin (Stx-2), which inhibits protein
synthesis (via ribosomal inactivation) and leads to renal toxicity in HUS patients
(Murphy et al. 2008). Implications: Dam methylation modulates EHEC intestinal
adherence and Shiga toxin production during infection.

Brucella abortus B. abortus is an intracellular pathogen and the causative agent of
brucellosis, a zoonotic disease that causes abortions and stillbirths in livestock and
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acute febrile illness in humans, which may progress to chronically debilitating
disease (World Health Organization 2006). It is also designated as a select agent
with the potential for bioterrorism due to the chronic nature of disease in livestock
and humans and its ability to undergo aerosolization (Centers for Disease Control
and Prevention 2015). B. abortus is a member of the Alphaproteobacteria which
have defined morphological stages that are modulated by the solitary cell cycle-
regulated DNA methyltransferase, CcrM (Marczynski and Shapiro 2002). CerM is
essential for viability in B. abortus, and its overexpression attenuates replication
within murine macrophages (Robertson et al. 2000). Implications: CcrtM methyla-
tion may play a role in intracellular replication of the bacterium within phagocytes,
a key virulence characteristic for both acute and chronic cases of brucellosis.

Mycobacterium tuberculosis M. tuberculosis infections cause nine million active
cases and 1.5 million tuberculosis deaths annually, with one-third of the world’s
population having latent infections (World Health Organization 2014a). Although
there are no predicted dam homologues, the M. tuberculosis solitary DNA
methyltransferase, MamA, plays a role in gene expression and fitness during
hypoxia, and different methyltransferases are observed in different lineages of
M. tuberculosis (Shell et al. 2013). Implications: DNA methylation may play a
role in M. tuberculosis lineage-specific differences in preferences for distinct host
environments and different disease courses in humans.

Haemophilus influenzae Non-typeable H. influenzae (NTHi) is a major cause of
middle ear (otitis media) infections in children (Haggard 2008). NTHi contains
R-M systems comprised of a methyltransferase (mod) and a restriction endonucle-
ase (res) (Srikhanta et al. 2010). Phase variable (ON-OFF) switching of mod alleles
(due to the presence of tandem repeats in the corresponding mod genes) regulates
the expression of multiple proteins that are involved in antibiotic resistance, biofilm
formation, and immune evasion. Recent studies indicate that mod switching to the
ON orientation was highly selected in a chinchilla model of otitis media, and ON
phase-variants formed more robust biofilms in vitro (Atack et al. 2015). These
findings suggest that mod is involved in bacterial virulence, immune evasion, and
niche adaptation. Several other human pathogens contain phase-variable R-M
systems, including H. pylori (atrophic gastritis), Neisseria meningitidis (meningi-
tis), N. gonorrhoeae (gonorrhea), and Moraxella catarrhalis (otitis media) (Atack
et al. 2015; Srikhanta et al. 2010). Implications: Phase-variable R-M systems that
modulate microbial virulence traits may be shared across the microbial realm.
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5.5 Perspectives: Epigenetic Programming of the Pathogen
and Disease Susceptibility

Bacterial pathogenesis can be regarded as a developmental program (Casadests and
D’Ari 2002; Mahan et al. 2010) similar to eukaryotic cell differentiation and
development (Bird 2002, 2007; Jaenisch and Bird 2003). Bacterial epigenetic
programming is imparted by DNA methylation, whereby the virulence traits
expressed are dependent on the aggregate of interactions between the microbe
and its environment. Thus, the bacterial epigenome provides a means for bacterial
“memory,” engendering the capacity for adaption to the disparate microenviron-
ments encountered as the infection proceeds due to dissemination to new host sites,
tissue breakdown, inflammation, and immune clearance mechanisms. Thus, a
microbial population may comprise a spectrum of genotypically identical cells
with significant phenotypic differences in virulence traits since pathogenicity may
be a reflection of cumulative exposure to selective pressures within host(s) and
environments experienced during the microbial life cycle. Epigenetic programming
may provide insights into the virulence disparities of closely related strains that
exhibit marked differences with regard to pathogenicity, host range, and prefer-
ences for distinct host environments and different disease courses in humans.

5.6 Microbial Infection, Epigenetic Reprogramming,
and Human Disease

Microbe-associated changes in the host epigenome can play a significant role in
human disease via chromatin remodeling and resultant transcriptional
reprogramming driven by host DNA methylation, histone modifications,
chromatin-associated complexes, and noncoding RNA-mediated silencing (Ban-
nister and Kouzarides 2011; Bierne et al. 2012; Dawson and Kouzarides 2012;
Herceg et al. 2013; Paschos and Allday 2010). DNA methylation occurs at the 5’
position of cytosines within CpG dinucleotides, and can recruit protein complexes
that can alter chromatin structure or affect the binding of transcription factors with
resultant gene silencing (Bird 2002, 2007; Dawson and Kouzarides 2012; Jones and
Takai 2001). Histone modifications (e.g., methylation, acetylation, phosphoryla-
tion, ubiquitination) can alter chromatin structure and affect gene expression
(Bannister and Kouzarides 2011; Dawson and Kouzarides 2012). Noncoding
RNA-mediated silencing involves microRNAs (noncoding, 18-25 nucleotides)
that target mRNAs and negatively control gene expression (He and Hannon 2004;
Sato et al. 2011).

Such transcriptional reprogramming can alter host defense genes involved in
TLR (Toll-like receptor), MAPK (mitogen-activated protein kinase), interferon
(IFN), and NF-kB signaling pathways (Goémez-Diaz et al. 2012; Paschos and
Allday 2010; Stein 2011). For instance, M. tuberculosis inhibits IFN-y-induced
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chromatin remodeling by TLR2 and MAPK signaling (via inhibition of histone
acetylation), leading to reduced expression of several immune genes and resultant
persistence of chronic infections (Pennini et al. 2006). Influenza virus suppresses
the antiviral response via the production of a histone mimic that serves as a sink for
a host transcription factor (hPAF1) involved in antiviral gene expression (Marazzi
et al. 2012). Conversely, some microbe-associated epigenome changes are protec-
tive. Following acute viral infection, chromosome remodeling is implicated in the
formation of memory CD8+ T cells that provide the host with long-term protective
immunity against the pathogen (Youngblood et al. 2010).

5.6.1 Microbial Infection and Cancer

Microbe-associated cancers account for a significant proportion (>20%) of all
human cancers (Moore and Chang 2010; zur Hausen 2009). The molecular basis
involves microbe-stimulated changes in the host epigenome, with resultant changes
in host chromatin remodeling, gene expression, and metabolism (Dawson and
Kouzarides 2012; Esteller 2008; Feinberg and Tycko 2004; Herceg et al. 2013;
Stein 2011).

Hepatitis B Virus (HBV) Liver cancer is the second leading cause of cancer death
worldwide (World Health Organization 2014b, 2015). The risk for liver cancer is
increased 100-fold in individuals with chronic HBV infection (Fernandez et al.
2009), and recent estimates indicate that ~250 million individuals in the human
population are chronically infected with HBV (Schweitzer et al. 2015). HBV
persists in host cells by the nuclear accumulation of covalently closed circular
DNA (cccDNAs) that serve as a template for transcription of all viral mRNAs and
are organized into minichromosomes by histones and nonhistone viral and cellular
proteins (Grimm et al. 2011; Protzer 2015). High viral loads in patients with chronic
hepatitis correlate with hyperacetylation of histone H3 and H4 bound to cccDNA in
liver biopsy samples (Pollicino et al. 2006), allowing access of the HBV cccDNA
chromatin-like structure to liver-specific transcription factors and subsequent rep-
lication (Quasdorff et al. 2008). The HBx regulatory protein (Kew 2011) relieves
chromatin-mediated transcriptional repression of HBV cccDNA that involves the
histone methyltransferase, SETDB1 (Riviére et al. 2015). HBx also upregulates
several DNA methyltransferases (DNMTs), resulting in increased promoter meth-
ylation and repression of tumor-suppressor genes encoding p16, a cyclin-dependent
kinase inhibitor that functions in cell-cycle arrest and cellular senescence, and
E-cadherin, a cell-cell adhesion molecule that affects tumor invasiveness
(Fernandez and Esteller 2010; Jung et al. 2007; Tian et al. 2013). Patient samples
from various stages of HBV infection show increased methylation of the HBV
genome as an acute infection transitions to a chronic infection and during the
subsequent progression to premalignant lesions and cancer (Fernandez and Esteller
2010; Fernandez et al. 2009; Stein 2011). Additionally, microRNA (miR-152),
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whose normal function is to downregulate DNMT1, is downregulated in patients
with HBV-associated liver cancer, thus causing DNA hypermethylation (Huang
et al. 2010; Saito et al. 2014). These findings suggest a tumor-suppressive role of
miR-152, and therapeutic use of this microRNA may reduce aberrant DNA
methylation.

Human Papillomavirus (HPV) Genital human papillomavirus (HPV) is the most
commonly diagnosed sexually transmitted infection in the United States and is
associated with 95% of cervical and anal cancers and 60% of oropharyngeal
cancers. (Centers for Disease Control and Prevention 2012; Gilmer 2015). Through
preexisting lesions, HPV infects the basal (lower) layer of the stratified cervical
epithelium, and viral genomes are maintained as episomal DNA in the nuclei of
infected cells (Kajitani et al. 2012). HPV oncoproteins E6 and E7 inactivate p53
and retinoblastoma (pRb) tumor-suppressing proteins, respectively, resulting in
aberrant proliferation and delayed differentiation of infected host cells (Miinger
et al. 2004). The productive phase of the lifecycle (genome amplification, virion
assembly/release) occurs in upper layers of the cervical epithelium that are termi-
nally differentiated. In infections with HPV “high-risk” invasive serotypes (16 and
18), progression of the disease is associated with increased methylation of the HPV
genome and considerable suppression of E-cadherin (Anayannis et al. 2015;
Fernandez and Esteller 2010; Fernandez et al. 2009; Sun et al. 2011; Wilson et al.
2013). E-cadherin is utilized by Langerhans cells (antigen processing/presentation)
to move through stratified epithelium, and its reduction may impact HPV clearance
and the length of persistent infections. In a keratinocyte cell line, the HPV E7
oncoprotein is necessary for E-cadherin downregulation via augmentation of host
DNMT1 levels and resultant E-cadherin repression (Laurson et al. 2010). DNMT
inhibition (via 5-aza-deoxycytidine administration) restored E-cadherin levels,
suggesting that epigenetic intervention may have utility in combating persistent
infections via restoring influx of Langerhans cells to infected tissue. Further,
epigenetic alterations to the viral genome via methylation of viral promoter regions
have been implicated in HPV E6 and E7 expression during a transforming infection
(Steenbergen et al. 2014). The overall consequence of deregulated expression of E6
and E7 in proliferating cells is chromosomal instability, leading to accumulation of
lesions in host cell cancer genes and subsequent progression toward cancer
(Korzeniewski et al. 2011).

Epstein—-Barr Virus (EBV) EBV is carried in the vast majority (>90%) of the
human population as an asymptomatic lifelong infection, yet it is also correlated
with several nonmalignant and malignant diseases (Odumade et al. 2011; Rickinson
et al. 2014; Thompson and Kurzrock 2004; Thorley-Lawson 2015). EBV causes
mononucleosis and many human tumors of B cell, T cell, and epithelial origin such
as Burkett’s lymphoma, Hodgkin’s disease, gastric carcinoma, nasopharyngeal
carcinoma, and lymphoproliferative tumors in immunocompromised individuals.
The EBV lifecycle involves infection of oropharyngeal cells; host colonization
through growth-transforming latent infection of B cells within oropharyngeal
lymphoid tissues; long-term persistence within recirculating memory B cells as a
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silent latent infection; and reactivation to the viral lytic phase and subsequent
infection of naive host cells (Rickinson et al. 2014). Many of these events are
driven by epigenetic reprogramming of the pathogen and host, whereby B cell
growth transformation is facilitated by several latent proteins, including EBV
nuclear antigens (EBNAs) and latent membrane proteins (LMPs), followed by
regulated shutdown of latent protein expression that ultimately results in latency
in recirculating B cells (Hammerschmidt 2015; Paschos and Allday 2010).
Increased methylation of the EBV genome occurs as an acute infection transitions
to chronic infection and during subsequent development and progression of cancer
(Fernandez and Esteller 2010; Fernandez et al. 2009), and infection of B lympho-
cytes or nasopharyngeal carcinoma cell lines results in the expression of several
DNMTs (Schmeinck 2011; Tsai et al. 2006). During the latent phase, EBV lytic
genes are transcriptionally silenced by histone methyltransferase EZH2, a compo-
nent of the Polycomb Repressive Complex 2, PRC2; and these “histone marks” are
erased upon lytic phase induction (Hammerschmidt 2015; Woellmer et al. 2012).
These findings indicate that epigenetic modifications of viral DNA determine viral
latency.

Helicobacter pylori Stomach cancer is the third leading cause of cancer death
worldwide (World Health Organization 2014b, 2015). H. pylori is a gastric patho-
gen that colonizes approximately 50% of the world’s population (Wroblewski et al.
2010), associated with 65% of gastric cancers, and classified as a class I carcinogen
(Polk and Peek 2010; World Health Organization 2014b). In patients infected with
H. pylori, aberrant methylation and repression of tumor-suppressor genes
(E-cadherin, p16) was linked with increased gastric cancer risk (Kaise et al. 2008;
Maekita et al. 2006; Nakajima et al. 2006; Yoshida et al. 2013). In a gerbil model of
gastric cancer, H. pylori infection was shown to be causally involved in the
induction of aberrant methylation in the host epigenome, which was associated
with the upregulation of several inflammation-related genes (CXCL2, IL-1$, NOS2,
TNF-a) (Niwa et al. 2010). Methylation decreased upon bacterial clearance but
remained significantly higher than that observed in uninfected control animals.
Suppressing inflammation with the immunosuppressive drug, cyclosporin A,
prevented aberrant methylation without affecting colonization, indicating that
epigenetic modifications occurred as a consequence of inflammation rather than
the infection itself. These studies revealed an “epigenetic field defect” whereby
increased DNA methylation that arises as a result of infection marks a region with
higher risk for transformation (Niwa et al. 2010; Stein 2011). Thus, DNA methyl-
ation has potential clinical utility as a biomarker for the risk of malignant transfor-
mation for a number of cancers, offering new therapeutic opportunities that target
and monitor epigenetic changes (discussed below).
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5.7 Concluding Remarks: Microbial Infection and Its
Impact on the Host Epigenome and Disease

The origin of some diseases may have a microbial component even though there
may be no apparent direct link between infection and disease. How does this occur
and what are the possible implications? Microbial infection can trigger heritable
changes in the host epigenome that lead to profound differences in disease suscep-
tibility, host cell metabolism, inflammation, and immune responses, and some of
these responses may be maintained long after microbial clearance (Bierne et al.
2012; Davis et al. 2011; Stein 2011). The primary challenge toward establishing a
causal link between infection-associated changes in the host epigenome and disease
origin is the considerable interplay between epigenetic, genetic (mutational), and
nonmicrobial (e.g., carcinogen) risk factors that cloud the assignment of primary
versus secondary events leading to disease development and progression (Fig. 5.1).
Microbes cause cancer directly via harboring oncogenes that contribute to cell
transformation or indirectly through chronic inflammation whereby ultimately
carcinogenic mutations are generated in host cells (Moore and Chang 2010;
Parsonnet 1999; zur Hausen 2001). Additionally, microbial and nonmicrobial
associated alterations in host epigenetic determinants influence many biological
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Fig.5.1 Epigenetic programming of the pathogen and the host can stimulate the development and
progression of acute and chronic disease. (a) The epigenome of pathogenic microbes can be
modified to stimulate the production of virulence determinants (via Dam; host DNMTs). Patho-
genic bacteria can modify the host epigenome (dark circles) via DNA methylation, histone
modifications, chromatin-associated complexes, and noncoding RNA mediated silencing. (b)
Environmental inputs can alter disease susceptibility by stimulating genetic (mutational; red
circles) or epigenetic changes (nonmutational; dark circles) in the host genome via carcinogen
exposure, cell signaling, and inflammation. (c¢) Chronic disease (e.g., cancer) can be stimulated
directly by genetic changes in the host genome caused by exposure to carcinogens, microbial
oncogenes, and chronic inflammation or indirectly via epigenetic changes in the host genome by
inactivation of tumor-suppressor genes and/or DNA-repair genes, which predispose the genome to
mutation. Such complex interactions between genetic, epigenetic, and environmental inputs result
in host gene dysregulation and human disease
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processes that are fundamental to the development of cancer including the inacti-
vation of tumor-suppressor genes and/or DNA-repair genes, which predispose the
genome to mutation (Baylin and Herman 2000; Dawson and Kouzarides 2012;
Herceg et al. 2013; Moore and Chang 2010; Paschos and Allday 2010; Romani
et al. 2015; Stein 2011).

Despite these challenges, significant advances have been made toward
establishing a direct link between microbe-associated changes in the host
epigenome and cancer, and it remains a possibility that certain disorders are a
consequence of chronic inflammation with microbial origin (Bierne et al. 2012;
Costenbader et al. 2012; Elinav et al. 2013; Feinberg and Tycko 2004; Grivennikov
et al. 2010; Herceg et al. 2013; Liu et al. 2008; Portela and Esteller 2010; Schett
et al. 2013; Ushijima and Hattori 2012; Van Vliet et al. 2007; Wilson 2008). For
example, the gut microbiome (the largest reservoir of microbes in the body)
stimulates host epigenome changes that are linked to inflammatory bowel disease
(Khor et al. 2011; Knights et al. 2013; Kostic et al. 2014; Ventham et al. 2013).
Since there are ~100 trillion microbial cells in the gastrointestinal tract—roughly
ten times more than the cells in the human body—the gut microbiome has the
capacity to produce a variety of compounds that can impact host genomic/
epigenomic processes and metabolism (Bianconi et al. 2013; Garagnani et al.
2013; Shenderov 2012; Stilling et al. 2014). Examples include microbial structural
components and metabolites (e.g., peptides, polysaccharides, endotoxins, short-
chain fatty acids, co-factors) that are potential epigenomic modifiers, which can
affect gene expression and metabolism in the host via transcriptional
reprogramming of host signaling pathways (Gomez-Diaz et al. 2012; Knights
et al. 2013; Paschos and Allday 2010; Stein 2011). Notably, host—gut microbe
interactions can lead to considerable systemic signaling, involving many organs
and organ systems, including the central nervous system (Stilling et al. 2014). Thus,
the role of epigenetics in host—microbe interactions leading to pathological syn-
dromes—with the potential of the disruption of homeostasis due to pathogen
exposure—provides the foundation for the development of new medicines and
diagnostic tests for diseases with epigenomic determinants.

The significant challenge of epigenetic therapies lies in the lack of specificity—
and the global hypomethylation achieved by DNMT inhibitors—which may be
detrimental to developing an effective treatment. Notwithstanding, cancer treat-
ment applications include administration of small molecules that inhibit epigenetic
factors (Dawson and Kouzarides 2012; Romani et al. 2015), risk assessments that
link the degree of aberrant DNA methylation to the likelihood of cell transforma-
tion (Niwa et al. 2010; Stein 2011), and gene therapy targeting epigenetic factors
(Yao et al. 2015). The use of “epigenetic modifier drugs” may extend beyond
cancer to other epigenetically based diseases as evidenced by their current testing
in noncancer clinical trials (e.g., irritable bowel syndrome, Alzheimer disease,
cardiovascular disease, thalassemia, psoriasis) (Romani et al. 2015). Additionally,
combinational therapies—comprising epigenetic modifier drugs and antimicro-
bials—may prove useful in combating infectious diseases and associated disease
manifestations such as blood clotting and inflammation that can cause severe tissue
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damage and organ failure leading to death (Grewal et al. 2013; Herceg et al. 2013;
Moore and Chang 2010; Schleithoff et al. 2012; Yang et al. 2015).
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Chapter 6
Cross Talk Between Bacteria and the Host
Epigenetic Machinery

Hélene Bierne

Abstract Multidisciplinary approaches combining microbiology, cell biology, and
genetics have improved our understanding of bacterial diseases by elucidating
mechanisms employed by bacteria to manipulate eukaryotic cellular processes. In
parallel, research on epigenetics has increased our knowledge about eukaryotic
gene expression by providing a mechanistic basis for the amazing plasticity of the
genome in response to developmental and environmental cues. These two fields of
research have now converged, providing information about the ways in which
bacteria shape the epigenome and the mechanisms by which the epigenetic machin-
ery allows the host to respond to colonization by pathogenic or commensal bacteria.
The study of this cross talk has revealed remarkable diversity in the mechanisms of
action of bacteria on chromatin and has identified epigenetic regulators involved in
host responsiveness to bacteria. One powerful strategy used by intracellular path-
ogens (e.g., Anaplasma, Chlamydia, Ehrlichia, Legionella, Listeria, Mycobacteria,
Mpycoplasma, Shigella) is the secretion of nucleomodulins that manipulate chroma-
tin structure in the host nucleus. The effects of this dialog are often limited in time,
causing transient gene expression changes. However, increasing evidence suggests
that certain epigenetic changes triggered by bacterial molecules are long-lasting,
leading to the priming of transcriptional responses and the reprogramming of genes
involved in inflammation or tolerance, with consequences for reinfection and
polymicrobial infections. In addition, the effects of bacteria on the host epigenome
may ultimately modify the identity of the cell by breaking epigenetic barriers,
leading to cell differentiation, dedifferentiation, or trans-differentiation, thereby
potentially contributing to tissue remodeling and emergence of complex diseases.
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6.1 Introduction

Pathogenic bacteria have evolved a wide range of mechanisms for manipulating
eukaryotic cell functions to their advantage (Diacovich and Gorvel 2010; Jimenez
et al. 2016). In particular, by modifying the host cell transcriptional program, they
disturb diverse cellular processes and take control of host defense systems. The
commensal bacteria of the microbiota also affect host transcriptional gene networks
by producing metabolites that influence the differentiation, proliferation, migration,
and metabolic functions of mucosal cells (Brestoff and Artis 2013). Conversely, in
conditions of microbial attack or colonization, host cells trigger various responses
enabling them to tolerate or eliminate the invaders by mobilizing genes involved in
key processes (e.g., immunity, cell death/survival, adhesion/motility, metabolism)
(Jenner and Young 2005). Studies of the molecular basis of this cross talk are
crucial for an understanding of infectious diseases and mucosal homeostasis.
Research has long focused on the manipulation of transcription factors (e.g.,
NF-xB, FOS/JUN, IRFs, STATs, HIFs, SMADs) (Jenner and Young 2005; Bhavsar
et al. 2007), through the bacteria-mediated deregulation of signaling pathways, or
through posttranslational modifications (PTMs), activating, shutting down, or
delocalizing these transcription factors. Another powerful means by which bacteria
alter the expression of host genes has recently emerged from studies in different
bacterial models: specific modifications of chromatin in the cell nucleus. This
chapter will update a previous contribution dealing with the relationship between
bacteria and chromatin regulation (Bierne et al. 2012) and will present new
evidence for the epigenetic inheritance of bacterial imprints in cells and tissues.
We will first recall the general principles of epigenetic regulation, and several
examples will then be used to illustrate the diversity of mechanisms employed by
bacteria and animal or human cells to mobilize the epigenetic machinery and
modify the expression of susceptibility or resistance genes in the short or long
term. The epigenetic control of adaptive immunity (Alvarez-Errico et al. 2015) and
the effects of plant-associated bacteria on chromatin (Ma et al. 2011; Canonne and
Rivas 2012; Holeski et al. 2012) will not be addressed here.

6.2 The Machinery of Chromatin Regulation

6.2.1 Chromatin Marks

In eukaryotic cells, DNA is wrapped around histone proteins to form nucleosomes,
which are themselves packed with non-histone chromosomal proteins in the chro-
matin fiber. Chromatin condensation organizes and confines the genome into the
tight space of the nucleus. More locally, the state of chromatin compaction plays a
major role in nuclear processes by controlling the accessibility of DNA to the
transcription, replication, and repair machineries. The regulation of chromatin
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structure is a dynamic process that involves DNA methylation (mostly on cyto-
sines) (Klose and Bird 2006; Chen and Riggs 2011), histone PTMs (e.g., phosphor-
ylation, methylation, acetylation, ubiquitination, SUMOylation, citrullination,
ADP-ribosylation) (Kouzarides 2007; Sadakierska-Chudy and Filip 2015), and
the sliding of nucleosomes along the DNA. Mechanisms for modifying and
remodeling chromatin function together, controlling the formation of higher order
chromatin structures that are either loosely packed and transcriptionally active (i.e.,
“euchromatin”) or highly condensed and transcriptionally silent (i.e., “heterochro-
matin”). Different combinations of histone PTMs and DNA methylation patterns
form a code that controls transcription by affecting either chromatin structure itself
or the recruitment of DNA-binding transcription activators or repressors. Several
chromatin marks are known to be associated essentially with transcriptional acti-
vation (e.g., H3K4me, H3S10p, and H3K14ac; all abbreviations are listed in
Table 6.1), whereas others are associated with repression (e.g., H3K9me,
H3K27me, and deacetylated histones). However, it is often difficult to interpret a
specific chromatin signature for the prediction of gene expression outcomes. Some
genes may carry both repressive and activating histone marks, and RNA polymer-
ase II may constitutively bind their proximal promoters, preparing the gene for
efficient future transcription while remaining silent (Mikkelsen et al. 2007). Such
active chromatin states at sites of repressed transcription may “poise” transcripts for
rapid activation in cells in which a rapid change in expression levels is required,
during immune and metabolic responses, for example (Cuddapah et al. 2010; Rye
et al. 2014).

Chromatin modifications also contribute to the alternative splicing of
pre-mRNA, making it possible for a single eukaryotic gene to encode several
proteins with different functions (Allemand et al. 2008; Hnilicova and Stanek
2011). An additional level of complexity is added by noncoding RNAs and
RNA-binding proteins (Turner and Morris 2010; Kaikkonen et al. 2011;
Sadakierska-Chudy and Filip 2015). Most of the genomic DNA of eukaryotes is
transcribed, but only 1-2% of transcripts encode proteins. The vast majority of
RNAs are thus noncoding RNAs (ncRNA) of various sizes, generated from exons,
introns, enhancers, or intergenic regions, in sense or antisense orientation (Mattick
and Makunin 2005; Tisseur et al. 2011). Antisense RNAs and small ncRNAs play
diverse roles in chromatin regulation by recruiting chromatin-modifying enzymes
(Faghihi and Wabhlestedt 2009; Kaikkonen et al. 2011; Cao 2014) and/or acting as
scaffolds localizing genes to specific subnuclear regions (Yang et al. 2011; Schmitz
et al. 2010). Last but not least, RNA can itself be modified, particularly by
adenosine methylation (Dominissini et al. 2012), which affects messenger RNA
localization, stability, splicing, and translation (Meyer and Jaffrey 2014;
Dominissini et al. 2016). The role of the RNA world in the relationship between
microbes and epigenetic regulation is an emerging field of research worthy of
consideration in its own right. This chapter focuses exclusively on the role of
histone and DNA modifications.
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Table 6.1 List of abbreviations

H. Bierne

Name Full name Function

5SmC 5-methylcytosine Epigenetic mark

BAHD1 Bromo Adjacent Homology Domain Scaffold and reader subunit of the
containing 1 BAHDI complex

CHD Chromodomain-helicase-DNA-binding Nucleosome remodeler
protein

CIITA Class II, major histocompatibility complex, | Transcription factor
transactivator

DNMT DNA methyltransferase DNA modifier (writer)

G9a/ Euchromatic histone-lysine Histone modifier (writer)

EHMT2 N-methyltransferase 2

GATAD GATA Zinc Finger Domain Containing Subunits of the NurD complex

2A/2B 2A/2B

H2A Histone H2A Core histone

H2AX H2A histone family, member X Histone variant

H3T3p Histone H3 phosphorylated at threonine 3 Epigenetic mark

H3K4me | Histone H3 methylated at lysine 4 Epigenetic mark

H3K8ac Histone H3 acetylated at lysine 8 Epigenetic mark

H3K9ac Histone H3 acetylated at lysine 9 Epigenetic mark

H3K9me | Histone H3 methylated at lysine 9 Epigenetic mark

H3K9ac Histone H3 acetylated at lysine 9 Epigenetic mark

H3S10p Histone H3 phosphorylated at serine 10 Epigenetic mark

H3K14ac | Histone H3 acetylated at lysine 14 Epigenetic mark

H3K14me | Histone H3 methylated at lysine 14 Epigenetic mark

H3K18ac | Histone H3 acteylated at lysine 18 Epigenetic mark

H3K23ac | Histone H3 acetylated at lysine 23 Epigenetic mark

H3K27me | Histone H3 methylated at lysine 27 Epigenetic mark

HDM Histone demethylase Histone modifier (eraser)

HDAC Histone deacetylase Histone modifier (eraser)

HMT Histone methyltransferase Histone modifier (writer)

HP1 Heterochromatin protein 1 Chromatin reader

INOS8O INOsitol requiring protein 80 Nucleosome remodeler

IKKa IkB kinase alpha Kinase

ISG Interferon-stimulated gene Immunity gene

ISWI Imitation Switch (ISWI) Nucleosome remodeler

JNK c-Jun N-terminal kinase Kinase

LPS Lipopolysaccharide Major component of the outer

membrane of Gram-negative
bacteria

LSD1 Lysine (K)-specific demethylase 1A Histone modifier (eraser)

MAMPS | Microbe-associated molecular patterns Bacterial molecules

MAPK Mitogen-activated protein (MAP) kinase Kinase

MBD1/2 | Methyl-CpG-binding protein 1/2 SmC reader

MIER1/2/ | Mesoderm induction early response protein | Subunits of the BAHD1 complex

3 1/2/3

(continued)
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Name Full name Function

MSK1/2 Mitogen- and Stress-activated Kinase 1/2 Kinase-Histone writer

MTAL1/2/ | Metastasis-associated gene 1/2/3 Scaffold subunit of the NurD

3 complex

MRN Mrel1-Rad50-Nbs1 (MRN) complex DNA repair complex

NF-«xB nuclear factor kappa-light-chain-enhancer of | Transcription factor
activated B cells

NOD1/2 Nucleotide-binding oligomerization domain- | Pattern-recognition receptor
containing protein 1/2

NuRD Nucleosome remodeling and histone Chromatin-remodeling complex
deacetylase

p300/CBP | E1A-binding protein p300/CREB-binding Histone modifier (writer) and
protein reader of histone modifications

PRC1/2 Polycomb repressive complex 1/2 Chromatin-repressive complex

RBBP4/7 | Retinoblastoma Binding Protein 4/7 Subunit of the NurD complex

SATB1 Special AT-rich sequence-binding protein-1 | Nuclear matrix attachment protein

SETDBI1 SET domain, bifurcated 1 Histone modifier (writer)

SIN3A SIN3 transcription regulator homolog A; Scaffold subunit of the SIN3
Histone deacetylase complex subunit Sin3a | complex

SIRT2 Sirtuin 2 Histone modifier (eraser)

SWI/SNF | SWItch/Sucrose Nonfermentable Nucleosome remodeler

TET Ten-eleven translocation Enzyme converting 5-mC to ShmC

TLR Toll-Like-Receptor Pattern-recognition receptor

TNF-R Tumor necrosis factor-receptor Cytokine receptor

VRK1 Vaccinia-Related kinase 1 Kinase

6.2.2 Chromatin Regulators

The molecular machinery controlling chromatin structure includes about 800 pro-
teins with diverse functions (referenced in the EpiFactors database (Medvedeva
et al. 2015); abbreviations for those mentioned here are listed in Table 6.1).
ATP-dependent remodeling enzymes from the SWI/SNF, ISWI, CHD, and
INO80O/SWR families position the nucleosomes by catalyzing the movement of
histone octamers relative to DNA, using energy from ATP hydrolysis to move,
destabilize, evict, or reassemble nucleosomes (Langst and Manelyte 2015). Cova-
lent modifications of chromatin are added or removed by a wide range of enzymes
known as “writers”, such as histone kinases, acetyltransferases (HATs), and
methyltransferases (HMTs), and “erasers”, such as histone phosphatases,
deacetylases (HDACS), and demethylases (HDMs) (Fig. 6.1) (Zhou et al. 2011).
In DNA methylation, the writers of 5-methylcytosine (SmC) are DNA
methyltransferases (DNMTs), which either establish methylation (i.e., the “de
novo” methyltransferases DNMT3a and DNMT3b) or copy methylation patterns
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Fig. 6.1 The epigenetic machinery. Histone posttranslational modifications, histone sliding, and
5-cytosine methylation (SmC) control chromatin structure and gene expression. Chromatin is
modified and remodeled by enzymes known as “writers,” “erasers,” and “remodelers.” Examples
of chromatin enzymes and marks are shown. Activating marks include serine phosphorylation on
lysine 10 (S10p) and acetylation on lysine 14 (K14ac) of histone H3 and methylation on lysine
4 (K4me) of histone H4. Repressive marks include dephosphorylation, deacetylation, and demeth-
ylation of the same residues, as well as methylation of lysine 9 (K9me) of H3. Cytosine
methylation is a repressive mark at promoter sequences and an activating mark at gene bodies.
Its erasure involves a complex pathway with chemical modifications of SmC, followed by passive
demethylation or DNA repair. Epigenetic marks are recognized and interpreted by protein
modules known as “readers.” For instance, the bromodomain of the HAT p300 binds H3K 14ac,
the chromodomain of HP1 binds H3K9me, and the MBD domain of MBD1 binds 5SmC. Writers,
readers, erasers, and nucleosome remodelers act within large macromolecular complexes that open
or close chromatin, leading to gene activation or repression. Cell signaling pathways triggered by
external stimuli control interaction or stability of chromatin-activating or -repressive complex
subunits and their combinatorial interaction with transcription factors (not shown). HAT, histone
acetyltransferase; HMT, histone methyltransferase; HDAC, histone deacetylase; HDM, histone
demethyltransferase; DNMT, DNA methyltransferases. All other abbreviations are listed in
Table 6.1. Adapted from (Bierne et al. 2012)

onto the newly synthesized DNA strand during replication (i.e., the “maintenance”
methyltransferase DNMT1). DNA methylation can be reversed passively, through a
lack of 5SmC copying during DNA replication, or actively through an active erasure
process, involving intermediate chemical modifications of SmC, followed by
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passive demethylation or DNA repair. Several groups of proteins, such as the
ten-eleven translocation (TET) proteins and DNA glycosylases, have been shown
to be involved in this complex process (Bhutani et al. 2011; Chen and Riggs 2011;
Wu and Zhang 2011). 5SmC and histone PTMs serve as signaling platforms for
proteins known as “readers”, which interact, stabilize, or modify other chromatin
components (Fig. 6.1). Histone readers are docked onto specific PTMs via
chromatin-binding modules, such as bromodomains (BRD), bromo-adjacent
homology domains (BAH), chromodomains, 14-3-3, Tudor, or PHD domains
(Taverna et al. 2007). Methyl-cytosine readers include methyl-DNA-binding
domains (MBD), SET and RING-associated domains (SRA), and some specific
zinc finger motifs (Sasai and Defossez 2009; Liu et al. 2013; Buck-Koehntop and
Defossez 2013).

Writers, readers, and erasers are often modular proteins with several properties.
The enzyme p300/CBP illustrates this well: it acts as a writer (via its HAT module),
a reader (via its bromodomain), and an adaptor (via other modules). In addition,
writers, readers, erasers, and remodelers often function as subunits of large macro-
molecular complexes assembled with scaffold proteins. NurD is a paradigm of such
chromatin-remodeling complexes (Fig. 6.2). It contains MTA scaffolding proteins
(MTA1, MTA2, MTA3) that bridge subunits involved in nucleosome remodeling
(CHD3, CHD4), histone deacetylation (HDAC1, HDAC2), and demethylation
(LSD1), binding to other subunits and histones (RBBP4, RBBP7, GATAD2A,
GATAD2B), and the targeting of methylated DNA (MBD2) and transcription
factors (MBD3) (Lai and Wade 2011). The combinatorial assembly of these sub-
units determines the function of NuRD in genomic targeting and in the mediation of
cell type-specific transcriptional regulations, such as the repression of tumor sup-
pressor genes.

6.2.3 Signaling to Chromatin

The modular, multifunctional, and combinatorial nature of this regulation ensures
extremely precise temporal and spatial control over chromatin structure (Ram et al.
2011). The vast array and different combinations of histone PTMs coordinate the
sequential recruitment of complexes in a regulatory process that reinforces or
reverses existing histone PTMs (Latham and Dent 2007; Lee et al. 2010; Suganuma
and Workman 2011). For instance, the Polycomb repressive complexes PRC2 and
PRCI1 are sequentially recruited, first to “write” H3K27me3 and then to “read” this
mark to induce the mono-ubiquitylation of histone H2A, ultimately leading to
chromatin compaction at target genes (Margueron and Reinberg 2011). Such
cross talk also takes place between histone PTMs and DNA methylation (Cedar
and Bergman 2009; Du et al. 2015), via the interaction of histone and DNA
modifiers and readers (Li et al. 2006; Vire et al. 2006; Fujita et al. 2003; Ichimura
et al. 2005). Cooperation between chromatin-remodeling complexes and DNMTs is
particularly important in the maintenance of a specific chromatin state (Cai et al.
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Fig. 6.2 The NuRD and BAHDI1 chromatin-repressive complexes. NuRD and BAHD1 com-
plexes are examples of chromatin-associated macromolecular complexes involved in gene repres-
sion. Both contain scaffold proteins (MTA1/2/3 and BAHD1-MIER1/2/3, respectively) that bridge
subunits involved in histone deacetylation (HDAC1, HDAC2), nucleosome remodeling (CHD3,
CHD4), and binding to methylcytosine (SmC) (MBD2 and MBDI, respectively). The BAHD1
complex also contains a HMT subunit (e.g., G9a) that “writes” the H3K9me mark to which the
heterochromatin protein HP1 binds. In addition, the BAH domain of BAHDI1 is a reader of the
H3K27me mark. The function and targeting of these complexes to specific loci depend on the
combinatorial assembly of the different subunits with transcription factors (TF) in response to
external signals. Upon Listeria infection, the BAHD1 complex assembles at promoters of a set of
interferon-stimulated genes (as shown in Fig. 6.3). BAHD1 also controls expression of metabolic
genes. Adapted from (Lakisic et al. 2016)

2014). The spatial information required to guide chromatin regulators towards
specific sites within the genome is provided by combinatorial interactions with
DNA-bound transcriptional factors and/or ncRNAs.

Diverse PTMs induced by cell signaling pathways alter the interaction or
stability of subunits of chromatin-associated complexes and transcription factors.
Signal transduction information is thus translated into chromatin structure in
response to various external signals (Mohammad and Baylin 2010; Arzate-Mejia
et al. 2011). In particular, phosphorylation and sumoylation are important modifi-
cations in the function of chromatin-modifying complexes (Garcia-Dominguez and
Reyes 2009; Baek 2011). For instance, phosphorylation of the transcription factor
¢c-JUN by JNK kinase impairs the binding of c-JUN to the MBD3 subunit of the
NuRD complex, thereby relieving repression of target genes (Aguilera et al. 2011).
Several kinases of signal transduction pathways, such as JNK, MSK1/2, and IKKa,
can directly phosphorylate histones (Baek 2011; Tiwari et al. 2011) or histone
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readers, such as HP1 (Hiragami-Hamada et al. 2011). The signaling molecules
activated in cells in response to a wide range of stimuli thus have major effects on
the language and syntax of chromatin, through their control of transcription factors
and large chromatin-associated co-activator or co-repressor complexes (Fig. 6.1).

6.2.4 Epigenetic Inheritance

Some chromatin modifications remain stable in interphase cells and can be trans-
mitted to daughter cells through mitosis, resulting in their persistence after the
disappearance of the initiating signal. This transmission process, resulting in
heritable changes in gene expression without altering the sequence of nucleotides
in the DNA, defines epigenetic regulation (Riggs et al. 1996).

Epigenetic marks play a key role in cell differentiation, by enabling a cell to
“remember” its transcriptional profile. Specific epigenetic signatures fix the identity
of the cell while allowing it to respond to external signals. This plasticity explains
how the DNA sequence of single cell, the zygote, can generate a huge number of
different cell types (about 200 in the human body), most of which being highly
differentiated and specialized, whereas others remaining undifferentiated and plu-
ripotent for cell renewal. However, many of the epigenetic marks induced by cell
signaling, DNA repair, or cell cycle transitions are short-lived and do not result in
long-term memory. This has led to controversy concerning the use of the terms
“epigenetic” and “epigenetic marks” to describe chromatin-associated processes
and modifications that are not heritable. Adrian Bird has proposed a definition of
epigenetic events accounting for both transient and stable modifications of epige-
netic language: “a structural adaptation of chromosomal regions so as to register,
signal or perpetuate altered activity states” (Bird 2007).

Intense efforts are currently focused on unraveling the mechanisms by which
transient epigenetic changes are converted into epigenetic inheritance, particularly
given the great importance of these processes in regenerative medicine and research
on complex diseases, such as cancer and metabolic and autoimmune diseases.
Novel technologies, such as genome-wide epigenomics, chromosome conformation
capture (3C), and super-resolution microscopy, have highlighted the complex three-
dimensional organization of the genome with large chromatin domains (Guelen
et al. 2008; Padeken and Heun 2014; Mattout et al. 2015), the formation of
chromosomal loops (Kohwi-Shigematsu et al. 2012; Noordermeer and Duboule
2013), and a nonrandom subnuclear localization of chromatin-associated com-
plexes (Wani et al. 2016). Diverse elements, including enhancers and insulators,
regulate topological domains, their boundary regions, and gene looping
(Noordermeer and Duboule 2013). The formation of boundaries blocking the
spread of heterochromatin is particularly critical for the maintenance of stable
gene expression patterns. Recent studies compiling data from a hundred of
human epigenomes have highlighted the importance of examining chromatin at
the megabase scale and of defining epigenetic profiles for regulatory elements
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located at some distance from promoters (Roadmap Epigenomics et al. 2015;
Romanoski et al. 2015). Such chromatin signatures constitute epigenetic barriers
to transcription factor-mediated reprogramming processes. Here, it is worth
recalling a groundbreaking discovery in 2006: exogenous expression of a cocktail
of transcription factors (Oct4, Sox2, K1f4, and Myc) is sufficient to turn any cell of
the body into a pluripotent stem cell (iPS) (Takahashi and Yamanaka 2006).
However, this nuclear reprogramming is an inefficient process. Recently, it was
reported that depletion of the MBD3 subunit of the NuRD complex greatly
improves the efficiency of reprogramming (Rais et al. 2013). This highlights the
need to reset the epigenetic landscape of differentiated cells, so they can go back to
pluripotency.

In conclusion, the epigenome can change rapidly in response to developmental,
physiological, or environmental stimuli, but its stability is also important for the
maintenance of cell identity. The mechanisms underlying this plasticity are highly
sophisticated. Many studies have shown that bacterial products affect these mech-
anisms, through the activation of signaling cascades or the direct targeting of
chromatin and chromatin regulators in the nucleus, as reviewed below through
several examples (Table 6.2). Assessing the magnitude of these effects is an
emerging fundamental question, which will also be illustrated here.

6.3 Bacterial Effects on the Host Epigenome

6.3.1 Lessons from Listeria and Anaplasma

Listeria monocytogenes is a food contaminant causing listeriosis, a serious disease
for immunocompromised individuals, fetuses, and newborns. This facultative intra-
cellular bacterium is a powerful model to study various aspects of the molecular
interactions between pathogen and mammalian cells (Hamon et al. 2006), espe-
cially as it invades many different cell types and reaches various organs, such as the
liver, spleen, placenta, and brain. In addition, it triggers a wide range of innate
immune responses and a potent protective T-cell response (Pamer 2004).
Anaplasma phagocytophilum, the causative agent of human granulocytic anaplas-
mosis, is another interesting bacterial model to address fundamental questions in
cellular microbiology, as it displays a remarkable tropism for neutrophils. This
obligate intracellular pathogen survives in the hostile environment of the neutrophil
by abrogating key antimicrobial functions. This property is partly attributed to A.
phagocytophilum’s ability to shape the transcriptional program of the host cell to its
advantage (Borjesson et al. 2005; Lee et al. 2008; Sinclair et al. 2014). The studies
on Listeria and Anaplasma have proven to be particularly suitable to identify
mechanisms involved in chromatin modifications induced by microbial pathogens
(Fig. 6.3).
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Table 6.2 Examples of bacteria-mediated effects on chromatin regulation

Bacterial species

Bacterial factor

Effect

Anaplasma AnkA Nucleomodulin. Binding to chromatin at AT-rich
phagocytophilum DNA sequences; silencing of the CYBB gene
? Increased expression of HDACI and DNMT3a genes
? Genome-wide DNA methylation changes
Bacillus LT Toxin. Inhibition of MAPK and of H3S10p and
anthracis downregulation of /L-8 and KC genes
BaSET Nucleomodulin. Putative histone methyltransferase
Campylobacter ? Hypermethylation in the promoter region PO of the
rectus IGF?2 gene in the murine placenta
Chlamydia NUE Nucleomodulin. Histone methyltransferase
trachomatis
Chlamydia SinC Nucleomodulin. Binding to the nuclear inner
psittaci membrane
Coxiella burnetii | Cbul314 Nucleomodulin. Binding to chromatin
Ehrlichia Ank 200 Nucleomodulin. Binding to chromatin at Alu-Sx
chaffeensis Trp120 elements
Nucleomodulin. Binding to G+C-rich motifs
Escherichia coli | NleC Nucleomodulin. Protease that degrades the HAT
p300/CBP (in EPEC and EHEC)
? DNA methylation and downregulation of CDKN2A
(in UPEC)
? Change expression of the HMT EZH2 (PRC2 com-
plex) (in UPEC)
Helicobacter ? Induction of H3 modifications
pylori ? Induction of DNA methylation in gastric mucosa
Legionella Flagellin Histone acetylation in infected lung epithelial cells
pneumophila RomA/LegAS4 Nucleomodulin. Histone methyltransferase at
H3K14 (in chromosomes) or H3K4 (in the
nucleolus).
Listeria MAMPS PRR-induced signaling pathways leading to H4
monocytogenes acetylation and H3 phosphorylation/acetylation
LLO Toxin. Induction of a signaling pathway via K*
efflux at the plasma membrane, leading to histone
dephosphorylation and deacetylation
InlB Invasin. Activation of the Met-PI3K-Akt signaling
pathway, leading to nuclear translocation of the
sirtuin SIRT2 and histone H3K18 deacetylation
? Repression of ISGs by the BAHDI chromatin-
repressive complex (epithelial cells)
LntA Nucleomodulin. Inhibitor of BAHDI and activator
of ISGs (epithelial cells)
Moraxella ? Induction of histone H3 and H4 modifications at the
catarrhalis IL8 promoter
?

Reduction in expression and activity of HDAC1/2 in
airway epithelial cells.

(continued)
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Bacterial species

Bacterial factor

Effect

Mycobacterium | Rv1988 Nucleomodulin. Histone methyltransferase at
tuberculosis H3R42
Rv3423 Nucleomodulin. Histone acetyltransferase at H3K9/
K14
Rv2966¢ Nucleomodulin. DNA methyltransferase that meth-
ylates cytosines in a non-CpG context
? Control of the chromatin-repressive complex SIN3a
at ISGs
? Genome-wide DNA methylation changes
? Epigenetic reprogramming of monocytes
Mycoplasma Mhyl Nucleomodulin. DNA methyltransferase that meth-
hyorhinis ylates cytosines in a CG context
Mhy2 Nucleomodulin. DNA methyltransferase that meth-
ylates cytosines in a CG context
Mhy3 Nucleomodulin. DNA methyltransferase that meth-
ylates cytosines in a GATC context
Porphyromonas | ? Reactivation of latent viruses via chromatin modifi-
gingivalis cation induced by butyrate
Shigella flexneri | OspF Nucleomodulin. Downregulation of MAP-kinase in
the nucleus by eliminylation. Inhibition of phos-
phorylation of H3S10 and HP1-y. Downregulation
of immune response genes.
OspB Nucleomodulin. Binding to Rb
IpaH Nucleomodulin. Ubiquitin ligase targeting a splicing
factor
Bacterial product | Butyrate Inhibition of HDAC activity
Flagellin Activation of NF-kB pathways leading to histone
phosphorylation and acetylation
LPS Inducer of innate immunity via activation of TLR4-

mediated responses and the production of
pro-inflammatory cytokines; induces immunosup-
pression by chromatin modifications upon repeated
challenge.

2-aminoacetophenone

A bacterial quorum-sensing molecule that dampens
host immune responses, by increasing HDAC1
expression and activity

Bacterial species are listed by alphabetical orders. References are in the text

6.3.1.1 Histone Modifications as a Host Response to Bacterial
Molecular Patterns

A first effect of L. monocytogenes infection on chromatin has been described in
human umbilical vein endothelial cells (HUVECs) cells, in which sensing of
cytosolic bacterial molecules by pattern-recognition receptors, such as NODI,
activates MAP-kinases (MAPK). The downstream signaling pathway activates
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Fig. 6.3 Impacts of Listeria monocytogenes and Anaplasma phagocytophilum on chromatin
regulation. (a) Detection of intracellular L. monocytogenes by pattern-recognition receptors
(PRR) activates MAPK signaling pathways, leading to histone phosphorylation by MSK1/2 and
histone acetylation by p300/CBP and transcriptional activation of pro-inflammatory genes. To
control host genes, L. monocytogenes secretes effectors that activate signaling cascades or directly
act on the chromatin-regulatory machinery. Toxin LLO induces dephosphorylation and
deacetylation of histones via a signaling pathway involving potassium efflux at the plasma
membrane. Invasin InlB activates the Met-PI3K pathway, leading to translocation of histone
deacetylase SIRT?2 into the nucleus and SIRT2-mediated H3K18 deacetylation and repression at
a set of defense genes. In epithelial cells, L. monocytogenes infection induces interferon signaling
pathways and recruitment of the BAHD1 repressive complex at interferon-stimulated genes by an
unknown signal. When bacteria express the /ntA gene, the nucleomodulin LntA enters the nucleus
where it binds BAHD1, inhibits the BAHD1-HDACT silencing complex, restores H3K9 acetyla-
tion, and enhances the expression of ISGs. (b) A. phagocytophilum infection activates expression
of HDACI and DNMT3a genes and induces genome-wide DNA hypermethylation. Anaplasma
secretes the nucleomodulin AnkA that binds host DNA at AT-rich motifs overlapping with nuclear
matrix attachment regions. One AnkA targeted locus is the CYBB promoter, where AnkA recruits
HDACI, leading to CYBB silencing. Adapted from (Lebreton et al. 2012) and (Rennoll-Bankert
and Dumler 2012)
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MSK1/2-mediated H3S10 phosphorylation and increased binding of the HAT
p300/CBP at the IL-8 gene promoter. The subsequent phosphorylation and acety-
lation of histones (H3S10p, H4K8ac, and H3K14ac) activate expression of this
pro-inflammatory gene (Opitz et al. 2006; Schmeck et al. 2008). This is an illus-
tration of how the host cell responds to an invading pathogen through local change
of the chromatin structure at a defense gene (Fig. 6.3).

6.3.1.2 Histone Modifications Induced by Bacteria-Induced Specific
Signaling

To control host responses, L. monocytogenes secretes specific effectors that dampen
expression of a set of defense genes through activation of cellular signal transduc-
tion pathways (Fig. 6.3a). The pore-forming toxin Listeriolysin O (LLO) triggers
potassium efflux by forming a pore at the plasma membrane. In human epithelial
HeLa cells, this signal promotes a drastic and global deacetylation and dephos-
phorylation of histones and downregulates expression of a subset of immune genes,
encoding for instance the inflammatory cytokine CXCL2, interferon regulatory
factor 3 IFIT3, and phosphatase MKP2 (Hamon et al. 2007; Hamon and Cossart
2011). It is worthy to note that LLO also increases phosphorylation of the histone
variant H2AX, a marker for DNA damage. The mechanism at play involves
degradation of Mrell, a sensor of double-strand DNA breaks involved in DNA
repair pathways (Samba-Louaka et al. 2014). Thus, signaling responses to
LLO-mediated membrane perforation impact both the genome and epigenome.
This suggests a mechanism by which LLO may prime the host cell for genetic
and epigenetic changes before bacterial invasion.

Listeria invasion itself impacts chromatin regulation through the action of the
internalization protein InlB, a ligand of the tyrosine kinase receptor c-Met. InIB—
cMet interaction activates the PI3K-Akt pathway, leading to relocalization of the
histone deacetylase SIRT2 from the cytoplasm to the nucleus. SIRT2 represses
expression of a set of genes during Listeria infection by catalyzing H3K18
deacetylation at their transcription start sites (Fig. 6.3a). A significant number of
these genes are implicated in transcription regulation (i.e., SMAD1, FOXM1, IRF2)
and cell signaling (RASGRP1, MAPKI4, PIK3R3, PTPNG, SOSI, VAV3, ABLI,
CAMK26, MAP2K6, LEFI). The inactivation of the Sir¢2 gene in a mouse model of
listeriosis has demonstrated the importance of the SIRT2 regulation in Listeria
infection (see Sect. 4.1). The link between Akt signaling and SIRT?2 is intriguing
and remains to be characterized.

6.3.1.3 Direct Control of the Chromatin-Regulatory Machinery by
Bacterial Nucleomodulins: The LntA and AnkA Paradigms

Searching for L. monocytogenes effectors targeting intracellular organelles was an
opportunity to discover a more active manner used by L. monocytogenes to subvert
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chromatin regulation processes. This approach led to the identification of Listeria-
nuclear-targeted protein A (LntA), a small basic protein that translocates into the
nucleus when expressed by intracellular Listeria. LntA interacts with a chromatin
repressor, BAHDI1 (Bierne et al. 2009; Lebreton et al. 2011), which is a core
component of a chromatin-repressive complex that stimulates histone modifica-
tions, DNA methylation, and chromatin compaction (Libertini et al. 2015; Lakisic
et al. 2016). The BAHD1-associated complex displays analogy with NuRD: it
contains BAHD1 and MIER proteins that share structural features with the scaffold
proteins MTAs of NuRD and bridge together chromatin writers, erasers, and
readers mostly involved in gene repression (Fig. 6.2). As for NurD, the set of
genes repressed by the BAHD1 complex depends on the cell type, as well as on
the signal to which cells are submitted. Upon infection of epithelial cells with
L. monocytogenes, BAHDI1 represses Interferon-Stimulated Genes (ISGs)
(Lebreton et al. 2011), which are important players in the innate immune response
(Dussurget et al. 2014). When L. monocytogenes expresses IntA, the secreted factor
LntA enters the nucleus and alleviates BAHD1 and HDAC1/2 binding to ISG
promoters, leading to histone deacetylation and upregulation of ISG expression
(Fig. 6.3a). LntA interacts directly with a central proline-rich region of BAHD1, via
a surface patch containing a dilysine motif (K180/K181), located nearby a groove
on the elbow region of LntA identified by crystallography (Lebreton et al. 2014).
Mutation of this strategic dilysine abolishes LntA binding to BAHD1 and LntA-
mediated stimulation of interferon responses upon infection. Inactivation or
overexpression of /ntA in bacteria, as well as knockdown of Bahdl in the mouse
(see Sect. 4.1), alters the infectious process in vivo (Lebreton et al. 2011). However,
the signaling pathways that govern BAHD1 and LntA synthesis and the loading of
these factors onto chromatin nearby ISGs are unknown. Thus, several questions
remain to be addressed to understand how the LntA-BAHDI interplay modulates
the interferon (IFN) response in time and space during bacterial colonization of
the host.

The study of LntA enabled to define the family of nucleomodulins, which
encompasses bacterial effectors acting on nuclear processes after translocation
into the nucleus (Bierne and Cossart 2012). A. phagocytophilum produces several
nucleomodulins (Sinclair et al. 2015a). The extensive characterization of one of
them, Ankyrin A (AnkA), has provided other conceptual advances on mechanisms
by which bacterial actors may act on chromatin. AnkA is a large bacterial effector
characterized by a central region containing ankyrin (Ank) repeats (Park et al. 2004;
Garcia-Garcia et al. 2009b). Interestingly, Ank repeats are commonly found in
eukaryotic proteins, notably in several nuclear proteins that bind transcription
factors. Following its secretion in the cytoplasm by a bacterial type IV secretion
system (T4SS), AnkA enters the granulocyte nucleus, binds stretches of AT-rich
DNA, and alters transcription of antimicrobial defense genes. In particular, AnkA
represses CYBB, which encodes the subunit beta (NOX2) of the NADPH oxidase
(Garcia-Garcia et al. 2009b; Rennoll-Bankert and Dumler 2012). The mechanism at
play involves binding of AnkA to DNA in the CYBB promoter region, direct
recruitment of HDAC1 by AnkA, and deacetylation of H3 (Rennoll-Bankert et al.
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2015) (Fig. 6.3b). As a consequence, the pathogen obtains a significant fitness
advantage as it prevents superoxide anion production by the NADPH oxidase and
associated bactericidal effects.

AnkA not only binds the CYBB locus. It also targets several DNA regions rich in
AT nucleotides on distinct chromosomes (Park et al. 2004; Garcia-Garcia et al.
2009b). Remarkably, AnkA-binding sites overlap within matrix attachment regions
(MARs) that serve as attachment sites for nuclear matrix proteins and mediate
structural organization of the chromatin within the nucleus (Rennoll-Bankert et al.
2015). AnkaA is in this way a functional mimic of the host MAR-binding protein
SATBI1, which is known to bind to the CYBB promoter and represses transcription
early during myeloid differentiation by recruiting HDACs (Wang et al. 2010).
SATBI1 has a wide action on chromatin, as it contributes to the formation of nuclear
architectural platforms that anchor hundreds of gene loci and control large-scale
transcriptional reprogramming (Kohwi-Shigematsu et al. 2012). This opens the
fascinating hypothesis that bacterial effectors like AnkA could act as global
genome organizers both acting in cis (locally) and trans (at a distance) to a target
gene. By controlling the dynamics of chromosomal looping, they may change the
three-dimensional structure of chromatin (Sinclair et al. 2014). Recent mapping of
AnkA binding sites on the neutrophil genome by ChIP-seq further supports this
concept of microbial factors acting as genome “re-organizers” (Dumler et al. 2016).
Also in line with this idea, there is evidence that BAHD1-mediated heterochromatin
formation plays a role in the spatial architecture of the genome (Libertini et al.
2015). Thus, LntA-mediated inhibition of BAHD1 might also change the structure
of large domains involved in the co-regulations of ISGs upon L. monocytogenes
infection.

6.3.1.4 Deregulation of Epigenetic Factor Genes and Genome-Wide
Mediated Epigenetic Changes

Numerous neutrophil genes are differentially expressed during A. phagocytophilum
infection (Borjesson et al. 2005; Lee et al. 2008; Sinclair et al. 2014). Several of
them are downregulated, coinciding with HDACT1 binding and H3 deacetylation at
their promoters (Garcia-Garcia et al. 2009a, b). However, most of them are
upregulated (Borjesson et al. 2005), in agreement with the complex effects of
infection on host gene expression. It was recently shown that DNA methylation
levels in the neutrophil genome are profoundly altered after 24 h of infection with
A. phagocytophilum. In particular, many regions within 3 kb from gene transcrip-
tional start and termination sites and at intron—exon junctions become
hypermethylated. In addition, expression of the HDACI and DNMT3A genes is
increased with infection (Garcia-Garcia et al. 2009a; Borjesson et al. 2005)
(Fig. 6.3b). Overall, these findings highlight that Anaplasma infection induces
large epigenomic changes as a result from the combined action of diverse mecha-
nisms, including changes in expression of epigenetic factors and cross talk between
these factors. Pharmacologic inhibition of histone deacetylases or DNA
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methyltransferases decreases Anaplasma intracellular survival (Garcia-Garcia et al.
2009a; Sinclair et al. 2015b), supporting the notion that broad epigenetic changes
contribute to disease.

In summary, the Listeria and Anaplasma paradigms illustrate the diversity of
mechanisms involved in modification of chromatin structure during bacterial infec-
tion, both at local and large genomic scales.

6.3.2 Chromatin Modifications Driven by Bacteria:
Additional Examples

6.3.2.1 Histone Modifications

As shown for Listeria, bacteria in contact with eukaryotic cells have the ability to
activate a large repertoire of host signaling pathways (e.g., MAPKs, NF-xB, and
PI3K pathways) acting on histone kinases and acetylases (Yamamoto et al. 2003;
Baek 2011). This is particularly the case of pro-inflammatory pathways. For
instance, Moraxella catarrhalis, a saprophytic bacterium of the respiratory tract,
and Bacteroides vulgatus, a commensal of the intestinal flora, induce inflammatory
signaling cascades leading to phosphorylation/acetylation of H3 (Haller et al. 2003;
Slevogt et al. 2006). The gastric pathogen Helicobacter pylori secretes the peptidyl
prolyl cis-, trans-isomerase HP0175 that activates a TLR4-MAPK-MSK1 pathway
leading to H3 phosphorylation and activation of the pro-inflammatory gene /L-6 in
THP-1 monocytes (Pathak et al. 2006). Bacterial lipopolysaccharide (LPS) and
flagellin trigger histone acetylation and phosphorylation events at the IL-§ gene
downstream of the NF-xB pathway (Saccani et al. 2002; Schmeck et al. 2008).
However, inflammation is often counteracted by bacteria-driven mechanisms. In
the case of B. vulgatus, this is performed by induction of the TGF-f1 anti-
inflammatory pathway, which in turn induces H3 deacetylation and gene silencing
via HDAC recruitment at pro-inflammatory gene promoters (Haller et al. 2003).
This mechanism prevents B. vulgatus from eliciting a strong inflammatory 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
events. As described above for Listeria LLO (Fig. 6.3a), the pore-forming toxins
PFO of Clostridium perfringens, PLY of Streptococcus pneumoniae, and aerolysin
from Aeromonas hydrophila share a common mechanism that modulates histone
marks, and subsequent gene expression, by acting on intracellular potassium levels
(Hamon et al. 2007). Lethal toxin (LT) from Bacillus anthracis, the agent of
anthrax, uses another mechanism by cleaving and inactivating MAPKKs, leading
to disruption of 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 H3K 14ac at the promoters of /L-8 and KC genes (Raymond
et al. 2009). In macrophages exposed to LT, MAPK inhibition induces expression
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of HDACS, which results in a decrease of H3K27ac levels at one enhancer of the
ILI-p gene and the subsequent repression of this gene (Ha et al. 2016).

It is interesting to notice that besides immunity and inflammatory genes, changes
in histone PTMs can also enable a pathogen to control expression of host genes
involved in cell proliferation and death, as illustrated by the carcinogenic bacterium
H. pylori. In gastric epithelial cells, this pathogen induces transient dephosphory-
lation of H3S10 and H3T3, as well as deacetylation of H3K23 (Fehri et al. 2009;
Ding et al. 2010a). These modifications impact both the cell cycle (Fehri et al. 2009)
and transcription of the oncogene c-JUN and heat shock gene hsp70 (Ding et al.
2010a). In addition, H. pylori-mediated pre-mitotic arrest involves dephosphoryla-
tion of H3S10 upon deregulation of the mitotic histone kinase VRK1, followed by
rephosphorylation of H3S10 by an IKKa-dependent pathway. Furthermore, expo-
sure of H. pylori to gastric epithelial cells promotes release of HDAC1 from the
promoter of the cell cycle regulator gene p21"*”, hyper-acetylation of H4, and
increased expression of p21"" (Xia et al. 2008). These mechanisms may contrib-
ute to various H. pylori-associated gastric pathologies, including ulcers, mucosa-
associated lymphoid tissue lymphoma, and cancer.

IFN responses are also modulated by diverse chromatin-based mechanisms. Like
Listeria, Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis,
controls histone-modifying multiprotein complexes at IFN-responsive genes
(Lebreton et al. 2012). In macrophages infected with Mtb or exposed to Mtb
components, such as the lipoprotein LpqH, genes induced in response to IFN-y
are partly repressed (Wang et al. 2005; Pennini et al. 2006). These genes include
CIITA, coding for the master regulator of MHC class II genes, as well as some of its
targets (e.g., HLA-DR). Activation of the TLR2-MAPK-dependent pathway upon
Mtb infection stimulates recruitment of the transcriptional repressor C/EBP and
histone deacetylation at the promoter of CIITA, antagonizing the nucleosome-
remodeling activity of the SWI/SNF complex and downregulating CIITA expres-
sion (Pennini et al. 2007). Additionally, mycobacterial infection upregulates the
expression of SIN3A, which encodes a core subunit of a HDAC-associated macro-
molecular complex (Wang et al. 2005) related to NuRD and BAHD1 complexes.
Thus, to counteract IFN-y-induced pathways, Mtb not only silences CIITA but also
CIITA-regulated genes, such as HLA-DR, upon increased recruitment of SIN3A-
HDAC: to their promoters.

6.3.2.2 DNA Methylation

The importance of DNA methylation events associated with bacterial infections is
also becoming increasingly appreciated. However, as for histone PTMs, alteration
of SmC patterns can result from an amalgam of bacteria-driven and host-driven
effects on chromatin. Moreover, it can be difficult to connect gain or loss of this
epigenetic mark to transcriptional changes. Indeed, the transcriptional effects of
5mC marks depend on their localization. Gain of DNA methylation is mainly
coupled with transcriptional silencing at CpG-rich regions in promoters and
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enhancers and transcriptional activation at CpG-poor regions in gene bodies (Klose
and Bird 2006; Chen and Riggs 2011). Interpreting the effect of bacteria on cytosine
methylation is thus complex. This is illustrated by genome-wide studies of Myco-
bacterium-induced DNA methylation changes. On one hand, the response of human
dendritic cells to Mtb infection is accompanied by both widespread de novo
methylation and active demethylation primarily at enhancer elements (Pacis et al.
2015). On the other hand, the response of human THP-1 macrophages to Mtb
infection is mostly accompanied by hypermethylation predominantly at cytosines
present in a non-CpG dinucleotide context (Sharma et al. 2016). These differences
may be explained by the use of different host cell models and infection times.
Several DNA methylome maps have probably to be drawn in order to assess with
robustness the dynamics of cytosine methylation during infection.

H. pylori infection also induces aberrant DNA methylation. In the human gastric
mucosa, changes in SmC patterns upon infection have been identified, strikingly at
promoters of genes found methylated in gastric cancer cells (Maekita et al. 2006;
Ding et al. 2010b; Hattori and Ushijima 2016). H. pylori-associated
hypermethylation occurs for instance at the E-cadherin gene CDHI (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., MLHI (Yao et al. 2006)], as well as in CpG
islands of miRNA genes (Ando et al. 2009). The ability of H. pylori to induce DNA
methylation in the gastric mucosa was confirmed in the gerbil animal model, and,
interestingly, this effect was relieved upon treatment with the immunosuppressor
cyclosporin A (Niwa et al. 2010). Moreover, H. pylori-mediated inflammation
triggers lymphocyte and macrophage infiltration, which appears to have a key
role in induction of DNA methylation (Hur et al. 2011). It is currently believed
that DNA methylation changes upon H. pylori infection are mostly the indirect
consequence of the associated inflammatory responses (Hattori and Ushijima
2016). Signals from macrophages produced by chronic inflammation, such as
IL-1pB, TNF-a, or nitric oxide, may affect factors that protect DNA from methyla-
tion, such as TET proteins (Hattori and Ushijima 2016). It remains unclear whether
H. pylori effectors contribute more directly to aberrant epigenetic changes during
gastric cancer progression (Valenzuela et al. 2015). There is a growing number of
studies showing that epigenetic changes, particularly in DNA methylation, are
linked to an increased inflammatory response (Bayarsaihan 2011; Medzhitov and
Horng 2009), as well as increased risk of chronic disease development and
cancerization. The role of bacteria in shaping patho-epigenetic landscapes will be
discussed in detail in Sect. 5.

Epithelia other than that of the stomach can undergo bacteria-induced DNA
methylation changes. There is evidence that in the oral cavity bacterial-induced
chronic infection and uncontrolled inflammatory response may trigger epigenetic
modifications. As an illustration, periodontally inflamed gingival biopsies showed a
significant increase in promoter methylation of the gene encoding the
pro-inflammatory enzyme COX-2, compared with non-inflamed biopsy samples
(Zhang et al. 2010). This would allow a chronic inflammatory stimulus to be
tolerated, preventing unrestricted tissue destruction. Whether this is a bacteria-
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triggered phenomenon is unknown, but it is noteworthy that resident bacteria, such
as Porphyromonas gingivalis, can induce hypermethylation of specific genes in
gingival epithelial cells (Yin and Chung 2011).

In human uroepithelial cells, infection with uropathogenic Escherichia coli
(UPEC) results in the upregulation of DNMT activity and DNMTI expression
and induces CpG methylation and downregulation of CDKN2A, a Gl cell cycle
inhibitor regulator (Tolg et al. 2011). This may increase uroepithelial cell prolifer-
ation and pathogen persistence, by counteracting infection-stimulated host cell
apoptosis. The placenta can also be targeted by bacteria-mediated epigenetic
changes. Indeed, maternal infection with Campylobacter rectus induces
hypermethylation of the imprinted /GF2 gene promoter in murine placental tissue
(Bobetsis et al. 2007). This finding suggests that bacterial infections during preg-
nancy might epigenetically affect genes involved in fetal development.

Last but not least, there is evidence that nonpathogenic inhabitants of the gut
shape the DNA methylome. The gene TLR4, which encodes a LPS-sensing recep-
tor, is downregulated in intestinal epithelial cells, and a role of the commensal
bacteria in TLR4 methylation and silencing is suspected (Takahashi et al. 2011).
This is proposed to maintain intestinal homeostasis by preventing an excessive
inflammatory reaction to the gut microbiota.

6.3.3 Bacterial Nucleomodulins

6.3.3.1 Nucleomodulins Acting Via Protein—Protein or Protein~-DNA
Interactions

As discussed above, L. monocytogenes LntA is a paradigm for nucleomodulins
acting as inhibitor of HDAC-associated complexes, while A. phagocytophilum
AnkA is a paradigm for nucleomodulins binding DNA and recruiting HDAC-
associated complexes. So far, LntA orthologs have not been identified in other
bacterial species, at least at the level of the primary protein sequence. In contrast,
Ank-containing proteins are present in several human intracellular bacterial path-
ogens, such as Ehrlichia, Rickettsia, Orientia, Coxiella, and Legionella species. In
particular, the protein Ank200 (or p200) from Ehrlichia chaffeensis (Wakeel et al.
2010) binds Alu-Sx elements located in promoters and introns of various human
genes (Zhu et al. 2009). Several p200 target genes are strongly upregulated during
infection, suggesting that p200 may affect gene transcription at a large genomic
scale through mechanisms associated with Alu element gene regulation. Several
other tandem-repeat containing proteins (TRPs) from E. chaffeensis may also enter
into the nucleus (Luo et al. 2011; Luo and McBride 2012). Of those, the
E. chaffeensis 32-kDa and 120-kDa tandem repeat proteins, TRP32 and TRP120,
are nucleomodulins that binds host cell DNA particularly at G-rich motifs (Luo
et al. 2011; Farris et al. 2016). Genes targeted by TRP120 are most frequently
associated with transcriptional regulation, signal transduction, and apoptosis,
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whereas those targeted by TRP32 are linked to immune cell differentiation, chro-
matin remodeling, and RNA transcription. Interestingly, like many host nuclear
factors, these nucleomodulins are subjected to post-translational modifications,
TRP32 being phosphorylated and TRP120 sumoylated in host cells (Dunphy
et al. 2014; Farris et al. 2016). Nucleomodulins may not only bind DNA and
chromatin factors but also chromatin-anchoring factors. SinC, a protein secreted
by Chlamydia psittaci via a type III secretion system (T3SS), exemplifies this
potential mechanism. This effector targets the inner membrane of the nucleus in
infected cells and may control chromatin interaction with the nuclear lamina
(Mojica et al. 2015).

6.3.3.2 Nucleomodulins Acting as Epigenetic Modifiers

Several bacterial pathogens, and particularly those living in intracellular vacuolar
compartments, can alter host chromatin structure by producing mimics of
chromatin-modifying enzymes (Fig. 6.4). A first of such bacterial mimics, NUE,
is a HMT discovered in the human pathogen Chlamydia trachomatis, based on its
sequence similarities with eukaryotic lysine-specific methyltransferases containing
a SET domain. After secretion by a T3SS, NUE enters the nucleus and associates
with chromatin (Pennini et al. 2010). However, while NUE methylates mammalian
histones in vitro, its target genes in the infected cell remain unknown.

Other SET domain-containing proteins were thereafter identified in Legionella
pneumophila (Rolando et al. 2013; Li et al. 2013), Burkholderia thailandensis
(Li et al. 2013), and Bacillus anthracis (Mujtaba et al. 2013) (Fig. 6.4). In
L. pneumophila, LpSET is characterized as a bacterial HMT with dual functions.
In L. pneumophila strain Paris, LpSET (named RomA: “Regulator of methylation
A”) has been shown to act as a HMT that trimethylates K14 of H3 (H3K14me3), a
modification that does not exist in mammals (Rolando et al. 2013). By promoting a
burst of H3K14me3 genome wide, including at innate immune gene loci, RomA
decreases H3K 14 acetylation, which is an activating mark, thus leading to repres-
sion of host gene expression and playing an important role in bacterial replication
inside macrophages. In a separate study performed with L. pneumophila strain
Philadelphia, LpSET (named LegAS4) was reported to act in the nucleolus on
the expression of ribosomal RNA (rRNA) (Fig. 6.4). Human cells contain several
hundred rDNA genes organized in tandem repeats that are clustered into nucleolar
organizer regions. The chromatin structure of rRNA genes plays a fundamental role
in regulating transcription of rDNA loci. LegAS4 binds rDNA at promoter and
intergenic-spacer regions, by interaction with the chromatin reader HP1. In vitro
studies suggest that LegAS4 catalyzes dimethylation of histone H3 on lysine
4 (H3K4me?2). Consistently, ectopic expression of LegAS4 in human cells is
associated with increased levels of H3K4me2 at rDNA promoters and activation
of the transcription of these genes (Li et al. 2013). B. thailandensis secretes a
LegAS4-like protein (BtSET) that also activates rDNA transcription in the nucle-
olus. Stimulation of rDNA expression and increased 45S pre-RNA synthesis seems
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Fig. 6.4 Bacterial nucleomodulins with enzymatic activities. Several bacterial pathogens inject
bacterial effector proteins into the host nucleus, and some are enzymes that modify chromatin
residues or regulators. 1. Legionella pneumophila, Burkholderia thailandensis, and Chlamydia
trachomatis secrete SET domain containing effectors via type 3 (T3SS; Burkholderia; Chlamydia)
or type 4 (T4SS; Legionella) secretion systems. L. pneumophila secretes a histone methyltransferase
(LpSET) that has been assigned two functions: (i) in the nucleus, LpSET termed “RomA”
trimethylates histone H3 at K14, causing a switch from acetylated to methylated H3K 14 at specific
gene promoters and thus transcriptional repression, and (ii) in the nucleolus, LpSET termed
“LegAS4” binds HP1 at rDNA promoters and activates transcription by stimulating H3K4
methylation. B. thailandensis secretes a LegAS4-like protein (BtSET) that also activates rDNA
transcription in the nucleolus. 2. C. trachomatis secretes the histone methyltransferase NUE that
methylates host histones H2B, H3, and H4. Bacillus anthracis produces a histone Hl
methyltransferase, BaSET. Mycoplasma hyorhinis Mhy1, Mhy2, and Mhy3 are nucleomodulins
with CG- and GATC-specific cytosine methyltransferase activities. 3. Mycobacterium tuberculosis
secretes at least three nucleomodulins: Rv1988 is a histone methyltransferase that methylates H3
on R42 in the nucleosome core; Rv3423 is a histone acetyltransferase; and Rv2966¢ is a DNA
methyltransferases. 4. The Shigella flexneri T3SS effector OspF is a posttranslational modifier
with a phosphothreonine lyase activity. OspF eliminylates MAP-kinases in the nucleus, leading to
the downregulation of a subset of immunity genes. 5. The T3SS effector NleC from pathogenic
E. coli is a metalloproteinase targeting the host histone acetyltransferase p300 for degradation. Ac
Acetylation, Me methylation, P phosphorylation, E eliminylation. Adapted from (Bierne 2013)

to contribute to bacterial replication, though the mechanism at play is not yet
understood. Having different substrates and functions is a property that LpSET



6 Cross Talk Between Bacteria and the Host Epigenetic Machinery 135

shares with eukaryotic HMTs. For instance, the H3K9 HMT G9a preferentially
methylates K9 on histone H3 but can also methylate K27 and K56. This HMT
predominantly represses genes at euchromatic regions but also acts as a positive
activator of rDNA transcription (Yuan et al. 2007). Considering the number of SET
domain proteins present in bacterial species that interact with eukaryotes, it is
tempting to speculate that several bacteria might employ this strategy.

The agent of tuberculosis also modulates the host epigenetic machinery by
secreting an original HMT, here methylating a noncanonical arginine located in
the core of histone H3 (Yaseen et al. 2015) (Fig. 6.4). This effector, Rv1988, targets
genes involved in defense against pathogens, including genes participating in the
generation of reactive oxygen species (ROS). During infection, Rv1988 not only
targets gene promoters for H3R42me2 but also putative regulatory regions. Aside
from HMTs, MtB also secretes effectors with histone acetyltransferase [Rv3423.1
(Jose et al. 2016)] or DNA methyltransferase [(Rv2966c, (Sharma et al. 2015)]
activity. It is interesting to notice that Rv2966¢ methylates cytosines present in a
non-CpG context. Thus, MtB has evolved diverse strategies to directly manipulate
chromatin in the nucleus. Mycoplasma species also produce nucleomodulins. For
instance, three DNA methyltransferases have been identified in Mycoplasma
hyorhinis, an intracellular commensal that can shift to an opportunist pathogen.
M. hyorhinis produces Mhyl and Mhy2, promoting CG methylation, and Mhy3
acting on GATC sites (Chernov et al. 2015). There is evidence that these bacterial
DNMTs have the ability to translocate to the human cell nucleus and establish
aberrant genome-wide methylation patterns. Yet, it remains to be proven that the
host epigenome is reshaped in human cells naturally infected by M. hyorhinis.

Bacteria-induced epigenetic effects can also occur by specific modifications of
epigenetic factors. The Shigella flexneri T3SS effector OspF nicely illustrates this
mechanism. OspF is a phosphothreonine lyase that irreversibly modifies host
MAPKSs by eliminylation (Li et al. 2007; Brennan and Barford 2009). This enzy-
matic reaction 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 phosphorylation in the nucleus enables OspF to abrogate
phosphorylation of histone H3 at a set of NF-kB-regulated promoters, thus
impairing expression of a pool of pro-inflammatory genes (Arbibe et al. 2007). In
addition, this effector alters the phosphorylation at S83 of the heterochromatin
protein HP1-y, demonstrating that in addition to histones, bacteria can control
chromatin regulator PTMs (Harouz et al. 2014) (Fig. 6.4). Furthermore, OspF and
another nuclear-targeted effector, OspB, interact with the human retinoblastoma
protein Rb, which is known to bind several chromatin-remodeling factors
(Zurawski et al. 2009). Shigella likely uses OspF—OspB synergy to downregulate
host innate immunity via alteration of the chromatin structure at specific genes.

S. flexneri also secretes an effector acting as an E3 ubiquitin ligase, IpaH9.8,
which targets several host cytosolic or nuclear proteins for proteasome-dependent
degradation (Rohde et al. 2007). In the nucleus, IpaH9.8 disrupts the activity of a
mRNA splicing factor, U2AF?, thus interfering with U2AF>*>-dependent splicing
(Toyotome 2001; Seyedarabi et al. 2011) and impairing host inflammatory
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responses (Okuda et al. 2005). IpaH9.8 defines a family of bacterial effectors
characterized by an N-terminal domain containing leucine-rich repeats (LRR)
involved in substrate recognition and a C-terminal E3 ligase domain (Hicks and
Galan 2010). The ortholog of IpaH9.8 in Salmonella enterica is SspHI, a
nucleomodulin that targets for instance the host kinase PKN1 (Haraga and Miller
2003; Rohde et al. 2007). Yersinia pestis also encodes a LRR-containing
nucleomodulin targeting host kinases, YopM (Benabdillah et al. 2004;
Soundararajan et al. 2011). However, YopM is not itself a modifier but rather
acts as a scaffolding protein that facilitates the formation of a complex between
serine/threonine kinases RSK1 and PKN2 (McDonald et al. 2003; McCoy et al.
2010). Recent data suggest that the YopM causes enhanced phosphorylation of
RSK1 in the nucleus, leading to enhanced transcription of immunosuppressive
cytokines, such as IL-10. YopM intranuclear levels are dependent on its interaction
with the DEAD-box helicase 3 (DDX3) (Berneking et al. 2016).

Other types of bacterial modifiers acting in the nucleus include proteases and
phosphatases. The T3SS effector NleC from enteropathogenic (EPEC) and
enterohemorrhagic (EHEC) E. coli is a zinc metalloprotease that targets the HAT
p300/CBP and decreases the abundance of this epigenetic factor in the
nucleus (Fig. 6.4). Overexpression or knockdown of NleC impacts IL-8 secretion
by EPEC, indicating that NleC contributes to dampening of inflammatory signaling
during infection (Shames et al. 2011). The Gram-positive bacterium Streptococcus
pyogenes expresses a serine/threonine phosphatase, SP-STP, which is secreted into
host cells and targets the nucleus (Agarwal et al. 2012). There, it acts as a
pro-apoptotic factor that induces apoptosis of pharyngeal cells, a hallmark of
streptococcal infections, by influencing transcription of apoptotic genes and
preventing the transcription of other genes, such as cytochrome p450.

6.3.4 Change in Expression and/or Activity of Epigenetic
Regulators

As illustrated above with upregulation of HDACI in A. phagocytophilum-infected
cells (Garcia-Garcia et al. 2009a) and SIN3a in Mtb-infected cells (Wang et al.
2005), some bacterial species positively or negatively modulate expression of
epigenetic factors. Mtb infection induces HDACI expression in macrophages
(Chandran et al. 2015). In contrast, the levels of HDAC1 and DNMT1 transcripts
decrease in gingival epithelial cells treated with the oral pathogen Porphyromonas
gingivalis (Yin and Chung 2011), and LPS from this bacterial species
downregulates DNMT1, DNMT3a, and JMJD3 gene expression levels
(de Camargo Pereira et al. 2013). M. catarrhalis also reduce HDAC1/2 expression
in bronchial epithelial cells (Slevogt et al. 2006). In human urothelial cells, infec-
tion with UPEC results in the upregulation DNMT1 expression (Tolg et al. 2011),
as well as of EZH2, encoding the H3K27 HMT of the Polycomb chromatin-
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repressive complex PRC2 (Ting et al. 2016). EZH2 plays a role in early host cell
proliferative responses to infection. Bacteria can also produce metabolites, acting as
inhibitors of chromatin-modifying enzymes, such as lactate and butyrate, proven to
be potent inhibitors of HDACs (Latham et al. 2012).

6.3.5 Bacterial Molecular Patterns Acting on the Epigenetic
Machinery

Certain bacterial-derived metabolites can modify the epigenome of host cells and in
turn alter the development and function of the cell, either by acting on precursors of
enzymatic reactions involved in chromatin modifications or by modulating the
activity of epigenetic regulators (Alenghat and Artis 2014). In particular, commen-
sals of the microbiota produce diet-dependent molecules that influence DNA
methylation and histone acetylation. One such product is butyrate, a potent inhibitor
of HDAC:s (Riggs et al. 1977). Butyrate exerts beneficial anti-inflammatory effects
on the host, particularly on immune cells (Segain et al. 2000; Arpaia et al. 2013;
Chang et al. 2014), possibly via epigenetic upregulation of anti-inflammatory genes
(see Sect. 4.1). Such observations open the interesting possibility to use butyrate-
producing probiotic bacteria as immunosuppressors (Licciardi et al. 2010). Inter-
estingly, a recent study has shown that a bacterial quorum-sensing molecule can
also act on HDACs. Prolonged exposure to 2-aminoacetophenone, which is
excreted by the pathogen Pseudomonas aeruginosa, increases the expression and
activity of HDACI, resulting in hypoacetylation of H3K 18 and attenuated expres-
sion of pro-inflammatory cytokine genes. This is proposed to promote host toler-
ance to infection (Bandyopadhaya et al. 2016).

6.4 Epigenetic Factors Engaged in Host Responses
to Bacteria and Bacterial Imprinting

6.4.1 Lessons from BAHDI-, SIRT2-, and HDAC3-
Deficient Mice

Considering the crucial role of epigenetic factors in embryonic development and
cell differentiation, it is not surprising that knocking out their coding genes in the
mouse often causes embryonic or perinatal lethality. Thus, so far only a few studies
have addressed the role of epigenetic regulators in bacterial infections at the level of
a mammalian organism. The use of Bahdl haplo-deficient (heterozygous) mice
(Lebreton et al. 2011) and Sirt2 knockout mice (Eskandarian et al. 2013) has
confirmed the involvement of BAHD1 and SIRT?2 in murine listeriosis. Following
intravenous inoculation with L. monocytogenes, the spleens of these deficient mice
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were significantly less infected than those of wild-type littermates after 72 hours of
infection. It was not possible to further refine the role of BAHDI1 by infecting
Bahdl knockout mice, because the total ablation of Bahdl induces a high neonatal
mortality rate (Lakisic et al. 2016). However, it is worthy to note that it also causes
restriction of placental growth, indicating a key role of BAHDI1 in placental
development. This finding opens the possibility that manipulation of the BAHD1
complex by Listeria contributes to the fetoplacental step of listeriosis. Bahdl
deficiency also leads to deregulation of carbohydrate and lipid metabolism, which
may play roles in infection (Lakisic et al. 2016). Together these results support the
notion that mutations in epigenetic regulatory genes influence the outcome of
bacterial infections.

The use of HDAC conditional knockout mice permitted to investigate the
functional roles of chromatin regulation in intestinal homeostasis and its cross
talk with the microbiota. Intestinal epithelial cells (IECs) integrate numerous
microbial signals from the intestinal microenvironment and respond to these stimuli
by changing their transcriptional program. Interestingly, IEC-specific Hdac3-defi-
cient mice show increased susceptibility to intestinal damage and inflammation and
a change in microbial communities (i.e., dysbiosis) (Alenghat et al. 2013). Strik-
ingly, when rendered germ free, Hdac3-conditional KO mice recover a normal
intestinal barrier function, as observed in wild-type germ-free mice. These data
indicate that HDAC3 has an important role in maintaining intestinal homeostasis
and establishing normal host—commensal relationships. Ablating both Hdacl and
Hdac2 in murine IECs also alters the structure and functions of the gut, via a defect
in cell differentiation and chronic intestinal inflammation (Turgeon et al. 2013).
While a possible dysbiosis induced by this double mutation has not yet been
addressed, it is possible that major alterations of the gut induced by the double
Hdacl-Hdac2 mutation impacts the composition of the population of commensals.
Thus, HDAC:s are likely to be key epigenetic programmers of the host in response to
signals from the gut microbiota.

It is important to note that while loss of Hdac3 expression in IECs impairs
microbiota-dependent intestinal barrier function, inhibition of HDACs by commen-
sal bacteria-derived SCFAs, such as butyrate, generally protects from pathologic
intestinal inflammation. However, rather than acting on epithelial cells, butyrate is
described to inhibit HDAC function in intestinal immune cells, such as peripheral
blood mononuclear cells (PBMCs) (Segain et al. 2000), Tregs (Arpaia et al. 2013),
and macrophages (Chang et al. 2014). These results suggest that HDACs may have
opposite effects in different intestinal cell populations, leading to either protective
or pathologic immunity (Alenghat and Artis 2014).

6.4.2 Immune Tolerance and Toxin-Induced Resistance

Host—commensal mutual relationships require that commensal bacteria do not
trigger an uncontrolled immune response, and thus become tolerated by the host
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immune system, while the latter efficiently eliminates invading pathogens. HDACs
and other epigenetic regulators are involved in this tolerance. For instance, intes-
tinal commensal bacteria induce DNA methylation at the gene encoding the main
sensor of LPS, TLR4, leading to its downregulation in the large intestine
(Takahashi et al. 2011). This is believed to maintain intestinal homeostasis by
preventing an excessive inflammatory reaction to the gut microbiota. The commen-
sal bacterium Bacteroides vulgatus triggers an anti-inflammatory response via
recruitment of HDACs at pro-inflammatory gene promoters (Haller et al. 2003).
Likewise, Bifidobacterium breve and Lactobacillus rhamnosus GG inhibit tran-
scriptional activation of inflammatory bowel disease-causing factors through inhi-
bition of histone acetylation and enhancement of DNA methylation (Ghadimi et al.
2012).

In the presence of opportunist pathogens, similar mechanisms may dampen
uncontrolled inflammatory responses triggered by bacteria-induced chronic infec-
tions. For instance, in the oral cavity, periodontally inflamed gingival biopsies show
a significant increase in promoter methylation of the gene encoding the
pro-inflammatory enzyme COX-2, when compared with non-inflamed biopsy sam-
ples (Zhang et al. 2010). This would allow a chronic inflammatory stimulus to be
tolerated, preventing unrestricted tissue destruction. Whether this is a bacteria-
triggered phenomenon remains unknown, but it is remarkable that resident bacteria,
such as P. gingivalis, can induce DNA hypermethylation of specific genes in
gingival epithelial cells (Yin and Chung 2011).

When pathogenic species manage to cross epithelial barriers and to multiply in
the blood, sustained exposure to microbial inflammatory products, such as LPS,
leads to tissue damage, multi-organ dysfunction, septic shock, and death. To
compensate these adverse effects, the immune system has developed post-septic
immunosuppression (PSI) mechanisms that enable hematopoietic cells to become
hypo-responsive to repeated stimulation by microbial insults. This compensatory
anti-inflammatory response counteracts the harmful effects of 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 epigenetic regulation is recognized (McCall et al. 2010; Carson
et al. 2011). One of the facets of PSI is LPS tolerance, in which LPS-elicited TLR4
responses are reprogrammed towards silencing of pro-inflammatory cytokine genes
and expression of anti-inflammatory or antimicrobial mediators. LPS activation of
TLR4 first elicits transcription of poised pro-inflammatory genes, which are rapidly
derepressed and then returned to basal state within hours. Opening the chromatin at
target genes during this acute phase involves histone phosphorylation and acetyla-
tion. However, sustained exposure to LPS or subsequent LPS challenge activates a
pathway leading to permanent gene repression (Fig. 6.5). One mechanism was
studied at the proximal promoters of TNF-a and ILI-f3 genes, where a change in
the composition of the NF-kB transcription factor occurs (El Gazzar et al. 2008;
Chen et al. 2009). LPS-mediated upregulation of RelB expression induces a shift
from activating p65-p50 TF to repressive RelB-p50 TF. RelB interacts with H3K9
HMT G9a, leading to H3K9me2 and subsequent recruitment of HP1. The
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Fig. 6.5 Bacterial imprints. Scheme of mechanisms supporting an epigenetic memory of bacterial
infection or bacterial colonization

repressive complex formed by G9a and HP1 recruits DNMT3A/B, which induces
de novo CpG methylation and assembly of silent, facultative heterochromatin
(McCall et al. 2010). Interestingly, LPS stimulation has also been shown to leave
epigenetic footprints on enhancers (Ostuni et al. 2013). As discussed in Sect. 2.4,
the epigenetic topography of distal regulatory elements, such as enhancers and
insulators, plays a key role in maintaining epigenetic memory. Thus, immune
tolerance is likely to involve reshaping of the epigenetic landscape at both proximal
and distal regions of pro-inflammatory genes.

LPS tolerance can last for weeks in humans. Tissue-resident macrophages,
which appear to persist in the long term, may be the cells that support this memory
(Perdiguero and Geissmann 2016). However, whether these cells keep an epige-
netic memory along cell divisions is not yet proven. Furthermore, even if imprinted
cells divide, why new cells from progenitors in the bone marrow do not 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 investigated by analyzing the epigenome of stem cells isolated from animal
models of sepsis. The reversal 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.

The reduced responsiveness to an effect of a bacterial product caused by prior
exposure to this product has also been observed in the case of anthrax Lethal toxin.
Some studies indicate that epigenetic modifications contribute to this toxin-induced
tolerance (TIR) (Salles et al. 2003). Macrophages exposed to a sublethal dose of
anthrax LT become refractory to subsequent cytolytic doses of toxin, and a subset
of them retains this phenotype for up to six weeks. The histone deacetylase HDACS
promotes TIR by changing the chromatin acetylation state of promoter regions of
mitochondrial death genes, producing tolerance to a next intoxication (Ha et al.
2014).
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6.4.3 Trained Innate Immunity

The priming of innate immune cells by a bacterial challenge can trigger effects
opposite to that of tolerance, with cells mounting a faster and longer response than
the initial response. This adaptive feature of innate immunity has been defined as
“trained immunity” (Netea et al. 2016). A first observation of this phenomenon in
humans has been reported upon vaccination with bacilli Calmette-Guérin (BCG).
When compared to unvaccinated patients, vaccinated healthy volunteers mounted a
more robust response to subsequent infection with unrelated pathogens, and this
effect persisted three months after vaccination. The phenomenon was dependent on
NOD2 but independent from T- and B-lymphocyte protection (Kleinnijenhuis et al.
2012). The mechanism at play involves BCG-induced epigenetic reprogramming of
monocytes through the activating mark H3K4me3 (Kleinnijenhuis et al. 2012). The
effect could be downregulated by vitamin A, which increases the levels of the
silencing mark H3K9me3 (Arts et al. 2015). Likewise, training of monocytes with a
fungal component, B-glucan, induces stable change in histone marks (Quintin et al.
2012) (Fig. 6.5). The list of genes whose expression is induced by this epigenetic
reprogramming includes genes involved in glucose metabolism (Cheng et al. 2014).
Interestingly, a study supports the notion that the functional programming of
monocytes towards either enhanced (training) or decreased (tolerance) cytokine
production depends on the nature of the bacterial ligand and of the subsequent
activated pattern-recognition receptor (Ifrim et al. 2014).

6.4.4 Polymicrobial Infections and Viral Reactivation

A bacterial infection can also influence viral infections by reactivating latent
viruses (Fig. 6.5). This kind of adverse effect is suspected to be associated, for
instance, with periodontal pathogens colonizing the oral cavity, such as
P. gingivalis. This opportunistic bacterium is proposed to be a risk factor for
AIDS or Herpes, by reactivating latent Kaposi’s sarcoma-associated herpesvirus
(KSHV) (Morris et al. 2007), human immunodeficiency virus (HIV), and Epstein—
Barr virus (EBV) (Imai et al. 2009, 2011). It is proposed that the high production of
butyrate by this bacterial species in gingival pockets reactivates viral genes
maintained silent by HDAC-containing complexes. One effect of butyrate-
mediated EBV reactivation is the increase of the expression of ZEBRA, a lytic
gene transactivator (Imai et al. 2012). Butyrate and other SCFAs also downregulate
expression of the HDAC SIRT1 and of the HMT EZH2 and SUV39H1, leading to
histone hyperacetylation and reduction in the levels of H3K27me3 and H3K9me3,
respectively (Ye and Karn 2015). P. gingivalis also elicits changes in the expression
of gene encoding chromatin modifiers (as discussed in Sect. 3.4).
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6.5 Bacterial Reprogramming of Cell and Tissue Fate

The ultimate effect of bacteria on the epigenome could manifest by a change of
identity in the host cell itself. Several recent lines of evidence strongly support the
existence of such a drastic change, which would occur when bacterial signals target
stem cells or they are potent enough to disrupt the epigenetic barriers that maintain
the differentiated cells in their locked state (Fig. 6.5).

6.5.1 Bacteria-Induced Cell Differentiation

The observation that the gut of germ-free mice is altered by defects in the matura-
tion of the intestinal epithelium and of the immune and vascular systems of the
gastrointestinal tract is a strong indication that the microbiota contributes to tissue
morphogenesis (Sommer and Backhed 2013). The mechanisms are complex and the
contribution of epigenetic regulation is not clearly established. Nevertheless, there
is evidence that bacteria manipulate the stem cells that generate the different cell
types of the intestinal epithelium at the bottom of the crypts. First, intestinal crypts
of germ-free mice exhibit a slower turnover of the epithelial cells than conventional
mice. Second, stem cells respond to bacterial patterns, such as muramyl-dipeptide
(MDP) of the peptidoglycan (Nigro et al. 2014). The commensal microbiota also
shapes the intestinal immune system by regulating T helper (TH) cell lineage
differentiation (Furusawa et al. 2015). One mechanism involves butyrate secretion
by the anaerobic commensal class of bacteria, Clostridia. In particular, butyrate
enhances histone acetylation at the promoter of the master regulator of regulatory T
cells, FOXP3 (Furusawa et al. 2013).

There is also evidence for pathogen-mediated targeting of cell differentiation
pathways in the gut. For instance, the enteroinvasive species Salmonella enterica
serovar Typhimurium can convert lymphoid follicle-associated enterocytes into
intestinal epithelial microfold (M) cells, though activation of the Wnt/p-catenin
signaling pathway mediated by the T3SS effector SopB (Tahoun et al. 2012). This
is proposed to promote intestinal invasion by this pathogen.

6.5.2 Bacteria-Induced Cell Dedifferentiation

The study of the behavior of human dermal fibroblasts (HDF) artificially infected
with nonpathogenic lactic acid bacteria (LAD) led to an intriguing observation:
these LAB-treated HDFs became clustered like embryoid spheres and lost their
self-renewal ability (Ohta et al. 2012). In addition, LAB-incorporated cell clusters
expressed a subset of pluripotent stem cell marker genes, such as NANOG, OCT3/
4, and SOX2, while expression HOX genes, which control the body plan of an
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embryo, was decreased. Furthermore, LAB-incorporated cell clusters could trans-
form into any of the derivatives of the three germ layers. The mechanism involved
in this artificial cell reprogramming by LAD is unclear, but supports the concept
that there is a potential for bacterial molecules to revert the host transcriptional
program of differentiated cells towards pluripotency.

The study of Mycobacterium leprae (ML), the causative agent of human leprosy,
supports this hypothesis. During infection of the peripheral nervous system, this
pathogenic bacterium promotes an amazing reprogramming process on adult
Schwann cells, by triggering their dedifferentiation into progenitor/stem cell-like
cells (Masaki et al. 2013). By using this sophisticated strategy, bacteria disseminate
to other niches without being detected by immune cells (Fig. 6.5). ML not only
migrates within reprogrammed cells but also spreads the infection to skeletal and
smooth muscles by re-differentiating stem cells into these tissues. Moreover,
infected stem cells display immunomodulatory properties that promote recruitment
of macrophages and formation of granuloma-like structures (Masaki et al. 2014).
The mechanism of dedifferentiation of Schwann cells involves activation of differ-
entiation/myelination and lineage-associated genes as well as silencing of numer-
ous developmental genes. ML-induced cellular reprogramming also correlates with
changes in DNA methylation supporting a key role of epigenetic regulation in this
phenomenon (Masaki et al. 2013).

6.5.3 Bacteria-Induced Epithelial-Mesenchymal Transition
and Oncogenesis

The existence of a link between bacteria-mediated aberrant somatic cell
reprogramming and cancer is supported by the example of H. pylori, an important
acquired risk factor for gastric cancer. Besides H. pylori-mediated effects on cell
proliferation, DNA integrity, and DNA methylation (Ushijima and Hattori 2012),
infection by this bacterium may also induce dedifferentiation of mature epithelial
cells by changing the expression program of the stem cell signaling network.
Recent evidence supports a role for H. pylori in inducing the so-called “intestinal
metaplasia,” which transforms stomach cells to intestine-like cells via epithelial—
mesenchymal transition (EMT) (Fig. 6.5) (Bessede et al. 2014). EMT is known to
participate in different carcinogenesis processes and is involved in the generation of
cancer stem cells. The bacterial secreted effector CagA promotes the EMT pheno-
type by activating the expression of master transcription factor genes regulating
intestinal differentiation and maintenance.

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

6.6 Conclusions

The “patho-epigenetics” research field has been defined by Janos Minarovits as the
elucidation of the epigenetic consequences of microbe—host interactions leading to
pathogenesis (Minarovits 2009). We now propose to add the field of “probio-
epigenetics” to cover studies addressing the beneficial effects of bacterial interac-
tions with epigenetic factors. Both themes are developing rapidly as important
emerging subtopics at the frontier of Epigenetics and Microbiology sciences.
Deciphering the mechanisms underlying the plasticity of gene expression under
the action of endogenous (from the microbiota) or exogenous (from food-associated
or aerosol-transported bacteria), stimuli may have important impacts on health and
disease. Patho-epigenetics may lead to new treatments against bacterial infectious
diseases, at a time when pathogenic bacteria became a serious concern due to the
emergence of drug resistances. In addition, epigenetic marks may be used as
biomarkers to monitor latent infection, disease reactivation, or responses to treat-
ment. Probio-epigenetics can help to characterize the benefits of commensal bac-
teria on health and to understand the deleterious effects of dysbiosis, which may
promote pathological epigenetic signals. Indeed, it is recognized that alterations of
microbial communities can cause immune dysregulation, leading to autoimmune
disorders, and may contribute to metabolic diseases, neuropathies, and behavioral
problems. Restoring the composition of altered intestinal microbiota with fecal
flora transfer is now tested as a way to counteract these adverse effects. The
interplay of bacteria and nutrients is also an important emerging field of research,
due to the key role of metabolites on epigenetic regulation. Western food may
change epigenetic patterns in the gut, favoring pathogens associated with intestinal
inflammatory diseases. There is evidence that changes in nutritional habits, such as
low intake in methyl donor molecules, promote abnormal epigenetic marks in a
mouse model mimicking susceptibility to E. coli-mediated gut inflammation and
Crohn’s disease (Denizot et al. 2015).

At the level of basic science, these investigations highlight the amazing molec-
ular tools used by intracellular pathogens to manipulate chromatin and to fine-tune
host gene expression. The number of nucleomodulins discovered in the bacterial
world is rising steadily, in particular thanks to bioinformatic analysis. For instance,
five of over 80 T4SS substrates of Coxiella burnetii, the agent of Q fever, are
predicted to carry a nuclear localization signal. One of them, Cbul314, has recently
been confirmed as a protein binding to chromatin and controlling transcription of
host cell genes (Weber et al. 2016). In the toolbox of bacterial molecules, bacterial
metabolic by-products, such as SCFAs, are also prone to induce epimutations.
Several of such molecules may emerge as novel epigenetic drugs. It is also striking
that the study of bacterial factors promotes innovation in the epigenetics field. For
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instance, studies carried out in L. monocytogenes have led to the discovery of the
BAHDI1 chromatin-repressive complex (Bierne et al. 2009; Lebreton et al.
2011; Libertini et al. 2015; Lakisic et al. 2016) and of a nuclear function for the
histone deacetylase SIRT2 (Eskandarian et al. 2013).

How bacterial modulation of the epigenetic information is spatio-temporally
coordinated, at specific genome loci, according to time, cell type, and stimuli, is not
fully understood. In addition, the impact of bacterial signals on the epigenetic
profile of structural elements, such as enhancers, insulators, and DNA repeats,
has been poorly addressed. Moreover, how expression and secretion of bacterial
factors is controlled in the host and how chromatin writers and erasers become
engaged in response to a cocktail of bacterial stimuli are important questions to be
solved. In this regard, deciphering how chromatin modifications are spread
throughout the genome (the “patho-epigenome” or the “probio-epigenome”) is
likely to provide important clues. Technological advances in human genome-
wide mapping of DNA methylation and histone modifications, as well as in systems
biology, will help to make significant progress. Investigations will have to be
performed at both the tissue and single cell levels, with the objective of analyzing
precursors of cell lineages or differentiated cells with long life spans, in order to
determine the “chromatin signature” of bacterial cues. As epigenetic processes can
be reverted, elimination of patho-epigenetic changes induced by microbes may
prevent chronic or latent infections, as well as some cancers and autoimmune
diseases. This opens avenues for future research.
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Chapter 7
Epigenetic Phase Variation in Bacterial
Pathogens

Marjan W. van der Woude

Abstract Epigenetics is defined as heritable but reversible phenotype that does not
involve a change in the DNA sequence. Thus, in a bacterial population epigenetic
regulation of gene expression can define the phenotype of an individual cell. For a
pathogen, the relevance lies in the phenotype of the infecting population and how
this impacts on temporal changes in phenotype during an infection. The focus of
this chapter is bacterial epigenetic regulation by DNA methylation and in particular
phase variation that is controlled by the maintenance methyltransferase in
Escherichia coli and Salmonella. The occurrence, the relevance for virulence, and
key concepts of the mechanism are discussed. Our understanding of the relevance is
presented based on the roles of the genes that are regulated and by considering the
impact of population heterogeneity that occurs as a result of phase variation. More
recently, the significance for the virulence of a different range of bacterial patho-
gens of DNA methyltransferases other than Dam has been identified. This leads to
new understanding of possible origins and occurrence of heterogeneity and virulent
phenotypes in clonal populations. The contribution of new technologies to explore
bacterial methylomes and the challenges in identifying actual epigenetic regulation
based on that is discussed. Overall, the current state of knowledge suggests that
more examples of epigenetic control in bacteria are yet to be discovered and that
this could enhance our understanding of virulence strategies in bacteria.

Keywords Bacterial pathogens ¢ Salmonella ¢ E. coli « Phase variation ¢

Phasevarion « DNA methylation * Deoxyadenosine methyltransferase

7.1 Introduction

The outcome of a bacterial infection is a result of a complex set of interactions
between the host and the pathogen. Epigenetics will affect the host response to an
infection, but pathogen epigenetics also may affect the outcome of infection.
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Bacterial epigenetics specifically helps define a variable phenotype within an
infecting, clonal population, and this in turn will impact upon the outcome of
infection and disease progression.

In the late 1980s and early 1990s, seminal experiments showed that a mouse
embryo was not viable in the absence of a cytosine DNA methyltransferase. This
started a field of investigation that firmly established that epigenetic regulation by
DNA methylation plays a critical role in many eukaryotic organisms. It is now also
well established, but perhaps not as widely known, that DNA methylation can also
be crucial to the success of bacteria. This is the focus of this chapter: epigenetic
regulation in bacterial pathogens by DNA methylation. The significance of this for
the success of pathogen population will be discussed and the main molecular
mechanism outlined.

Bacterial epigenetics is not a new field. Studies on the /ac operon in Escherichia
coli in the 1950s showed that inheriting elevated levels of a key protein was
sufficient to convey a phenotype that was as if the cells were induced by lactose,
even if this inducer was absent [reviewed in (Casadesus and Low 2013)]. This
describes “epigenetics” in its broadest sense: a heritable but reversible phenotype
that does not involve a change in the DNA sequence. In the 1980s, the epigenetics
concept was expanded to include regulation by DNA methylation. Initially, bacte-
rial adenine DNA methylation in E. coli by the enzyme deoxyadenosine
methyltransferase (Dam) was identified as a key feature in controlling a variety
of cellular processes, including activity of a transposase promoter and initiation of
chromosome replication. These processes involve a transient hemi-methylated state
that occurs after DNA replication, when the newly synthesized strand has not been
fully methylated yet [reviewed in (Marinus and Casadesus 2009)]. Then, a different
type of regulation involving Dam in E. coli was identified and led to elucidating
DNA methylation-dependent epigenetic regulation in bacteria (Blyn et al. 1989;
Hernday et al. 2004).

In a seminal body of work by Low and colleagues that started in the late 1980s,
the mechanism of regulation of the pyelonephritis-associated pilus (pap) operon in
E. coli pap operon was unraveled. This showed that specifically Dam-dependent
adenine methylation was a critical element and that the characteristic feature is that
specific methyltransferase target sequences in the chromosome remain
non-methylated throughout the cell cycle establishing “methylation patterns.” The
gene expression state is reversible and heritable, and there is no associated change
in DNA sequence, and thus, this mechanism meets the definition of epigenetic
regulation. This regulation is also referred to as phase variation and results in a
mixed expression state in a clonal population with cells with the gene either in the
“on” or “off” expression state. The discovery by Low and colleagues added an
epigenetic mechanism to the known genetic mechanisms of phase variation. This
and other DNA methylation-dependent phase variation is the main focus of this
chapter.
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7.2 The Contribution of Epigenetic Phase Variation
to Bacterial Pathogenesis

Dam methylates the adenine in context of GATC sequences and can be essential for
viability and affect virulence. For example, dam mutants of Salmonella are aviru-
lent, and dam is essential for Vibrio cholera and Yersinia pseudotuberculosis
viability [reviewed in (Marinus and Casadesus 2009; Casadesus and Low 2013)].
However, a dam mutation has pleiotropic effects that relates to the multiple roles of
DNA methylation, and an attenuated phenotype may not be due to disrupted
epigenetic phase variation (Low and Casadesus 2008; Marinus and Casadesus
2009). However, no studies have addressed whether the epigenetic mechanism of
phase variation itself is a virulence factor. To assess the significance of DNA
methylation-dependent epigenetic regulation, here the general role of phase varia-
tion and the impact of the phenotypic heterogeneity of the clonal population is
considered, as well as the significance of the proteins that are controlled by
epigenetic phase variation.

Epigenetic phase variation mainly has been identified in controlling expression
of surface structures. A significant category of epigenetic controlled structures are
fimbriae in E. coli and Salmonella. Fimbriae are bacterial adhesins that mediate
attachment to surfaces including host tissue and can contribute to tissue tropism of
the pathogen through receptor specificity. Strains may encode for multiple fimbrial
operons that may allow for redundancy in function. In E. coli, a regulatory network
coordinates the expression between many fimbrial operons allowing for temporal
and spatial coordination of expression, and epigenetic regulatory mechanism is
integrated in this fimbrial network (van der Woude 2006, 2011). Phase variation of
fimbriae thus may facilitate a “stick or swim” strategy and dispersal through the
body. Fimbriae are also highly antigenic, and since phase variation results in
heterogeneity of gene expression state, this should facilitate immune evasion of a
subpopulation. Indeed, population heterogeneity generated by other means is also
implicated as a Salmonella virulence strategy, by allowing initiation of an immune
response that benefits the pathogen, and escape of this same response by a different
subpopulation (Diard et al. 2013). It is not inconceivable that some phase variation
contributes to a strain’s virulence in this way.

These aspects may contribute for example to the virulence of uropathogenic
E. coli that encode the epigenetic controlled pap operon. Pap fimbriae have an
adhesive tip that facilitates interaction of the bacteria with receptors on
uroepithelial cells. Pap fimbrial phase variation thus may facilitate the bacterial
migration from the bladder to the kidney (Westerlund-Wikstrom and Korhonen
2005). Pap-mediated adhesion also may be involved specifically in initiating an
inflammatory response, indicating a complex contribution to virulence by Pap
fimbriae but also identifying a possible further significance for a heterogeneous
population with cells both expressing Pap and not expressing Pap as a result of the
regulatory mechanism (Lane and Mobley 2007).
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The significance of phase variation as a virulence factor has been directly
addressed for two fimbriae, specifically the Long Polar fimbriae (LPF) in Salmo-
nella and type 1 fimbriae in E. coli. Neither, however, is controlled by a
Dam-dependent regulatory mechanism (Norris et al. 1998; Blomfield and van der
Woude 2007). Studies on LPF suggested that phase variation allowed evasion of
cross-immunity between Salmonella serovars (van der Woude and Baumler 2004).
In a pyelonephritis model infection system, phase variation of type 1 fimbriae itself,
however, was not an evident virulence factor (Snyder et al. 2006). In the absence of
direct studies, further significance for specifically epigenetic phase variation can
only be hypothesized based on the known features of the mechanism (see below).
The links to bacterial DNA replication and thus bacterial growth, possibly confer-
ring benefits to the population, may not occur with genetic mechanisms.

In addition to fimbrial regulation, epigenetic mechanisms in Salmonella also
control the O-antigen of the LPS, which is a main antigenic surface carbohydrate of
Gram-negative bacteria. First of these is the g#r system that controls the expression
of a family of operons that mediate a variety of biochemical modifications of the
O-antigen, including the well-studied modification genes encoded on the phage P22
genome (Davies et al. 2013; Makela 1973). This mechanism was identified several
decades after the elucidation of the enzymatic pathway and built upon knowledge
of the key regulatory concepts of epigenetic phase variation of the pap operon. In
direct relevance to virulence, phase variation of Gtr-mediated changes to the
O-antigen will contribute immune evasion due to the antigenic nature of the
O-antigen. The variation in O-antigen directly affects the classification by the
serology-based Kaufmann—White scheme and several of the gfr-mediated modifi-
cations were known to exist based on that even though the heterogeneity and
mechanism of regulation were not (Davies et al. 2013).

Epigenetic control of the opvAB operon in Salmonella in contrast determines the
length of the O-antigen (Cota et al. 2015a, b). Expression of opv results in a short
O-antigen, which is a phenotype with decreased virulence. This is consistent with a
general protective nature of the O-antigen. Indeed, the bias of phase variation
frequency results in a population that mainly consists of cells that do not express
opvAB and have the normal O-antigen length.

The advantage to the cell of phase variation of opvAB and the resulting short
O-antigen lies in the interaction with bacteriophage. The short O-antigen is asso-
ciated with the ability of enhanced interactions with phage (Cota et al. 2015b). This
in turn is important for pathogen evolution and adaptation, as phage facilitate
horizontal gene transfer and thus may allow beneficial traits to be acquired.
Similarly, the population heterogeneity generated by gtr epigenetic regulation can
directly affect the susceptibility of the population for (specific) bacteriophage. For
two gtr-dependent modifications, it has been directly shown that gfr-dependent
modification provides protection to the lysogen for superinfection by other similar
phage. Due to phase variation, a subpopulation, however, remains susceptible to
infection allowing evolution of the genome through introducing novel genes (Kim
and Ryu 2012; Kintz et al. 2015; Broadbent et al. 2010). Furthermore, the repertoire
of the epigenetically controlled O-antigen modification genes varies per Salmonella



7 Epigenetic Phase Variation in Bacterial Pathogens 163

strain, reflecting in part that gt is introduced into the genome as cargo genes by
lysogenic phage. Thus, changes to the O-antigen as a result of phase variation of gtr
may allow a balance to be struck between phage-mediated cell lysis, genome
disruption, and genome evolution. The change in phenotype due to opvAB phase
variation on the other hand is a direct trade-off between phage susceptibility and
thus phage-mediated cell lysis, genome disruption and genome evolution, and the
population’s virulence.

In addition to fimbriae in E. coli, the surface protein Ag43 and its antigenic
variants are controlled by epigenetic phase variation. This protein mediates
autoaggregation and as such can contribute to biofilm formation (van der Woude
and Henderson 2008; Heras et al. 2014). This in turn may assist persistence of
colonization by the Ag43 expressing strain (Ulett et al. 2007). The final example of
epigenetic regulation that is known is that of a type VI secretion system in E. coli.
This scil type VI secretion system in enteroaggregative E. coli is also required for
efficient biofilm formation (Brunet et al. 2011; Aschtgen et al. 2010).

The significance, if any, of epigenetic phase variation as opposed to genetic
phase variation can only be hypothesized based on our understanding of the
mechanism (see below). There may be significance in the fact that a change in
gene expression state requires DNA synthesis and thus links tightly to bacterial
growth. The phase variation switch frequency is highly sensitive to just a few base
pair changes, which may allow evolutionary adaptation to different niches. Fur-
thermore, when considering horizontal transfer, the regulation is linked to a com-
mon enzyme, Dam, and a few global regulators. Together, these features may allow
pathogens to respond to selective pressure more rapidly and flexibly using epige-
netic than some genetic phase variation regulatory systems.

7.3 Core Principles of the Dam-Dependent Epigenetic
Phase Variation

The epigenetic regulation that controls expression of the genes described above is
associated with methylation of the adenine in GATC sequences that is carried out
by the DNA maintenance methyltransferase Dam. Maintenance DNA
methyltransferases are not associated with restriction enzymes, and as a result, a
non-methylated GATC sequence is not lethal. As evident from the examples above,
the occurrence of Dam-dependent phase variation has only been identified in E. coli
and Salmonella spp., even though Dam is present in other species as well.

When mutants are generated that lack Dam in either E. coli or Salmonella spp.,
pleiotropic effects on bacterial phenotype and physiology are evident, in part as a
direct result of changes in DNA supercoiling and indirect effects of changes in the
initiation of chromosome replication (Marinus and Casadesus 2009). In contrast,
the changes in methylation that are important for epigenetic phase variation are
localized to the specific regulatory regions, where in each case the Dam methylation
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target sequence GATC and the regulatory protein DNA binding sequence overlap.
There is one key common principle for this regulation, and this requires that two
prerequisites are fulfilled. First is that the interaction of a DNA binding protein is
affected by the methylation state of the DNA. Secondly, and conversely, the
methylation state of the target sequence is affected by the binding of this same
protein. In other words, the binding of the regulatory protein will protect the target
sequence from methylation by Dam. As a result, epigenetic Dam-dependent regu-
lation will be localized and limited to sequences where these prerequisites are met.

Fully methylated DNA describes DNA that is methylated at the
methyltransferase target sequences on both strands. This is the state of the Dam
target sequences in a cell expressing DNA methyltransferase, in the absence of
interfering factors or DNA replication. In contrast, when the sequence on only one
of the two strands is methylated, this is referred to as hemi-methylated DNA. This
latter state occurs temporarily after the DNA replication fork has passed (Fig. 7.1).
In contrast, the regulation under consideration here focuses on “methylation pat-
terns” that represent the relatively few target sequences in the genome that can have
stable, aberrant DNA methylation state: a non-methylated sequence in the context
of a fully methylated genome.

DNA methylation is an elegant way to link regulation to DNA synthesis and thus
DNA replication and growth. DNA is synthesized as non-methylated DNA, and to
date no DNA de-methylating enzymes have been identified in E. coli or Salmonella.
Thus, the methylated state of DNA can only be changed to a non-methylated state
passively as a result of new DNA synthesis by way of a generation with a hemi-
methylated intermediate state. The converse change from non-methylated to meth-
ylated requires access of Dam to the site, and thus, the DNA binding regulatory
protein must be dislodged from the DNA at the right time and for a sufficiently long
period of time. The regulatory proteins must at least be released from the DNA
every time the replication form passes. Thus, based on current understanding,
changes in expression state of epigenetically controlled operons or genes will be
prevalent in growing cells with active DNA synthesis, and the expression state at
most will change once per cell cycle (Fig. 7.1).

Three commonly occurring DNA binding regulatory proteins have been identi-
fied as contributors to epigenetic regulation: Lrp (leucine responsive regulatory
protein), OxyR, and Fur. Interestingly, the apparent complexity of the systems does
not align with the chronology of discovery and understanding: pap and similar Lrp-
and Dam-dependent systems established the paradigm, but many layers of com-
plexity have been discovered for this system. In contrast, the apparently basic
system of OxyR and Dam-dependent control of Ag43 outer membrane protein
expression in E. coli was only the second system that was described, but this was
more than a decade after the first report of pap epigenetic regulation.

The most simple form of Dam-dependent regulation consists of a system involv-
ing only one DNA binding protein that can bind to its recognition sequence when
the Dam target sequences contained in it are non-methylated DNA, but cannot bind
when the sequences are methylated. Such a system controls expression of the Ag43
outer membrane protein in Escherichia coli that encodes for an autotransporter that
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Fig. 7.1 Schematic of the DNA and protein interactions during DNA replication depicted for the
agn43 regulatory region, leading to a model of epigenetic regulation, is shown. Dam and DNA
replication are identified; methyl groups are presented as small circles (closed, methylated; open,
non-methylated), OxyR is represented as gray tetramer, and DNA is represented as double
stranded by straight lines. V-shaped DNA is the transient state after passage of the replication
fork, with newly synthesized strands depicted with thicker lines. Curved arrows identify the
outcome between two states dependent on interaction of the DNA with the relevant protein.
Dark cross means protein cannot interact with the specific DNA (occlusion), and gray cross
identifies non-active promoter in OFF state. The process from OFF to ON is related to two DNA
replication events, where the lower case “off” state depicts a state with lower OxyR binding
affinity for the depicted hemi-methylated state. The process from OFF to ON may not occur in one
generation, but this is not clear. DNA replication is required to facilitate removal of highaffinity
bound OxyR. Dam is processive, and one scenario is that, as depicted, methylation of one strand
occurs first. The ON and OFF state, the occurrence occlusion, the OxyR binding affinities, and a
role for DNA replication are derived from experimental data. Other processes are hypothesized

mediates bacterial autoaggregation (van der Woude and Henderson 2008). The
DNA binding protein OxyR and Dam are the only known regulators for expression
of the Ag43 encoding gene agn43. OxyR is a DNA binding protein that binds DNA
as a dimer of dimers, and will become oxidized under certain oxidative stress
conditions, which affects the DNA—protein contact sites (Zheng and Storz 2000).
In the regulatory region for the Ag43 coding sequence, the agn43 (originally
referred to as the flu) gene, the OxyR binding site encompasses three Dam target
sequences, GATC (Figs. 7.1 and 7.2). Methylation of the three GATC sequences
affects the affinity of OxyR (van der Woude and Henderson 2008). In full agree-
ment with the core principle that protein binding affinity is important in the output,
the frequency of switching between expression states varies with the number of
Dam target sequences in the binding site (Haagmans and van der Woude 2000;
Wallecha et al. 2002). The reduced form of OxyR is sufficient to obtain Ag43 phase
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Fig. 7.2 Signature sequences of epigenetic phase variation. A cartoon of the organization of the
signature sequence elements for a few examples of epigenetically controlled operons is shown
with DNA binding proteins and the relation to the expression state. Features of the signature
sequences are identified as the Dam target sequences (open circles = non-methylated, closed
circles = methylated); the DNA binding proteins (blue spheres = OxyR monomer; brown
spheres = a tetramer of Lrp dimers, Green sphere = Fur monomer). An arrow identifies the +1
transcription start site. No additional regulators are depicted except the Papl (brown cross) for pap;
the main pap promoter is shown, but the divergent promoter for Papl that is also controlled by the
epigenetic mechanism is not shown. Most features shown have been confirmed experimentally

variation. Even though a hypothesis is appealing that oxidative stress induces
expression and thus Ag43-dependent aggregation to enhance survival for individual
cells, there is no evidence of oxidative stress affecting this epigenetic regulation
(Wallecha et al. 2003; Tree et al. 2007).

A similar “basic” epigenetic principle as above controls expression of the scil
type VI secretion gene cluster in enteroaggregative E. coli (EAEC) (Brunet et al.
2011) (Fig. 7.2). Here, the iron responsive regulatory protein Fur is a key regulator
of expression. Iron is a key element for bacterial pathogens, and biofilm formation
is an important virulence trait. However, the rationale specifically of linking biofilm
formation to iron dependency for this pathovar has been not directly addressed and
can only be speculated upon (Brunet et al. 2011). Similarly, the relevance of a
switch in expression is speculative, and would appear to relate to other “stick or
swim” strategies, and possibly immune evasion due to the antigenicity of the
structure. Regardless, this is an elegant system that allows a random switch to
incorporate information from the environment as relevant for virulence. For this
and the previously described “simple” one protein-one binding site systems, it
cannot be ruled out that additional layers of complexity exist that have not yet
been identified.

Even though OxyR and Dam are present in many species, OxyR and
Dam-dependent regulation has to date only been identified for additional examples
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in Salmonella. OxyR and Dam control phase variation of the g# family of operons
that modify the O-antigen and the opvAB operon that affects the O-antigen length in
Salmonella spp. In these regulatory regions, the organization of the Dam target
sequences, the OxyR binding sites, and how these align in relation to the promoter
vary (Fig. 7.2). The main difference is whether, as in the agn43 gene, it is an “all-or-
none” binding event, or whether two alternate bindings sites are involved that are
differentially occupied in the two expression states (on or off). It is unclear what the
precise contribution of the non-repressing binding site is for control of phase
variation, nor if there are additional, less obvious complexities when there are
two OxyR binding sites.

Based on our understanding of the detailed mechanism, the most complex
epigenetic phase variation system known to date was the first one identified and
the one that is best characterized: the mechanism controlling expression of the pap
fimbrial operon and similarly regulated fimbrial operons in E. coli and Salmonella.
This mechanism relies on the global regulator Lrp (leucine responsive regulatory
protein), and its interaction with the regulatory sequence furthermore requires a
small protein (Papl for pap). In the pap regulatory region, there are two Lrp binding
sites that do not overlap. Regulation of phase variation involves mutually exclusive
occupation of these two sites (Fig. 7.2). Transcription of pap can additionally be
modified by integration of environmental signals into the phase variation mecha-
nisms mediated by global regulators including cAMP-CRP, CpxAR and HNS. This
leads to a “random but regulated” mechanism: randomness or stochasticity deter-
mines whether the Dam- and Lrp-dependent methylation pattern in a cell will
change or be maintained (and thus the expression state), but there is also epistatic
control. The interaction between the regulatory region of the DNA and additional
proteins in this complex regulatory mechanism is discussed elsewhere in detail
(Hernday et al. 2002, 2004; Blomfield and van der Woude 2007; Casadesus and
Low 2013; Low and Casadesus 2008).

A different, complex system controls expression of the Std fimbrial operon in
Salmonella. This involves Dam, and the regulator HfdR, but also SeqA that is
associated with binding with highest affinity to specifically hemi-methylated DNA
(Jakomin et al. 2008). In contrast to this system, in the other examples described
above, additional factors can affect the Dam-dependent epigenetic regulation,
which include those that influence chromosome organization, e.g., SeqA and
HNS. Mutations in these genes will result in global, pleiotropic effects, including
indirectly affecting the overall DNA methylation level of the chromosome that in
turn may be responsible for the effect on the epigenetic regulation (Correnti et al.
2002).
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7.4 Dam-Dependent Epigenetic Regulation in Natural
Isolates

Many of the examples above illustrate the value of exploring pathogenic strains for
the occurrence of epigenetic regulation. The cumulative findings suggest that
epigenetic regulation may be especially prevalent for surface structures encoded
on pathogenicity islands. The examples of Pap and Sci-1 illustrate that E. coli
pathovars have acquired or evolved specific strategies of virulence involving
pathovar-specific epigenetic regulation.

By comparing natural isolates, it also becomes evident that allelic variants of the
coding sequences of epigenetically controlled surface structures exist, for example,
for the Ag43 encoding gene and pap. Similarly, there are many variants of the
regulatory sequences either associated with allelic variants or controlling function-
ally related but different structures or proteins, as in fimbriae or gtr operons
(Totsika et al. 2008; Davies et al. 2013; van der Woude and Henderson 2008;
Broadbent et al. 2010; Blomfield and van der Woude 2007). In each case, essential
sequence elements for phase variation are conserved, which has been referred to as
the “signature sequence”. Indeed, in the S. Typhi glucosyltransferase gtr operon a
naturally acquired two nucleotide deviation from the signature sequence was shown
to be necessary and sufficient to abrogate phase variation, affecting the strain’s
serum resistance (Kintz et al 2017). Outside of the signature sequence, variations in
the binding sites for the DNA binding proteins as well as the intervening sequences
exist and can affect expression. The variation is mostly evident as variable rates at
which the expression state changes (“switch frequency”) (Broadbent et al. 2010;
Totsika et al. 2008; Kintz et al. 2015). In the case of OxyR-dependent regulation of
Ag43, the variation furthermore raises the possibility that some sequences may
facilitate input of oxidative stress into the mechanism if the binding affinity of the
oxidized and reduced forms of OxyR is differentially affected, despite this not
being evident from the sequence derived from E. coli strain MG1655 (Wallecha
et al. 2003).

Taking together our understanding of the shared principle underpinning epige-
netic regulation, we can speculate what the main advantage of specifically epige-
netic phase variation is. The requirement of DNA synthesis and thus indirectly a
link to growth to facilitate change may be an advantage. The ability to superimpose
and integrate environmental factors on a stochastic system as seen for pap clearly
can be an advantage, but this is not unique to epigenetic variation. An aspect that
can be considered is that perhaps the epigenetic mechanism can evolve more
readily from established regulatory systems to generate population heterogeneity.
As long as the host cell encodes for a DNA methyltransferase, a single binding site
for a regulatory protein may evolve to allow epigenetic phase variation without the
need for additional proteins or factors. Selective pressure then may allow retention
of this regulatory feature.
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7.5 Epigenetic Regulation in Pathogens by DNA
Methyltransferases Other than Dam

DNA methylation is also involved in controlling expression of “phasevarions”
(Srikhanta et al. 2010). The term phasevarion reflects a regulon that phase varies
as a result of being controlled by a (single) initial phase variation event controlling
the expression of a DNA methyltransferase associated with a restriction-
modification system. The DNA methyltransferase itself is controlled by a (genetic)
phase variation mechanism, and it is the variable DNA methylation that directly or
indirectly leads to global changes in gene expression (i.e., the phasevarion).
Phasevarions associated with single DNA modification genes have been described
for the pathogens Haemophilus influenzae, Helicobacter pylori, and Neisseria
meningitidis and N. gonorrhoeae (Srikhanta et al. 2010, 2011). The mechanism
(s) that links DNA methylation to gene regulation have not been fully elucidated
and may involve epigenetic regulation similar to that described for Dam, global
changes due to, for example, changes in the chromosome structure, or a combina-
tion of both. In H. influenzae, the virulence phenotype is significantly affected, as is
virulence in an infection model system (VanWagoner et al. 2016). Similar strong
correlations between DNA modification gene expression and expression of viru-
lence traits were observed for N. meningitidis (Seib et al. 2011).

A similar concept of variable expression of DNA modifying genes also under-
pins a complex and elaborate use of DNA methylation to control virulence in
Streptococcus pneumoniae (Manso et al. 2014). The virulence of this pathogen is
directly affected by the DNA specificity of the DNA modification protein,
SpnD391II. Like for the phasevarions described above, but in contrast to the
epigenetic Dam-dependent phase variation, SpnD39III does not appear to be a
maintenance methyltransferase. The complexity arises from the fact that six vari-
ants of SpnD39III, each modifying a different DNA sequence, can be expressed as a
result of genetic recombination. Each variant gives rise to a population with a
unique gene expression profile and virulence traits. Clonal populations are hetero-
geneous regarding the expressed variant. This strategy not only provides further
evidence of the flexible use of DNA methyltransferases to control virulence but also
suggests that further occurrence of epigenetic regulation may yet be discovered.

7.6 What Lies Ahead?

Considering it was almost 30 years before the publication of this book that the first
study was published on bacterial epigenetic phase variation, it could be considered
surprising that not many more examples are known. However, when considering
mechanism of regulation, it is clear that identifying the occurrence from genome
sequences is a significant challenge. The accurate prediction of DNA binding of
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regulatory proteins is still a challenge, and whether the binding is affected by DNA
methylation requires sufficient knowledge of the protein—-DNA contacts.

We know of the requirements and possibilities for Lrp, OxyR, and Fur, and
these, and Dam, are present in a range of bacterial species. This raises an important
question in context of understanding virulence: is epigenetic phase variation occur-
ring in other species? If it is, which regulatory proteins are involved and which
genes are affected? Conversely, if there is no epigenetic regulation even when the
required players are present, is this because it does not confer an advantage?
Understanding the rationale behind the presence or absence may provide insight
into the significance of specific mechanisms that result in population heterogeneity.

Exploring the methylome of bacterial pathogens on a larger scale than was
previously achievable has become feasible with the advent of SMRT sequencing
(Flusberg et al. 2010). As described above, this can be used to identify the
specificity of DNA methyltransferases (Manso et al. 2014), but also allow identi-
fication of the degree of methylation of individual sites (Cota et al. 2015a; Sanchez-
Romero et al. 2015), even though this approach is not suitable for identification of a
minor fraction of the population with a different methylated state, and some phase
variation events would still not be identifiable therefore. Additionally, a
non-methylated state does not always reflect methylation-dependent epigenetic
regulation: this state may fulfill one of the two prerequisites, specifically that the
regulatory protein blocks methylation, but if the second prerequisite is not also
fulfilled, specifically that the methylation fails to alter the binding affinity of this
same protein (Hale et al. 1994), then the non-methylated state will not reflect
epigenetic regulation. Furthermore, non-methylated sequences may occur as a
result of non-regulatory DNA structures or various cellular processes, including
rapid growth. Thus, whether non-methylated sites affect gene expression will need
to be validated gene by gene, but SMRT sequencing is now used instead of
methylation-sensitive restriction analysis to provide evidence of the correlation
between expression state and methylation state of a specific site (Cota et al.
2015a). Significant value would be had in improving in silico analysis of detailed
protein—DNA interactions to facilitate interpretation of methylome data. Further-
more, the methylome may be variable and, much like transcriptome analyses,
results need to be considered in context of the growth conditions of the cells.

Since the first description of Dam-dependent phase variation in 1989 (Blyn et al.
1989), the understanding of the mechanisms and impact of DNA methylation and
epigenetics in bacteria has progressed significantly, and it is likely that there is
much left to be discovered. Indeed, as is evident from the growing body of work on
phasevarions, the role of DNA methylation for bacterial virulence may be more
diverse and widespread than could have been envisioned then. Targeting DNA
methylation for drug development may not be feasible since methyltransferases are
ubiquitous and share key structural features, but this could be further explored.
However, there does seem to be scope to combine the old and new insights to design
better, more stable vaccine strains. The application of new technologies will
provide the support that is needed to identify the full contribution of epigenetic
regulation in bacteria, to understand how that contributes to the success of both
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pathogens and commensals and perhaps to use that knowledge to our benefit in
controlling bacterial infectious disease.
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Chapter 8
Epigenetic Switching in the Human Fungal
Pathogen Candida albicans

Han Du and Guanghua Huang

Abstract The human fungal pathogen Candida albicans can grow in a number of
distinct morphologies: yeast (including white, gray, opaque, and GUT forms),
hyphae, and pseudohyphae. White and opaque cells are two heritable cell types.
Despite the differences in several biological aspects including cellular and colony
appearances, global gene profiles, virulence, filamentation, mating competency,
and susceptibility to antifungals, white and opaque cells contain the same set of
genomic DNA. The regulation of white—opaque switching is at the epigenetic level.
Although the switch between the white and opaque phenotypes can occur sponta-
neously at low frequency, it can also be induced by certain environmental cues such
as host-related signaling molecules like CO, and N-acetylglucosamine (GlcNAc).
In this chapter, we will review the environmental and genetic regulatory mecha-
nisms of this epigenetic switch in C. albicans. The relationships between white—
opaque switching and pathogenesis, sexual reproduction, and other biological
processes will be discussed. The newly discovered white—gray—opaque tristable
switching system and white—opaque switching in two C. albicans-related species,
Candida dubliniensis and Candida tropicalis, will be included in the last two
sections. These morphological switches may provide Candida species with a better
ability to adapt to the changing host environment and survive under diverse niches.

Keywords Candida albicans + Epigenetic switching « White—opaque transitions ¢
Sexual mating « Worl ¢ Environmental factors

8.1 Introduction

Candida albicans is an important human fungal pathogen that causes superficial
infections in healthy people and life-threatening disease in immunocompromised
individuals (Berman 2012; Brown et al. 2012). A striking feature of this fungus is
its ability to grow in several morphological forms: yeast (including white, gray,
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opaque, and GUT forms), hyphae, and pseudohyphae (Huang 2012; Sudbery et al.
2004; Tao et al. 2014b). C. albicans can switch its growth form between different
morphological phenotypes under certain environmental conditions. For example,
the yeast-filament (including hyphal and psuedohyphal forms) transition is highly
dependent on the presence of environmental stimuli such as serum, high tempera-
ture (37 °C), and neutral pH [reviewed by (Biswas et al. 2007; Huang 2012;
Sudbery et al. 2004; Whiteway and Bachewich 2007)]. Despite the fact that certain
environmental factors favor certain phenotypes, white, gray, and opaque cell types
are heritable (Anderson and Soll 1987; Slutsky et al. 1987; Tao et al. 2014b). The
switches between the three phenotypes are reversible and can occur spontaneously.
The cells, however, can maintain their original phenotype for many generations. In
this chapter, we will focus on the genetic and epigenetic regulatory mechanisms of
white—opaque switching and its association with sexual mating and pathogenesis.

8.2 General Features of White—Opaque Switching

The white—opaque switching system was first discovered in 1987 in WO-1, a
clinical isolate of C. albicans by Soll and his colleagues (Slutsky et al. 1987).
White and opaque cells differ in a number of biological aspects including cellular
and colony morphologies, global gene expression profiles, mating competence, and
virulence in different infection systems (Anderson and Soll 1987; Kvaal et al. 1999;
Lan et al. 2002; Miller and Johnson 2002; Tsong et al. 2003; Xie et al. 2013). The
switch between the two cell types is an epigenetic phenomenon with no changes of
the genomic DNA sequence (Srikantha et al. 2001; Zordan et al. 2006). White cells
are relatively round and small and form “white” and hemispherical colonies.
Opaque cells are elongated, or bean shaped, and form flat, opaque colonies. The
cell surface of white cells is smooth while that of mature opaque cells is “pimpled.”
The biological function of “pimples” remains to be investigated. On nutrient agar
containing phloxine B (a red dye which exclusively stains opaque cells red), opaque
colonies appear pink or red, while white colonies maintain in white (Anderson and
Soll 1987).

White and opaque cells express a set of cell type-specific genes. Global gene
expression profile assays demonstrate that hundreds of protein-encoding genes and
noncoding RNAs are differentially expressed in white and opaque cells (Lan et al.
2002; Tuch et al. 2010). The 5" and 3’ untranslated regions (UTR) of some genes
also differ in length between the two cell types (Tuch et al. 2010), suggesting that
posttranscriptional regulations may be involved in this phenotypic switching.
Differentially expressed genes are involved in the regulation of metabolism, mat-
ing, stress response, and virulence. Of them, a large number of genes are related to
metabolic pathways. For example, the expression of fermentative metabolism-
related genes is upregulated in white cells, while that of oxidative metabolism-
related genes is upregulated in opaque cells (Lan et al. 2002). The difference of
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gene expression profiles provides the two cell types unique features and may confer
them different abilities to survive and propagate in diverse natural niches.

8.3 Genetic and Epigenetic Regulation of White—-Opaque
Switching in C. albicans

The Worl Master Regulator In 2006, three labs reported the discovery of the
master regulator of white—opaque switching in C. albicans (Huang et al. 2006;
Srikantha et al. 2006; Zordan et al. 2006). It has been named as Worl (white-
opaque regulator 1) by Huang et al. (2006) and Zordan et al. (2006) and referred to
as Tos9 in the Srikantha paper (Srikantha et al. 2006) since it is homologous to the
Saccharomyces cerevisiae Tos9 protein. The Worl transcription factor is a member
of the WORP family, which is a fungal-specific protein family with critical bio-
logical functions in a range of diverse species (Jonkers et al. 2012; Lohse et al.
2010; Michielse et al. 2011; Mirzadi Gohari et al. 2014; Nguyen and Sil 2008).
Worl contains two conserved domains (WORPa and WORPD) which are dissimilar
to each other and form a WOPR box with DNA sequence-specific binding ability
(Lohse et al. 2010). The WORPa domain also contains a conserved protein kinase A
(PKA) phosphorylation site (Huang et al. 2006), suggesting that it may function
downstream of the cAMP-PKA signaling pathway. The expression of WORI in
white and opaque cells exhibits an “all-or-none” feature. Its transcription can hardly
be detected in white cells, but it is highly upregulated in opaque cells (Huang et al.
2006). Worl, together with Efgl, Wor2, Wor3, and Ahrl (or named as Zcf37),
forms interlocking transcriptional feedback loops and controls the transition
between the two distinct cell types (Hernday et al. 2013; Zordan et al. 2007).
Despite the critical role of the other transcription factors in the control of the
feedback loop, only Worl is essential for the development of the opaque cell
type. Wor2 is required for the white-to-opaque switching when cultured under
regular laboratory conditions (like using glucose as the carbon source), but is not
required for this process in the presence of GIcNAc, a potent inducer of the opaque
phenotype (Tong et al. 2014). The transcriptional and environmental regulatory
mechanisms are summarized in Fig. 8.1.

Mating Type Locus (MTL) Under standard laboratory culture conditions (with
glucose as the carbon source and an aerobic environment), only a small set of
clinical isolates of C. albicans were found to be able to undergo white-to-opaque
switching. These strains were proved to be homozygous at the MTL locus
(C. albicans is an “obligate” diploid organism) (Lockhart et al. 2002; Miller and
Johnson 2002). The al/a2 heterodimer, a transcriptional repressor produced by the
MTL locus, binds to the promoter region of WOR! and represses its expression and
thus locks cells in the white phase (Huang et al. 2006; Miller and Johnson 2002;
Zordan et al. 2006). We have recently discovered that white—opaque switching is
not restricted to MTL homozygous isolates of C. albicans. In the presence of CO,
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Fig. 8.1 Environmental and genetic regulation of white—opaque switching in C. albicans. UV,
ultraviolet. Worl plays a central role in the regulation of white—opaque switching. All the
signaling pathways could converge on the regulation of Worl

and GlcNAc, a small set of clinical isolated MTL heterozygous strains can undergo
white-to-opaque switching (Xie et al. 2013). As mentioned earlier, CO, and
GlcNAc are abundant in the human host, especially in the lower gut. Therefore,
to some extent, this culture condition mimics the host environment. Both white and
opaque cells of the MTL heterozygous strains exhibit a similar gene expression
profile and virulence characteristic to their counterparts of the MTL homozygous
strains. Given the human host is the major reservoir of C. albicans, our study
implies that white—opaque switching could be a general feature of natural isolates.

Epigenetic Regulation of White—Opaque Switching in C. albicans As men-
tioned earlier, white and opaque cells contain the same genome. It has been
proposed by Klar et al. that white—opaque switching involves changes in the
structure of chromosomes (Klar et al. 2001). They found that cells of C. albicans
treated with trichostatin-A (TSA), a histone deacetylase inhibitor, showed a dra-
matic increased frequency of white-to-opaque switching. Consistently, deletion of
the histone deacetylase genes HDAI and RTT109 promotes the opaque phenotype,
while deletion of the histone deacetylase gene RPD3 leads to an increase in the
frequency of switching in both white-to-opaque and opaque-to-white transitions
(Srikantha et al. 2001). Deletion of one copy of the essential gene HST3, which
encodes an H3K56 deacetylase, also results in an increase in the white-to-opaque
switching frequency (Stevenson and Liu 2011). Hnisz et al. have further demon-
strated that the Set3/Hos2 complex plays a critical role in the regulation of white—
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opaque switching (Hnisz et al. 2009). Together with the Worl-Efgl-Wor2-Czf1
transcriptional circuitry, these chromatin modifiers form a dual layer network and
control this epigenetic switch in C. albicans.

8.4 Environmental Regulation of White-Opaque Switching
in C. albicans

Although white—opaque switching can occur spontaneously, a plethora of environ-
mental factors have been found to affect the frequency of switching. Host-related
environmental factors, such as the physiological temperature (37 °C), pH, GlcNAc,
hypoxic conditions, and CO,, regulate white—opaque switching through distinct
pathways (Huang et al. 2009, 2010; Srikantha and Soll 1993; Sun et al. 2015).
When cultured in air, both low (lower than 4 °C) and high (higher than 27 °C)
temperatures promote opaque-to-white switching (Anderson and Soll 1987; Huang
et al. 2009, 2010; Srikantha and Soll 1993; Sun et al. 2015). This phenomenon
raises a question: if the physiological temperature of the human body is about
37 °C, how can C. albicans switch to and maintain the opaque phase in humans?
GlcNAc and CO, are abundantly present in the mammalian host (e.g., in the gut and
blood) (Chang et al. 2004; Levitt 1971). Huang et al. have found that both GlcNAc
and high levels of CO, promote white-to-opaque switching and repress opaque-to-
white switching at 37 °C. Similar to the promoting effect on filamentation, GIcNAc
activates white-to-opaque switching primarily through the Ras1-cAMP-PKA sig-
naling pathway (Huang et al. 2010). The master regulator Worl, which contains a
conserved cAMP-dependent protein kinase A phosphorylation site (T67), is down-
stream of this pathway. The PKA phosphorylation site is critical for GlcNAc-
induced opaque cell formation (Huang et al. 2010). CO, regulates white-to-opaque
switching primarily via two pathways: the cAMP signaling and an unidentified
pathway. The two pathways converge on the Flo8 transcription factor, which is
upstream of Worl. Flo8 is essential for the maintenance of the opaque phenotype
both in air and in the presence of high levels of CO,. Overexpression of WORI
promotes the opaque phenotype in the flo§/flo8 mutant (Du et al. 2012). We have
recently reported that acidic pH induces the opaque phenotype in several clinical
strains of C. albicans (Sun et al. 2015). This induction is dependent on the Rim101-
mediated pH sensing pathway. Since the hydrolysis of CO, results in acidification
of the medium, the induction of the opaque phenotype could be partially due to the
intracellular acidification. Interestingly, acidic pH suppresses sexual mating in
C. albicans through repressing the induction of the expression of MFAI, a gene
encoding the precursor of a-pheromone, and STE2, a gene encoding the
a-pheromone receptor (Sun et al. 2015). Moreover, environmental stresses (such
as oxidative and genotoxic stresses) promote the development of the opaque
phenotype and thus facilitate sexual mating in C. albicans (Alby and Bennett
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2009), suggesting that phenotypic switching and mating could be an adaptive
response under stressful environments.

8.5 Relationship Between White—Opaque Switching
and Mating in C. albicans

As a diploid organism, C. albicans was long thought to be asexual. The discovery of
the MTL locus of C. albicans, which is similar to the mating type locus (MAT) in
S. cerevisiae, implies that there could be a cryptic sexual life cycle in this patho-
genic fungus (Hull and Johnson 1999). In 2000, two independent groups observed
mating in an in vivo and an in vitro system in several genome-engineered
C. albicans strains (Hull et al. 2000; Magee and Magee 2000). Miller et al. further
found that only opaque cells can mate efficiently (Miller and Johnson 2002).
Opaque cells mate approximately one million times more efficiently than white
cells. Given the spontaneous switching feature of the two cell types, mating
observed in white cells could be due to mating of the rare “switched” opaque
cells. Despite the poor mating efficiency, when treated with pheromones or exposed
to opaque cells with an opposite MTL type, white cells can secrete pheromones and
facilitate opaque cell mating (Tao et al. 2014a). Soll and his colleagues have
reported that pheromone secreted by opaque cells can also signal white cells
forming a “sexual” biofilm, which in turn facilitates opaque cell mating (Daniels
et al. 2006). This white cell pheromone response is a general feature of clinical
isolates of C. albicans (Sahni et al. 2009). Given the predominant feature of white
cells in natural conditions, this coordinative behavior between white and opaque
cells could play an important balancing role in the regulation of sexual and asexual
lifestyles in C. albicans.

8.6 White—Opaque Switching Regulates Filamentation
and Biofilm Development

The yeast-filament switch is another type of morphological transition which plays a
central role in the regulation of virulence in C. albicans (Lo et al. 1997; Sudbery
2011; Whiteway and Bachewich 2007). The environmental and genetic regulatory
mechanisms of filamentation are different in white and opaque cells. Typical
filamentation-inducing conditions of white cells such as high temperature
(37 °C), YPD + serum, Spider, and Lee’s medium do not promote filamentous
growth in opaque cells (Anderson et al. 1989; Guan et al. 2013; Si et al. 2013).
However, low phosphate medium and sorbitol medium can efficiently induce
opaque cell filamentation (Si et al. 2013). High temperature (37 °C) facilitates
white cell filamentation but represses opaque cell filamentation (Si et al. 2013). The
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conserved cAMP signaling pathway and transcription factors including Tupl,
Nrgl, and Efgl control the development of filaments in both white and opaque
cells (Guan et al. 2013; Si et al. 2013). The Berl transcription factor, which was
previously identified as a biofilm regulator, plays a unique role in the regulation of
opaque cell filamentation. Inactivation of BCR/! in C. albicans does not obviously
affect white cell filamentation but has a dramatic promoting effect on the induction
of opaque cell filamentation (Guan et al. 2013).

White and opaque cells also differ in the ability of biofilm development. Under
standard laboratory incubation conditions, only white cells can form biofilms
(Daniels et al. 2006; Yi et al. 2011). This could be due to the different expression
profiles of cell wall and adhesion-related proteins in the two cell types (Lan et al.
2002; Tsong et al. 2003) which are critical for the development of biofilms in
C. albicans. Interestingly, in a mixed culture system, opaque cells signal white cells
to form “sexual” biofilms through activating the white cell pheromone response
pathway. “Sexual” biofilms differ from conventional “pathogenic” biofilms in a
number of aspects including the permeability to peptides and small organic mole-
cules, as well as antifungal susceptibility (Daniels et al. 2006; Park et al. 2013; Yi
etal. 2011). Park et al. proposed that “sexual” biofilms could facilitate opaque cell
mating in C. albicans (Park et al. 2013). This white cell response to pheromone is a
general feature of clinical isolates of C. albicans (Sahni et al. 2009). Another
possible reason for the promoting effect of white cells on opaque cell mating in
biofilms could be the fact that white cells secrete pheromone and increase the
general level of pheromone in the mixed culture system (Tao et al. 2014a).

8.7 White—-Opaque Switching and Pathogenesis

White and opaque cells exhibit distinct virulence in different infection models.
White cells are more virulent in the mouse systemic infection models, while opaque
cells are better at skin colonization in cutaneous infection models. Consistent with
these observations, opaque cells express high levels of secreted aspartic proteinases
(Saps) (Tao et al. 2014b; Xie et al. 2013), which could degrade the animal tissue and
facilitate opaque cell growth. The two cell types also differ in the susceptibility to
host immune cells. For example, mouse macrophage-derived RAW264.7 cells and
human polymorphonuclear neutrophils preferentially phagocytose white cells
(Lohse and Johnson 2008; Sasse et al. 2013). Recently, Pande et al. reported a
novel cell type in C. albicans, named as the GUT (gastrointestinally induced
transition) cell type (Pande et al. 2013). GUT cells are morphologically similar to
but functionally different from opaque cells. The GUT form promotes C. albicans
commensalism, while opaque cells decrease commensalism. The Worl transcrip-
tion factor is essential for both the GUT and opaque cell types. These intriguing
findings suggest that phenotypic switching could be used as an escaping strategy for
the avoidance of the attack of the host defense system.
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8.8 White-Gray-Opaque Tristable Switching

We recently discovered a novel morphological phenotype, referred to as the gray
phenotype, in C. albicans (Fig. 8.2) (Tao et al. 2014b). This phenotype, together
with the white and opaque phenotypes, forms a tristable morphological switching
system. Compared with the white and opaque phenotypes, the gray phenotype has
several unique features including distinct cellular morphology, high Sap activity in
response to proteins or animal tissues, distinct global gene expression profile, and
an increased ability to colonize animal cutaneous surfaces. Compared with white
and opaque cells, gray cells exhibit an intermediate level of mating competency.
The Worl and Efgl transcription factors play a central role in the regulation of
white—gray—opaque tristable switching in C. albicans. Worl is essential for the
development of the opaque cell type, while Efg1 is required for the development of
the white cell type. Deletion of both WORI and EFGI locks cell in the gray
phenotype since the mutant cannot form either white or opaque cells. Although
two regulators are enough to control a tristable switching system, it is unknown
whether or not there is a master regulator controlling the gray phenotype. Gray cells
are different from the GUT cell type in a number of aspects. First, gray cells are
smaller than GUT cells in cell size. Second, gray cells are stable when cultured in
laboratory media, while GUT cells only exist in the gut and cannot grow in vitro.

Fig. 8.2 Colony and cellular morphologies of white, gray, and opaque phenotypes of C. albicans
[adapted from the reference (Tao et al., 2014b)]. W, white; G, gray; O, opaque. (a) Colony
morphologies on nutrient agar (YPD medium without phloxine B, a red dye). (b) Colony
morphologies on nutrient agar (Lee’s medium with phloxine B). (¢) Scanning Electron Micros-
copy images of white, gray, and opaque cells
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Third, the formation of gray cells is independent of Worl, which is essential for the
maintenance of the GUT phenotype (Pande et al. 2013).

8.9 White-Opaque Switching in Candida dubliniensis
and Candida tropicalis

C. dubliniensis and C. tropicalis are two C. albicans-related species and also
frequently isolated from clinical settings (Pfaller 1995; Pfaller and Diekema
2007). Similar to C. albicans, these two Candida species can also undergo white—
opaque switching under certain conditions (Porman et al. 2011; Pujol et al. 2004;
Xie et al. 2012). The cellular and colony morphologies of white and opaque
phenotypes of the two species are similar to their counterparts of C. albicans. For
example, the surface of both C. dubliniensis and C. tropicalis cells is also rough
(or “pimpled”), and the white—opaque switch regulates sexual mating in the two
species. Opaque cells of C. dubliniensis and C. tropicalis mate more efficiently than
white cells. Worl plays an essential role in the regulation of white-to-opaque
switching in both C. dubliniensis (Yue et al. 2016) and C. tropicalis. Efgl is
essential for the white phenotype in C. tropicalis. The efgl/efgl mutant of
C. tropicalis cannot form white cells but can switch between the opaque and an
intermediate phenotype (Mancera et al. 2015). As in C. albicans, GIcNAc promotes
the opaque phenotype and sexual mating in C. tropicalis (Xie et al. 2012). These
findings suggest that white—opaque switching is a highly conserved biological
process in C. albicans, C. dubliniensis, and C. tropicalis.

8.10 Conclusion

Heritable phenotypic transitions have been observed in several Candida species.
The switch between different cell types is epigenetically regulated and involves no
genomic DNA changes. In C. albicans, the white—opaque switch plays an important
role in several biological aspects including sexual reproduction, filamentation,
virulence, escaping the attack from the host immune cells, and antifungal resis-
tance. C. albicans can colonize almost all of the organs of humans. The morpho-
logical plasticity may provide this species with strong ability to adapt to different
host niches. The involvement of white—opaque switching in mating adds another
tier of regulation to sexual reproduction in Candida species. In the past decade, the
environmental and genetic regulatory mechanisms have been intensively studied.
Host-related environmental cues such as the temperature, GIcNAc, and CO, play a
critical role in the regulation of white—opaque switching and sexual mating. The
master regulator Worl, together with a number of transcription factors including
Efgl, Wor2, Wor3, and Czf1, forms an interlocking feedback loop in the control of
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white—opaque transitions. This transcriptional regulation may also coordinate with
the changes of chromosome structure, which involve a number of epigenetic
regulators such as histone acetylases and deacetylases. The epigenetic switching
could also provide a nice model system for the study of epigenetic regulations of
other biological processes in pathogenic Candida species.

Acknowledgements The authors are grateful to Mr. Justin Friedman (University at Buffalo) for
reading the manuscript and valuable suggestions. The work of the Huang lab was supported by
grants from the Chinese National Natural Science Foundation (31625002, 31170086, and
81322026 to G.H.) and the “100 Talent Program” grant from the Chinese Academy of Sciences
(to G.H.).

References

Alby K, Bennett RJ (2009) Stress-induced phenotypic switching in Candida albicans. Mol Biol
Cell 20:3178-3191

Anderson J, Cundiff L, Schnars B, Gao MX, Mackenzie I, Soll DR (1989) Hypha formation in the
white-opaque transition of Candida albicans. Infect Immun 57:458-467

Anderson JM, Soll DR (1987) Unique phenotype of opaque cells in the white-opaque transition of
Candida albicans. J Bacteriol 169:5579-5588

Berman J (2012) Candida albicans. Curr Biol 22:R620-R622

Biswas S, Van Dijck P, Datta A (2007) Environmental sensing and signal transduction pathways
regulating morphopathogenic determinants of Candida albicans. Microbiol Mol Biol Rev
71:348-376

Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White TC (2012) Hidden killers:
human fungal infections. Sci Transl Med 4:165rv113

Chang DE, Smalley DJ, Tucker DL, Leatham MP, Norris WE, Stevenson SJ, Anderson AB,
Grissom JE, Laux DC, Cohen PS et al (2004) Carbon nutrition of Escherichia coli in the mouse
intestine. Proc Natl Acad Sci U S A 101:7427-7432

Daniels KJ, Srikantha T, Lockhart SR, Pujol C, Soll DR (2006) Opaque cells signal white cells to
form biofilms in Candida albicans. EMBO J 25:2240-2252

Du H, Guan G, Xie J, Cottier F, Sun Y, Jia W, Muhlschlegel FA, Huang G (2012) The transcription
factor Flo8 mediates CO2 sensing in the human fungal pathogen Candida albicans. Mol Biol
Cell 23:2692-2701

Guan G, Xie J, Tao L, Nobile CJ, Sun Y, Cao C, Tong Y, Huang G (2013) Bcerl plays a central role
in the regulation of opaque cell filamentation in Candida albicans. Mol Microbiol 8§9:732-750

Hernday AD, Lohse MB, Fordyce PM, Nobile CJ, DeRisi JL, Johnson AD (2013) Structure of the
transcriptional network controlling white-opaque switching in Candida albicans. Mol
Microbiol 90:22-35

Hnisz D, Schwarzmuller T, Kuchler K (2009) Transcriptional loops meet chromatin: a dual-layer
network controls white-opaque switching in Candida albicans. Mol Microbiol 74:1-15

Huang G (2012) Regulation of phenotypic transitions in the fungal pathogen Candida albicans.
Virulence 3:251-261

Huang G, Srikantha T, Sahni N, Yi S, Soll DR (2009) CO(2) regulates white-to-opaque switching
in Candida albicans. Curr Biol 19:330-334

Huang G, Wang H, Chou S, Nie X, Chen J, Liu H (2006) Bistable expression of WORI1, a master
regulator of white-opaque switching in Candida albicans. Proc Natl Acad Sci U S A
103:12813-12818



8 Epigenetic Switching in the Human Fungal Pathogen Candida albicans 185

Huang G, Yi S, Sahni N, Daniels KJ, Srikantha T, Soll DR (2010) N-acetylglucosamine induces
white to opaque switching, a mating prerequisite in Candida albicans. PLoS Pathog 6:
¢1000806

Hull CM, Johnson AD (1999) Identification of a mating type-like locus in the asexual pathogenic
yeast Candida albicans. Science 285:1271-1275

Hull CM, Raisner RM, Johnson AD (2000) Evidence for mating of the “asexual” yeast Candida
albicans in a mammalian host. Science 289:307-310

Jonkers W, Dong Y, Broz K, Kistler HC (2012) The Worl-like protein Fgpl regulates pathoge-
nicity, toxin synthesis and reproduction in the phytopathogenic fungus Fusarium graminearum.
PLoS Pathog 8:¢1002724

Klar AJ, Srikantha T, Soll DR (2001) A histone deacetylation inhibitor and mutant promote
colony-type switching of the human pathogen Candida albicans. Genetics 158:919-924

Kvaal C, Lachke SA, Srikantha T, Daniels K, McCoy J, Soll DR (1999) Misexpression of the
opaque-phase-specific gene PEP1 (SAP1) in the white phase of Candida albicans confers
increased virulence in a mouse model of cutaneous infection. Infect Immun 67:6652-6662

Lan CY, Newport G, Murillo LA, Jones T, Scherer S, Davis RW, Agabian N (2002) Metabolic
specialization associated with phenotypic switching in Candidaalbicans. Proc Natl Acad Sci U
S A 99:14907-14912

Levitt MD (1971) Volume and composition of human intestinal gas determined by means of an
intestinal washout technic. N Engl J Med 284:1394-1398

Lo HJ, Kohler JR, DiDomenico B, Loebenberg D, Cacciapuoti A, Fink GR (1997) Nonfilamentous
C. albicans mutants are avirulent. Cell 90:939-949

Lockhart SR, Pujol C, Daniels KJ, Miller MG, Johnson AD, Pfaller MA, Soll DR (2002) In
Candida albicans, white-opaque switchers are homozygous for mating type. Genetics
162:737-745

Lohse MB, Johnson AD (2008) Differential phagocytosis of white versus opaque Candida albicans
by Drosophila and mouse phagocytes. PloS ONE 3:¢1473

Lohse MB, Zordan RE, Cain CW, Johnson AD (2010) Distinct class of DNA-binding domains is
exemplified by a master regulator of phenotypic switching in Candida albicans. Proc Natl Acad
Sci U S A 107:14105-14110

Magee BB, Magee PT (2000) Induction of mating in Candida albicans by construction of MTLa
and MTLalpha strains. Science 289:310-313

Mancera E, Porman AM, Cuomo CA, Bennett RJ, Johnson AD (2015) Finding a missing gene:
EFG1 regulates morphogenesis in Candida tropicalis. G3 (Bethesda) 5:849-856

Michielse CB, Becker M, Heller J, Moraga J, Collado IG, Tudzynski P (2011) The Botrytis cinerea
Regl protein, a putative transcriptional regulator, is required for pathogenicity, conidiogenesis,
and the production of secondary metabolites. Mol Plant Microbe Interact 24:1074—1085

Miller MG, Johnson AD (2002) White-opaque switching in Candida albicans is controlled by
mating-type locus homeodomain proteins and allows efficient mating. Cell 110:293-302

Mirzadi Gohari A, Mehrabi R, Robert O, Ince IA, Boeren S, Schuster M, Steinberg G, de Wit PJ,
Kema GH (2014) Molecular characterization and functional analyses of ZtWorl, a transcrip-
tional regulator of the fungal wheat pathogen Zymoseptoria tritici. Mol Plant Pathol
15:394-405

Nguyen VQ, Sil A (2008) Temperature-induced switch to the pathogenic yeast form of
Histoplasma capsulatum requires Rypl, a conserved transcriptional regulator. Proc Natl
Acad Sci U S A 105:4880-4885

Pande K, Chen C, Noble SM (2013) Passage through the mammalian gut triggers a phenotypic
switch that promotes Candida albicans commensalism. Nat Genet 45:1088-1091

Park YN, Daniels KJ, Pujol C, Srikantha T, Soll DR (2013) Candida albicans forms a specialized
“sexual” as well as “pathogenic” biofilm. Eukaryot Cell 12:1120-1131

Pfaller MA (1995) Epidemiology of candidiasis. J] Hosp Infect 30(Suppl):329-338

Pfaller MA, Diekema DJ (2007) Epidemiology of invasive candidiasis: a persistent public health
problem. Clin Microbiol Rev 20:133-163



186 H. Du and G. Huang

Porman AM, Alby K, Hirakawa MP, Bennett RJ (2011) Discovery of a phenotypic switch
regulating sexual mating in the opportunistic fungal pathogen Candida tropicalis. Proc Natl
Acad Sci U S A 108:21158-21163

Pujol C, Daniels KJ, Lockhart SR, Srikantha T, Radke JB, Geiger J, Soll DR (2004) The closely
related species Candida albicans and Candida dubliniensis can mate. Eukaryot Cell
3:1015-1027

Sahni N, Yi S, Pujol C, Soll DR (2009) The white cell response to pheromone is a general
characteristic of Candida albicans strains. Eukaryot Cell 8:251-256

Sasse C, Hasenberg M, Weyler M, Gunzer M, Morschhauser J (2013) White-opaque switching of
Candida albicans allows immune evasion in an environment-dependent fashion. Eukaryot Cell
12:50-58

Si H, Hernday AD, Hirakawa MP, Johnson AD, Bennett RJ (2013) Candida albicans white and
opaque cells undergo distinct programs of filamentous growth. PLoS Pathog 9:¢1003210

Slutsky B, Staebell M, Anderson J, Risen L, Pfaller M, Soll DR (1987) “White-opaque transition”:
a second high-frequency switching system in Candida albicans. J Bacteriol 169:189-197

Srikantha T, Borneman AR, Daniels KJ, Pujol C, Wu W, Seringhaus MR, Gerstein M, Yi S,
Snyder M, Soll DR (2006) TOS9 regulates white-opaque switching in Candida albicans.
Eukaryot Cell 5:1674-1687

Srikantha T, Soll DR (1993) A white-specific gene in the white-opaque switching system of
Candida albicans. Gene 131:53-60

Srikantha T, Tsai L, Daniels K, Klar AJ, Soll DR (2001) The histone deacetylase genes HDA1 and
RPD3 play distinct roles in regulation of high-frequency phenotypic switching in Candida
albicans. J Bacteriol 183:4614-4625

Stevenson JS, Liu H (2011) Regulation of white and opaque cell-type formation in Candida
albicans by Rtt109 and Hst3. Mol Microbiol 81:1078-1091

Sudbery PE (2011) Growth of Candida albicans hyphae. Nat Rev Microbiol 9:737-748

Sudbery P, Gow N, Berman J (2004) The distinct morphogenic states of Candida albicans. Trends
Microbiol 12:317-324

Sun Y, Cao C, Jia W, Tao L, Guan G, Huang G (2015) pH regulates white-opaque switching and
sexual mating in Candida albicans. Eukaryot Cell 14:1127-1134

Tao L, Cao C, Liang W, Guan G, Zhang Q, Nobile CJ, Huang G (2014a) White cells facilitate
opposite- and same-sex mating of opaque cells in Candida albicans. PLoS Genet 10:¢1004737

Tao L, Du H, Guan G, Dai Y, Nobile CJ, Liang W, Cao C, Zhang Q, Zhong J, Huang G (2014b)
Discovery of a “white-gray-opaque” tristable phenotypic switching system in candida albicans:
roles of non-genetic diversity in host adaptation. PLoS Biol 12:e1001830

Tong Y, Cao C, Xie J, Ni J, Guan G, Tao L, Zhang L, Huang G (2014) N-acetylglucosamine-
induced white-to-opaque switching in Candida albicans is independent of the Wor2 transcrip-
tion factor. Fungal Genet Biol 62:71-77

Tsong AE, Miller MG, Raisner RM, Johnson AD (2003) Evolution of a combinatorial transcrip-
tional circuit: a case study in yeasts. Cell 115:389-399

Tuch BB, Mitrovich QM, Homann OR, Hernday AD, Monighetti CK, De La Vega FM, Johnson
AD (2010) The transcriptomes of two heritable cell types illuminate the circuit governing their
differentiation. PLoS Genet 6:¢1001070

Whiteway M, Bachewich C (2007) Morphogenesis in Candida albicans. Annu Rev Microbiol
61:529-553

Xie J, Du H, Guan G, Tong Y, Kourkoumpetis TK, Zhang L, Bai FY, Huang G (2012)
N-Acetylglucosamine Induces White-to-Opaque Switching and Mating in Candida tropicalis,
Providing New Insights into Adaptation and Fungal Sexual Evolution. Eukaryot Cell
11:773-782

Xie J, Tao L, Nobile CJ, Tong Y, Guan G, Sun Y, Cao C, Hernday AD, Johnson AD, Zhang L et al
(2013) White-opaque switching in natural MTLa/alpha isolates of Candida albicans: evolu-
tionary implications for roles in host adaptation, pathogenesis, and sex. PLoS Biol 11:
e1001525



8 Epigenetic Switching in the Human Fungal Pathogen Candida albicans 187

Yi S, Sahni N, Daniels KJ, Lu KL, Srikantha T, Huang G, Garnaas AM, Soll DR (2011)
Alternative mating type configurations (a/alpha versus a/a or alpha/alpha) of Candida albicans
result in alternative biofilms regulated by different pathways. PLoS Biol 9:¢1001117

Yue H, Hu J, Guan G, Tao L, Du H, Li H, Huang G (2016) Discovery of the gray phenotype and
white-gray-opaque tristable phenotypic transitions in Candida dubliniensis. Virulence 7:230—
242

Zordan RE, Galgoczy DJ, Johnson AD (2006) Epigenetic properties of white-opaque switching in
Candida albicans are based on a self-sustaining transcriptional feedback loop. Proc Natl Acad
Sci U S A 103:12807-12812

Zordan RE, Miller MG, Galgoczy DJ, Tuch BB, Johnson AD (2007) Interlocking transcriptional
feedback loops control white-opaque switching in Candida albicans. PLoS Biol 5:¢256



Chapter 9
Modification of the Host Epigenome
by Parasitic Protists

Inessa Gendlina, Natalie Silmon de Monerri, and Kami Kim

Abstract Protozoan parasites compose a large group of ubiquitous unicellular
eukaryotic organisms that closely interact with, and frequently reside within, a
larger host. These parasitic protists rely on their host for nutrients, energy, and
biomaterials. The host—parasite interaction is complex, as parasites strive to achieve
a delicate balance of survival and replication without inducing host death. The host,
in turn, tries to protect itself by various means including activation of death
pathways in order to limit parasite spread. Therefore, successful parasites have
developed highly evolved tactics in order to avoid host immune recognition and
intracellular killing and subvert the host to their needs. To this end, various
mechanisms of hijacking of host processes via parasite-derived or secreted effectors
have been described. It has recently come to light that parasites also induce
alterations to the host epigenomic landscape. Changes in host DNA methylation,
histone posttranslational modifications, nucleosome positioning, chromatin assem-
bly, and regulation of transcription have been noted in the parasitized host. To date,
only a few parasite-derived effectors have been shown to directly modify host
chromatin, and it remains to be elucidated whether parasite-induced alterations to
the host epigenomic landscape are brought on specifically by parasites or are due to
the host response. Finally, while various parasites target different components of
host epigenomic landscape, common themes in subversion of host pathways and
process emerge. We aim to review what is known about parasite modulation of host
epigenome and touch on some conserved themes in this host—parasite interplay.
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9.1 General Comments

9.1.1 Opverview of Pathogenic Protists

Protozoan parasites are a vast group of distinct unicellular eukaryotic organisms,
capable of infecting humans, animals, and insects, with unique and complex life
cycles. Considering the enormous diversity of these organisms, we will limit
discussion below to include examples of protozoans able to cause disease in
humans and animals. Many of these parasites reside and replicate inside host
cells for at least part of their life, inducing significant changes in cellular processes
including the epigenetic landscape. Individual parasites have distinct interactions
with the host. Some such as Leishmania spp. and Theileria inhabit the cytoplasm,
while others such as Toxoplasma gondii form and reside in a parasitophorous
vacuole. Theileria, in particular, which targets mainly cattle, live within the host
cytoplasm of leukocytes and utilize the host cell division apparatus, inducing
continuous proliferation and immortalization of the host cells (Spooner et al.
1989), while Leishmania species, obligate intracellular parasites targeting macro-
phages of mammals, reside within host-derived phagolysosomal vacuoles that are
adapted to avoid and subvert host immune defenses (Lievin-Le Moal and Loiseau
2015). Some organisms, such as 7. gondii, possess a highly evolved armament of
effectors that are translocated across the parasitophorous vacuole and specifically
target host processes (Boothroyd and Dubremetz 2008; Fentress and Sibley 2011).
Parasites induce vast changes in host transcription, as has been demonstrated during
infection with T. gondii (Blader et al. 2001; Chaussabel et al. 2003; Jia et al. 2013),
Plasmodium-infected hepatocytes (Albuquerque et al. 2009; Chattopadhyay et al.
2011; Kaushansky et al. 2013), and most recently host cells of the avian malaria
parasites (Videvall et al. 2015). These infections affect pathways involved in
metabolism, cell death, differentiation, and cell cycle (Albuquerque et al. 2009).
Despite major life cycle differences, parasites commonly exploit the close associ-
ation with their mammalian host to achieve defense of self and subversion of
the host.

In addition to invasion and replication, protozoan parasites have evolved an
array of strategies to evade the host immune system and promote survival. Exten-
sive remodeling of host cell subcellular structure is a feature of many host—parasite
interactions. These include incorporating parasite protein into the cell membrane,
restructuring the host cytoskeleton, sequestering mitochondria, and altering sub-
cellular localization of organelles, forming transvesicular networks and
constructing new organelles (Silmon de Monerri and Kim 2014). T. gondii, as an
example, reorganizes host ER and mitochondria, relocalizing them to the
parasitophorous vacuole (Sinai et al. 1997), and has also evolved to alter host
metabolism and subvert energy and metabolic machinery to its cause (Wiley
et al. 2010; Menendez et al. 2015). Along with these structural and metabolic
changes to the host cell, reprogramming of the host cell transcriptome following
infection or exposure is well documented for a significant number of infectious
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organisms. Distinct transcriptional changes occur in host cells following infection
or exposure, in a pathogen-specific manner, and these changes may be long-lasting
or transient (Chaussabel et al. 2003). Studies have additionally demonstrated that
the host transcriptome may be differentially altered depending on the life cycle
stage of the pathogen (Fouts and Boothroyd 2007). Together, these studies suggest
that observed transcriptional effects are unique to the specific host—pathogen
interaction. Importantly, while many changes in host gene expression are organism
specific, overall there appears to be conservation of host pathways targeted by
pathogens during infection.

9.1.2 Overview of Host Epigenetic Landscape

Eukaryotic genomes are folded into highly controlled chromatin complexes com-
posed of well-organized hierarchical structures of DNA wound around histone-
containing nucleosome complexes. Chromatin composed of nucleosomes then
further folds into secondary and tertiary structures to allow efficient and ordered
DNA packaging (Luger et al. 2012). The specific confirmation of chromatin renders
DNA open and accessible (euchromatin) or tightly compacted and inaccessible
(heterochromatin) for transcription factor and RNA polymerase binding. Changes
that occur in the structure of chromatin are considered to be “epigenetic,” i.e., not
encoded in the DNA, and include both short- and long-term alterations to chromatin
without change to the underlying DNA sequence. Traditionally, there are consid-
ered to be three main types of epigenetic regulation, which include DNA methyl-
ation, histone posttranslational modifications, and noncoding RNAs, initially
described in the context of cell differentiation (Spivakov and Fisher 2007)
(Fig. 9.1).

The best-studied mechanism of epigenetic modification that arises on the DNA
itself is methylation. DNA methylation plays a role in regulation of gene expression
and is typically associated with transcriptional repression, though recent studies
implicate hydroxymethylation in transcriptional activation (Ito et al. 2010). Meth-
ylation events occur either de novo or as part of genome maintenance by replicating
the methylation pattern of the complementary strand. In eukaryotes, cytosine bases
are methylated by DNA methyl transferase (DNMT) enzymes. In mammalian
genomes, DNA methylation mainly occurs on CpG dinucleotides, which are often
located in CpG-rich regions known as CpG islands (CGI), frequently found at
transcriptional start sites. Methylated nucleotides can be further converted from
5-methylcytosine to 5-hydroxymethylcytosine by a family of TET (Ten-eleven
translocation) enzymes resulting in hydroxymethylation. Hydroxymethylation
was initially thought of as a step towards demethylation, although
hydroxymethylation itself has been implicated in stem cell differentiation (Dawlaty
et al. 2014). Methylation of promoter regions silences genes by blocking transcrip-
tion initiation, while methylation in gene bodies may facilitate elongation and block
abnormal transcriptional initiation (Jjingo et al. 2012). Additionally, DNA methyl-
ation is thought to play a role in splicing, and methylation at centromeres may be
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Fig. 9.1 Overview of host epigenetic landscape. Schematic representation of DNA and nucleo-
some complexes. The host epigenetic landscape is shaped by modifications including histone
PTMs, DNA methylation, chromatin remodeling, and ncRNAs, including miRNAs. These mod-
ifications are applied by groups of enzymes referred to as “Writers” and “Erasers,” where
“Writers” add chromatin and histone marks (HAT, HMT, DNMT, kinases), while “Erasers”
remove those marks (HDAC, HDM, NuRD, phosphatase). Combinations of specific marks afford
precise regulation of DNA accessibility and transcriptional regulation, as they are recognized by
“Readers”—specific transcription factors and polymerase machinery. Abbreviations: PTM post-
translational modifications, ncRNA noncoding RNA, mRNA messenger RNA, miRNA microRNA,
HDAC histone deacetylase, DNMT DNA methyl transferase, HAT histone acetyl transferase, HMT
histone methyl transferase, HDM histone demethylase, NuRD Nucleosome remodeling
deacetylase; Lollipop symbols represent methylation (white) and hydroxymethylation (black)

involved in overall chromosomal stability. This pattern of genome methylation,
while inherited and more stable at CGlIs, also undergoes changes during develop-
ment and aging especially when occurring at the non-CGI regions (Jones 2012). A
number of excellent reviews on the function and mechanism of DNA methylation
are available (Ndlovu et al. 2011; Pelizzola and Ecker 2011; Jjingo et al. 2012;
Jones 2012; Pastor et al. 2013; Dawlaty et al. 2014).

While DNA methylation is generally associated with gene silencing, posttrans-
lational modification (PTM) of histones (or “chromatin marks”) can either activate
or repress transcription. Nucleosomes form basic structural units of chromatin, and
DNA packaging into nucleosomes is essential for controlling DNA accessibility.
Each nucleosome is an octamer composed of dimers of H2A, H2B, H3, and H4
histone proteins. Histones, particularly their N-terminal tails, are subject to com-
plex posttranslational modifications, which collectively serve to recruit other pro-
teins to chromatin in order to mediate changes in transcription (Strahl and Allis
2000). Among the histone modifications that have been described are
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phosphorylation, methylation, acetylation, ubiquitylation, and SUMOylation.
These modifications are tightly choreographed as different modifications can target
the same residues in a competitive manner. Chromatin marks are applied or
removed by specific enzymes commonly referred to as “writers” [histone
acetyltransferases (HAT), histone methyltransferases (HMT), kinases] or “erasers”
[histone deacetylases (HDAC), histone demethylases (HDM), phosphatases].
Erasers and writers tightly regulate the binding affinity of histones to DNA and
further control organization of nucleosome complexes. Specific combinations of
PTMs on nucleosomes allow specificity for DNA interactions with and recognition
by other protein complexes, and nucleosomes themselves serve as platforms for
further regulation or chromatin access by “readers” and chromatin modifiers,
including ncRNAs, which together form a multiprotein macromolecular complex
(Jenuwein and Allis 2001). In addition, particular PTMs are associated with specific
locations within the genome and serve as a foundation for readers by recruiting
additional structural and regulatory assemblies. For example, H3K4me3 is found
predominantly in promoters of active genes and plays a role in recruitment of the
transcriptional machinery being recognized by plant homeodomain (PHD) finger
domain-containing proteins (Chi et al. 2010), while H3K27me3 is enriched at
promoters of repressed genes and together with CGI methylation marks gene
silencing. Misregulation of these specific modifications has been shown to play a
role in cancer (Chi et al. 2010). The total combination of histone PTMs alters the
affinity of histones for DNA, and modulation of histone—-DNA interactions regu-
lates DNA winding and therefore the accessibility of DNA to transcription factors.
In addition to modifications of histones and nucleotides directly, the accessibility
of DNA and position of nucleosomes is altered by transcription factors, their
associated complexes such as RNA polymerase, as well as the Polycomb complex,
which, when bound to the DNA targets, interfere with binding of histones and other
transcriptional regulatory proteins. This chromatin remodeling also modulates
histone nucleosome positioning and movement along the DNA, causing destabili-
zation, reassembly, and eviction of nucleosomes (Struhl and Segal 2013). It should
be noted that the ordering of such events is not clear, as nucleosomes mediate
recruitment of other machinery, which in turn may prevent nucleosome binding.
A newly emerging arena in the study of epigenetics is evaluation of functions of
noncoding RNAs (ncRNAs). The ncRNAs play a major role in posttranscriptional
regulation and genome maintenance and are involved in a wide range of regulatory
processes including DNA methylation, histone PTMs, DNA silencing, formation of
the molecular scaffolding necessary for chromatin structure and stability, and
posttranscriptional regulation of mRNAs (Joh et al. 2014; Fitzgerald and Caffrey
2014; Scaria and Pasha 2012). Additionally, antisense transcripts may play a role in
coordinating chromatin and histone marks by recruiting DNMT or histone-
modifying enzymes (Faghihi and Wahlestedt 2009). The ncRNAs can be long or
small, and small ncRNAs are further divided into microRNA (miRNA), small
interfering RNA (siRNA), and PIWI interacting RNA (piRNA). MicroRNAs
(miRNAs) are small noncoding ssRNAs ~20-25 nucleotides in length that are
best known for regulation of posttranscriptional mRNA processing and play a key
role in mRNA and gene expression, while long noncoding RNAs (IncRNA) are
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>200 nucleotides in size and interact with mRNAs, miRNAs, and RNA-binding
proteins (RBP) to further regulate protein expression. Significant adjustment of
protein expression occurs at the level of mRNA by miRNAs, RNA-binding pro-
teins, and IncRNAs, and regulation at the level of mRNA allows for specific and
rapid alteration of protein levels. These posttranscriptional modifications mediated
by ncRNAs fine-tune regulation of mRNA stability and translation, especially for
genes involved in immune and inflammatory responses, such as IFN gamma.
RNA-specific regulation of components of immune response and inflammation
has been studied in great detail, and readers are referred to excellent reviews on
the roles of noncoding RNA in immune regulation (Fitzgerald and Caffrey 2014;
Schwerk and Savan 2015).

All of these tightly orchestrated arrangements of DNA methylation, histone
PTMs, nucleosome positioning, and other types of chromatin remodeling form a
precise signature for regulation of transcription and are targeted by pathogens for
their purpose. Reshaping of the host epigenome is an emerging mechanism of host
modulation exploited by a variety of pathogens (Silmon de Monerri and Kim 2014;
Cheeseman and Weitzman 2015). Unlike viruses, protozoa and bacteria do not
insert DNA into the host genome and so have evolved different strategies to
influence chromatin and gene regulation. In bacteria, secreted proteins known as
nucleomodulins target host chromatin and transcription, altering downstream sig-
naling pathways. Nucleomodulins such as AnkA from Anaplasma spp. directly
target host DNA and recruit host chromatin and histone-modifying enzymes
(HDAC) to globally alter host chromatin (Bierne et al. 2012; Sinclair et al. 2014).
Intracellular parasitic protists, similar to intracellular bacteria and viruses, reside
within the host cell either within some type of parasitophorous vacuole (T. gondii)
or free in the host cytoplasm, thus avoiding direct recognition by antibodies and
cells of immune system. Parasites then interface with their host via parasite-derived
effector proteins, which can be secreted in a targeted manner (e.g., T. gondii ROP or
GRA proteins) or delivered via exosomes. In turn, parasites utilize host nutrients,
metabolites, and energy sources that can be transported or diffuse into the parasite’s
niche. However, intracellular parasites are subjected to other host defenses includ-
ing host apoptosis and have devised ways of scavenging or subverting nutrient and
energy pathways, while avoiding host defenses and preventing host demise. This
review focuses on the epigenetic changes and chromatin remodeling that occur in
the host cell following infection or exposure, and various mechanisms used by
protozoan parasites to hijack the host transcriptome (Fig. 9.2 and Table 9.1).
Additionally, we explore common themes in the host processes that are targeted
and postulate biological implications of these alterations.

9.2 Alteration of DNA Methylation

Parasitic protists have evolved mechanisms of modulating host chromatin state by
either amending host cytosine methylation or by modifying enzymes that bring
about these modifications. Expressly, Leishmania, Plasmodium, and T. gondii
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Fig. 9.2 Host epigenetic machinery targeted by parasites. Parasites induce specific alterations to
the host epigenome by targeting key mechanisms of landscape design, including regulation of DNA
methylation, regulation of enzymes responsible for PTMs, and interfering with chromatin accessi-
bility and nucleosome positioning. Details of mechanisms and references are provided in the text

parasites have been shown to induce explicit changes in host DNA methylation. In a
study evaluating methylation changes in macrophages infected with L. donovani,
Marr et al. found diffuse changes in methylation at CGI in promoters as well as gene
bodies (Marr et al. 2014). They noted significant changes in regions involved in
regulation of key pathways of host response including NFkB, JAK/STAT, MAPK,
mTOR, chemokine signaling, and others (Marr et al. 2014; Arango Duque and
Descoteaux 2015). Similarly, genome-wide analysis of methylation of host pro-
moters during infection of mice with P. chabaudi notes changes in the methylation
of promoters of a number of genes, including toll-like receptor genes (Al-Quraishy
et al. 2013). Finally, studies have focused on evaluating link between host behavior
and infection, and a recent study implicates 7. gondii-induced changes in DNA
methylation as the cause for change in behavior of infected rats (Hari Dass and
Vyas 2014). In response to T. gondii infection, hypomethylation of the arginine
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Table 9.1 Select parasites and their effect on the host epigenome
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Parasite (effector) ‘ Specific host target | Biologic effect Reference

DNA methylation

L. donovani Multiple, HDAC4 | CpG islands, gene pro- Marr et al. (2014)
moters, and gene bodies

P. chabaudi Change in promoter Al-Quraishy et al.
methylation (2013)

T. gondii Arginine vasopres- | Increased production argi- Hari Dass and Vyas

sin promoter nine vasopressin—may be (2014)

link to behavioral change

T. gondii Global increase in DNA Dvorakova-Hortova
methylation in testes et al. (2014)

T. gondii E3 Ubiquitin Downregulation of DNA Brunet et al. (2008),

Ligase UHRF1

methyltransferase I leading
to increased H3 phosphory-
lation and host cell cycle
arrest

Unoki et al. (2009)

Theileria spp.

Casein kinase
2 (CK2) —DNMT

Phosphorylates DNA methyl
transferase DNMT3

Dessauge et al.

(2005b)

Histone and chrom

atin remodeling

T. gondii

Histone H3 PTMs

Decreased H3S10 phosphor-
ylation and H3 acetylation,
specifically at IL10 and TNF
promoters

Leng et al. (2009),
Leng and Denkers
(2009)

T. gondii (TglIST)

Chromatin
remodeling

STAT regulation regions

Lang et al.

(2012), Olias et al.
(2016), Gay et al.
(2016)

T. gondii Histone acetylation | Alterations in histone and Bouchut et al. (2015)
nuclear protein lysine
acetylation
T. gondii UHRF1 E3 Downregulation of UHRFI1, | Brunet et al. (2008),
ubiquitin ligase — | associated with accumula- Unoki et al. (2009)
Phospho H3 tion of phosphorylated H3
associated with mitosis and
cyclin expression
T. gondii (GRA | Nuclear PP2A Alter histone ubiquitin PTM | Bougdour et al. (2013)
16) phosphatase, of histone
HAUSP
deubiquitinase
L. donovani HDAC4 Alteration in HDAC4 gene | Marr et al. (2014)
methylation body and upregulation of
expression
T. annulata SMYD3 Induced expression of Cock-Rada et al.
methyltransferase | SMYD3 methylates H3 (2012)
histone
T. annulata HDAC9 Kinnaird et al. (2013)

downregulation

(continued)
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Parasite (effector) | Specific host target | Biologic effect Reference
T. annulata PARP family DNA binding, modifying Kinnaird et al. (2013)
DNA-binding proteins,
CTCEF, and histones, alter-
ation in DNA methylation
C. parvum ? HDAC Alterations in CX3CL1 che- | Zhou et al. (2013)
mokine controlled by HDAC
Microsporidia Histones H3-like, | Expression changes in his- | Aufauvre et al. (2014)
Nosema ceranae | H4 expression tones in honeybee midgut
epithelium
Noncoding RNA
T. gondii Alterations in Alteration in host miRNA in | Thirugnanam et al.
miRNA profile, brains of infected humans (2013), Xu et al.
miR-132 and mice (2013), Xiao et al.
(2014), Li et al. (2015)
T. gondii miR-146a, Upregulated in brains of Cannella et al. (2014)
(ROP16) miR-155 infected mice
T. gondii miR-17-92, Altered expression in human | Zeiner et al. (2010),
miR-106b-25 macrophages and fibroblasts | Cai et al. (2013, 2014)
T. annulata miR-155 Upregulated in transformed | Marsolier et al. (2013)
leukocytes
C. parvum miR-424, Changes in host miRNA Zhou et al. (2009),
miR-503, miR-98, | profile in infected Chen et al. (2007), Hu
let-7 cholangiocytes et al. (2009, 2010)
E. papillata miRNA profile Upregulated in mouse intes- | Dkhil et al. (2011)
tinal epithelia
L. major miRNA profile Significant alteration in host | Lemaire et al. (2013)
miRNAs
P. chabaudi miRNA profile Alteration in host hepatocyte | Delic et al. (2011)
miRNAs
P. berghei miRNA profile Alteration in mosquito vec- | Biryukova et al. (2014)
tor miRNAs

DNMT DNA Methyltransferase, HDAC histone deacetylase, PARP Poly-ADP ribose polymerase,
PTM posttranslational modification

vasopressin promoter was observed, which was implicated in increased production
of vasopressin in the medial amygdala region of the brain, the region that perceives
fear. Specifically, rats infected with T. gondii show a reduced aversion to cats,
instead demonstrating attraction (Berdoy et al. 2000). Changes in behavior patterns
and changes in the brain have been described in rats (Flegr and Markos 2014; Hari
Dass and Vyas 2014; Vyas 2015), and this phenomenon may also affect humans as
T. gondii-infected men perceive the smell of cat urine as being more pleasant as
compared to uninfected males (Flegr et al. 2011). Infection with T. gondii not only
alters behavior but also dramatically reduces reproductive fitness in mice
(Dvorakova-Hortova et al. 2014). Specifically, T. gondii infection was associated
with increased testicular global DNA methylation, as well as increased DNA
methylation of genes involved in spermatogenesis (Dvorakova-Hortova et al.
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2014). It is interesting to note that in the context of alteration in methylation and
behavior, mice infected with T. gondii also have decreased levels of serum testos-
terone (Kankova et al. 2011), especially since regulation of vasopressin expression
in medial amygdala by promoter CPG methylation was shown to be regulated by
testosterone (Auger et al. 2011). Overall, these studies explore T. gondii-induced
changes in host DNA methylation and propose specific physiologic consequences
to the host. In an alternative approach, Theileria parasites appear to utilize an
indirect method of altering host DNA methylation by targeting DNMTs. In a
study examining how Theileria spp. manipulate signaling, it was found that para-
sites induce constitutive activation of casein kinase 2 (CK2) (Dessauge et al.
2005b). CK2 has numerous roles in transcriptional regulation, including regulating
DNA methylation by phosphorylating DNA methyltransferase DNMT3 (Deplus
et al. 2014) as well as playing a role in PI3-K activation and the MEK/ERK and
Akt/PKB pathways (Dessauge et al. 2005b). By inducing CK2 and regulating
DNMT3, Theileria induce alteration of the host DNA methylation landscape. It
should be noted that apart from Theileria-induced CK2, the mechanisms underlying
parasite-induced changes in host DNA methylation are largely unknown. Never-
theless, these data suggest that protozoan parasites have evolved to regulate host
processes to alter genome methylation patterns that modify function of key cellular
processes, including signaling pathways, behavior, and reproduction.

9.3 Histone Modification and Chromatin Remodeling

Parasites have evolved mechanisms to specifically induce epigenetic changes in the
host histone code. These include alteration of host histone PTMs either directly or by
regulating enzymes that impact these modifications, and alteration of expression of
individual histones including variants histones that may differ in DNA-binding
affinity (Siggens and Ekwall 2014). A handful of studies have attempted to elucidate
host epigenetic changes in response to T. gondii infection. In an evaluation of
macrophages following infection with 7. gondii, there was notable impairment of
histone 3 (H3) phosphorylation (at Serine 10 residue) and H3 acetylation at the IL10
and TNFa promoters (Leng et al. 2009; Leng and Denkers 2009), as well as
impairment of chromatin remodeling at STAT1-regulatory regions (Lang et al.
2012). There was additional interference with chromatin remodeling at the
TNF-alpha promoter preventing binding of RNA polymerase transcriptional
machinery (Leng et al. 2009). Recent work demonstrated that 7. gondii secreted
factor TgIST (7. gondii inhibitor of STAT1 transcriptional activity) translocates to
the host cell nucleus where it directly interacts with STAT1 protein promoting its
nuclear sequestration, as well as associates with Mi-2/NuRD (nucleosome
remodeling deacetylase complex) to facilitate chromatin remodeling and inhibition
of transcription (Olias et al. 2016; Gay et al. 2016). In a study focused specifically on
evaluating changes in lysine acetylation in cortical astrocytes infected with 7. gondii,
changes were noted in lysine acetylation of nuclear proteins including proteins that
function in chromatin biology including histones, as well as proteins involved in
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RNA processing and transcription (Bouchut et al. 2015). Specifically, data demon-
strated more than twofold increase in acetylation of core histones including histone
H3, H4, H2A.Z, among others, while other members of histone cluster and histone-
like proteins demonstrated greater then twofold decrease in acetylation (Bouchut
et al. 2015). Since histone acetylation is associated with transcriptional regulation,
specifically activation (Berger 2007), such substantial alteration in host histone
acetylation following parasite infection implies active modulation of the host
epigenome, though the exact mechanism is not yet known. Additional work dem-
onstrated that infection by T. gondii leads to downregulation of the host UHRF1 E3
ubiquitin ligase gene, accompanied by accumulation of phosphorylated histone H3,
a mitotic histone mark, and reduction of host cell cyclin levels (Brunet et al. 2008;
Unoki et al. 2009). T. gondii also subverts host transcription via GRA16, which
travels to the nucleus and forms a complex with host PP2A phosphatase and HAUSP
deubiquitinase (Bougdour et al. 2013), which are known to sway ubiquitin PTM
balance on nuclear proteins including histones (Khoronenkova et al. 2011; Bougdour
et al. 2014). Thus, T. gondii specifically targets host nuclear proteins and PTM
machinery to promote remodeling of the epigenome.

Other intracellular parasites have also been shown to influence host histones. In
L. donovani-infected macrophages, analysis of host DNA methylation revealed
significant alteration in the methylation of the HDAC4 gene body associated with
upregulation of HDAC4 expression (Marr et al. 2014). In an alternative example,
Nosema ceranae—a member of Microsporidia, a diverse group of ~200 genera of
obligate intracellular pathogens that infect a wide range of animals, fish, and insects,
induce increased expression of histone H3-like and histone H4 in midgut epithelia of
honeybees (Aufauvre et al. 2014; Calderon et al. 2015). Cryptosporidium parvum is
another Apicomplexan parasite that primarily invades mucosal surfaces. Study of
host epithelial immune regulation following infection with C. parvum revealed
alteration in CX3CL1 chemokine that is at least in part directed by HDAC (Zhou
et al. 2013). Finally, Theileria-transformed leukocytes demonstrate upregulation of
matrix metalloproteinase (MMP-9), which is important in cancer cell migration and
metastases. This mmp9 regulation is in part achieved by inducing expression of
SMYD3 methyltransferase in infected leukocytes, which methylates histone H3
(H3K4me3) at the mmp9 promoter leading to transcriptional activation (Cock-Rada
et al. 2012). Additionally, an expression microarray of lymphosarcoma cells
infected with T. annulata revealed significant downregulation in HDAC9 expres-
sion (Kinnaird et al. 2013). Together, emerging data assert that various parasites
have evolved mechanisms of specifically targeting host chromatin structure and
assembly by targeting histone expression and posttranslational modifications.

9.4 Noncoding RNAs

Considering the key role for ncRNAs in regulation of host processes, it is not
surprising that pathogens have evolved to target ncRNAs. Viruses widely utilize
IncRNA and miRNA for transcriptional regulation to subvert host metabolic
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pathways (Scaria and Pasha 2012). Specifically, Kaposi’s Sarcoma Herpesvirus
(KHSV) encodes a miRNA that alters host cell metabolism in part by
downregulating EGLN2 and HSPA9, components of the mitochondrial import
machinery, which induce a glycolytic shift in host metabolism via stabilization of
HIF1a—a master regulator of oxygen sensing and metabolism (Yogev et al. 2014).
Evidence is now emerging that other pathogens including parasites modulate
similar pathways during host cell infection. Unlike viruses, however, parasites are
not known to secrete ncRNA but instead are hypothesized to modulate host-derived
miRNAs by regulating their expression (Hakimi and Cannella 2011), as well as
RNA PTMs such as methylation, further confounding complexity of host epigenetic
regulation (Joh et al. 2014).

Infections with a number of parasites have been shown to alter host ncRNAs. A
handful of investigations have evaluated alterations in host ncRNA specifically
miRNA in the brain during T. gondii infection. In a study of human brain cancers,
T. gondii infection was shown to alter host miRNA to facilitate carcinogenesis
(Thirugnanam et al. 2013), while a microarray analysis of host neuroepithelioma
cells infected with different strains of T. gondii revealed strain-specific alteration in
host transcription (Xiao et al. 2011). Similarly, analysis of mouse brains after
infection with 7. gondii revealed a subset of nine host miRNAs that appear to be
explicitly induced by infection (Xu et al. 2013). One of these differentially
expressed ncRNAs is miR-132. Mammalian miR-132 is involved in regulation of
neuronal synapses and plays a key role in a number of neurologic and psychiatric
disorders including schizophrenia, depression, and Parkinson’s disease, and it is
therefore intriguing that miR-132 is targeted by 7. gondii (Bicker et al. 2014).
Interestingly, change in expression of miR-132 was different depending on the
chronicity of infection. During acute infection, there was upregulation of miR-132,
thought to contribute to modulation of dopamine signaling in brains of infected
mice (Xiao et al. 2014), while there was significant downregulation of miR-132 in
brains of chronically infected mice (Li et al. 2015). In addition to miR-132, host
miR-146a and miR-155 were also strongly upregulated in brains of mice during
chronic infection with T. gondii, in ROP16-dependent manner (Cannella et al.
2014). miR-146 is known to dampen the TLR4 response via NFxB-dependent
TRAF6 and IRAK1, and miR-155 modules TLR signaling (Schwerk and Savan
2015). Furthermore, miR-155 belongs to the oncomiR group of cancer-associated
microRNAs, which have been shown associated with malignant cells, with
miR-155 specifically associated with cMyc overexpression (Esquela-Kerscher
and Slack 2006). Similar to T. gondii, Theileria parasites also induce expression
of host miR-155 (Marsolier et al. 2013; Cannella et al. 2014). In Theileria-
transformed leukocytes, there is upregulation of miR-155 regulated by cJun and
AP1 transcription factors, which in turn was shown to repress expression of DET1
important in cJun ubiquitination and stabilization (Marsolier et al. 2013).

In addition to changes noted in neuronal cells, T. gondii has also been shown to
alter the expression of host microRNAs during infection of human fibroblast cells,
especially miR-17-92 and miR-106b-25, both oncomiRs important in regulating
cell cycle and apoptosis (Zeiner et al. 2010). Similarly, miRNA profiling of
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T. gondii-infected human macrophages revealed several host miRNAs important in
apoptosis, including miR-17-92, whose expression is altered in a STAT3-regulated
manner (Cai et al. 2013, 2014). Likewise, miRNA expression profiling of
C. parvum-infected cholangiocytes (bile duct epithelial cells) revealed broad alter-
ations in the host miRNA profile (Zhou et al. 2009). Specifically, there was notable
suppression of transcription of host miRNAs (miR-424 and miR-503) mediated by
hijacking histone deacetylases and NFkB signaling pathways (Zhou et al. 2013).
Additionally, infection of human cholangiocytes with C. parvum led to alteration in
host expression of miR-98 and let-7 miRNA oncomiRs (Chen et al. 2007; Hu et al.
2009, 2010). Other parasites have also induced changes in host epigenomic land-
scape via modulation of miRNAs. miRNA microarray analysis revealed
upregulation of a number of mouse intestinal epithelial cell miRNAs during
infection with coccidian Eimeria papillata (Dkhil et al. 2011), while analysis of
miRNA expression in L. major-infected human macrophages revealed
downregulation of 64 of 365 miRNAs, especially those involved in BCL, p53,
NFxB, TLR, and HIF1« signaling pathways (Lemaire et al. 2013). Further studies
are needed to tease out whether these shifts in host miRNA profile favor parasite
virulence or host defense.

Several studies have examined the role of ncRNAs during Plasmodium infec-
tion. Plasmodium parasites have complex interplay with their hosts, inducing
alterations in the host miRNA profile, as well as themselves being subject to host
miRNA regulation (Cohen et al. 2015). In a mouse model of malaria, specific
changes in mouse hepatocyte miRNA expression during P. chabaudi infection
have been elucidated (Delic et al. 2011). Analysis of mouse hepatocytes after
infection with P. chabaudi induced upregulation of 3 and downregulation of
16 distinct miRNAs, and this pattern was similar both during primary infection
and reinfection, suggesting that a distinct set of host miRNAs are involved in the
response to infection (Delic et al. 2011). A study evaluating the miRNA profile of
the infected mosquito vector likewise found alterations in levels of distinct
miRNAs in response to blood meal with P. berghei (Biryukova et al. 2014).
While the precise mechanism that Plasmodium parasites utilize to induce these
miRNA changes is unknown, such changes in host ncRNA landscape must afford
some advantage to either the parasite or the host.

In addition to modulation of host ncRNAs, there is a suggestion that parasites
themselves may encode ncRNAs that target host processes. Some parasites in fact
possess small RNA processing machinery and small RNA repertoires (Braun et al.
2010). Sacar et al. conducted a computational analysis of T. gondii RNAs and noted
mammalian like hairpin structures, which they hypothesized could be delivered to
the host to modulate host transcription (Sacar et al. 2014). The actual role of these
hairpins in pathogenesis and parasite—host interplay is unknown. Thus, parasites
have evolved mechanisms to perturb host ncRNAs, especially microRNA regula-
tory pathways that control the immune and inflammatory response to infection.
These examples demonstrate that parasites target key host pathways including those
involved in immune response, by affecting host ncRNA specifically miRNAs.
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9.5 Protozoan Effectors Reshape the Host Epigenome

Epigenetic changes in the host during infection may be due to a direct effect by
parasite-derived factors or an indirect effect where parasites target host regulators
of the epigenetic landscape to induce the observed changes. Some parasite-derived
factors influence the host cell by acting on genome and regulatory pathways
through cytoplasmic signaling without entering the nucleus, while a number effec-
tors have been shown to participate in reshaping of the host epigenetic landscape by
directly interacting with host DNA and transcription (analogous to bacterial
nucleomodulins). Additionally, pathogen-derived effectors can closely resemble
host factors, a mechanism known as molecular mimicry that has recently been
reviewed (Aliberti et al. 2003; Via et al. 2015). Similar to bacterial pathogens,
parasites encode proteins that target the host epigenome (Cheeseman and Weitzman
2015). Although some of these proteins target to the host nucleus, only a few are
known to directly interact with host chromatin. In a characteristic example,
Theileria parasites encode AT hook DNA-binding proteins TashA and SuAT]I.
SuAT1, which contains a nuclear localization motif, is found in the nucleus of
infected host cells and participates in control of cell cycle as well as functions to
alter host cell morphology (Swan et al. 2001, 2003; Shiels et al. 2004). T. gondii
parasites secrete a large number of dense granule (GRA) and rhoptry (ROP) pro-
teins into the host cell. These target host cell processes in the cytoplasm, nucleus,
and other subcellular compartments and induce dramatic changes in subcellular
morphology, signaling, and transcriptional remodeling (Boothroyd and Dubremetz
2008; English et al. 2015; Hakimi and Bougdour 2015). Specifically, T. gondii
GRAZ24 localizes to the host nucleus, where it augments host MAPK signaling by
inducing autophosphorylation of p38a MAPK, inducing alteration in Erg and cFos
transcription (Braun et al. 2013; Bougdour et al. 2014). It should be noted that the
GRAZ24 kinase interacting motif closely mimics those of host p38, ERK, and JNK
factors. Similarly, GRA16 mediates host transcriptional dysregulation by directly
binding host nuclear factors and altering the activity of PP2A and HAUSP to induce
HAUSP-dependent degradation of p53, an important transcriptional regulator of
cell cycle (Bougdour et al. 2013). Another parasite-secreted factor, GRA1S5, par-
ticipates in activation of the host NFkB pathway (Rosowski et al. 2011; Hakimi and
Bougdour 2015). Secreted kinase ROP16 localizes to the host nucleus where it
activates STAT3 and STAT6 transcription leading to restriction of host cell growth
(Saeij et al. 2007; Butcher et al. 2011). In addition, ROP16 is responsible for a large
number of transcriptional changes and inhibition of cytokine signaling. Recently
identified TgIST protein also localizes to host nucleus where it interacts with both
STAT1 and NuRD complex, mediating transcriptional repression (Olias et al. 2016;
Gay et al. 2016). Another rhoptry protein, T. gondii TgPP2C, is a protein phospha-
tase that is targeted to the host nucleus, and while its exact function is not yet
known, parasites knocked out for this gene exhibit mild growth defect (Gilbert et al.
2007). Finally, T. gondii ROP38 downregulates host transcription, especially
MAPK, STAT, and Fos signaling pathways (Peixoto et al. 2010). Similarly,



9 Modification of the Host Epigenome by Parasitic Protists 203

Leishmania GP63 metalloprotease, which regulates host NFkB/AP1 and MAPK
signaling, localizes to a perinuclear area of host macrophages (Isnard et al. 2015),
where it may contribute to changes in host transcription (Arango Duque and
Descoteaux 2015; Isnard et al. 2015).

Although intracellular parasites possess a number of effectors that modulate the
host epigenome, the molecular mechanisms for parasite-induced changes in the
host epigenetic landscape remain unknown. An emerging area of great interest in
host—pathogen interactions is centered on discovery of parasite-derived extracellu-
lar vesicles that appear to be similar to eukaryotic exosomes used for cell—cell
communication. Parasite-derived exosomes that may target the host have been
described for Leishmania, Trichomonas, Trypanosomes, and Plasmodium parasites
(Mantel and Marti 2014; Coakley et al. 2015; Schorey et al. 2015). For example,
Leishmania-derived GP63 and EFla are found in parasite-derived exosomes
(Silverman et al. 2010; Silverman and Reiner 2011), and Trichomonas vaginalis
extracellular parasites secrete exosome-like vesicles containing proteins and RNA
that modulate host response and adhesion (Twu et al. 2013). Furthermore, RNA
transfer has been shown to be mediated via exosomes during cell-cell communi-
cation, and recent studies of nematodes have demonstrated transfer of small RNAs
in the parasite-derived exosomes (Coakley et al. 2015). It would, therefore, be
intriguing to ponder whether parasites utilize exosomal ncRNA transfer to modu-
late their host, especially since Leishmania-derived exosomes have been shown to
harbor conserved ncRNAs (Lambertz et al. 2015).

In addition to secretion of specific host-targeted effectors, several parasites have
been observed to replicate inside host nuclei. Actively dividing T. gondii were
observed in the nucleus of various cell types, where they appear to develop in the
absence of a vacuolar membrane (Azab et al. 1973; Barbosa et al. 2005). Eimeria
alabamensis, a related Apicomplexan, have also been observed inside nuclei of
intestinal villi (Nishida et al. 2009). Similarly, some microsporidia undergo
intranuclear replication (Palenzuela et al. 2014). The biological significance of
these observations is unknown, but may represent alternative pathways for parasites
to develop and potentially influence the host nucleus.

9.6 Commonly Targeted Pathways

While various parasites employ distinct mechanisms for reshaping epigenomes,
targeting of key canonical pathways has emerged as a common theme in the host—
parasite interaction. As one would predict, these pathways are highly conserved and
are involved in immune modulation, cell cycle progression, metabolism, and
overall cell signaling, specifically including regulation by Jak/STAT, NFxB,
MAPK pathways, IFN-gamma signaling, and HIF1a. Some of these mechanisms
have recently been reviewed (Luder et al. 2009; Melo et al. 2011; Cheeseman and
Weitzman 2015; Hakimi and Bougdour 2015; Luder et al. 2015). While a number
of alterations to pathways occur in the host cell cytoplasm via protein modification,
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we will focus on specific epigenetic mechanisms, involving targeted alteration to
chromatin structure, including subversion of transcription. While different patho-
gens target many of the same host pathways, typically each has a unique mecha-
nism. Some parasites induce upregulation of a target protein, while others sequester
inhibitors or target stabilization mechanisms. HIF1a and NFkB pathways are often
perturbed as detailed below. There is significant cross talk between signaling
pathways that together tightly orchestrate control of the cell. We present a brief
overview linking examples of parasite alterations to the host epigenome with
manipulation of major host pathways (Fig. 9.3).

Mitogen-activated protein kinases (MAPK) are a large family of serine/threo-
nine kinases that transmit extracellular signals via a cytoplasmic signal transduction
pathway to modulate essential cellular processes including apoptosis, stress
response, and survival. One of the final steps in the pathway involves phosphory-
lation and activation of Erk kinase, JNK kinase, or p38, which, as dimers, translo-
cate into the nucleus to regulate transcription of genes involved in stress response,
apoptosis, and inflammation. MAPK also phosphorylate and regulate other tran-
scription factors including cFos, cMyc, STAT3, and p53 to regulate apoptosis
(Yang et al. 2013; Dhillon et al. 2007). Downstream factors of the MAPK cascade
participate in shaping of the host epigenome, as specifically cJun interacts with the
nucleosome remodeling complex (Aguilera et al. 2011). Considering the key role of
MAPK signaling in cellular processes and responses to various stimuli, it is not
surprising that parasites have evolved strategies to modulate and subvert this signal
transduction pathway. At least one of the mechanisms by which parasites achieve
these regulatory changes is alteration in host DNA methylation as shown to occur
specifically at MAPK pathway targets for L. donovani (Marr et al. 2014), as well as
targeted by CK2 kinase activated by Theilera (Dessauge et al. 2005b). T. gondii
GRA24 specifically binds and promotes activation of MAPK/p38 causing nuclear
translocation and phosphorylation of its targets including cytokines involved in
inflammatory response, overall creating a proinflammatory state (Braun et al.
2013), while ROP38 kinase causes downregulation of transcription of the MAPK
pathways (Peixoto et al. 2010). These molecules illustrate how the balance of
T. gondii parasite factors can modulate the host MAPK pathway. Theileria parasites
also modulate MAPK signaling, and cells infected and transformed by Theileria
demonstrate constitutive activation of JNK and APl transcription factor
(Chaussepied et al. 1998; Lizundia et al. 2007; Hayashida et al. 2010). cFos and
cJun are ubiquitous transcription factors downstream of MAPK/MEK pathways,
involved in regulation of a wide range of essential cellular processes. Both families
contain several proteins, and cFos and cJun transcription factors combine to form
an Activator Protein 1 (AP1) transcription factor, which binds DNA. Recent work
has specifically shown that Theileria parasites secrete a peptidyl-prolyl isomerase
(PINT) homologue into the host cell that causes cJun stabilization via degradation
of host ubiquitin ligase FBW7, leading to oncogenic transformation of the host cell
(Marsolier et al. 2015). Leishmania parasites induce cleavage of the cJun compo-
nent of the AP1 transcription factor via parasite-derived GP63 protein (Contreras
et al. 2010). Finally, L. Mexicana alters dendritic cell signaling leading to
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Fig. 9.3 Host regulatory pathways targeted by parasitic infection. Parasites alter the host
epigenome by manipulating transcriptional regulators of key host processes involved in immune
response, cell cycle, death pathways, metabolism, and other signal transduction events. Shown is a
cartoon schematic of select pathways and how they are targeted by parasites. Parasites target host
NFkB, p53, and MAPK transcriptional regulation in part to subvert host cell death and cytokine
response pathways. Additionally, parasites subvert host metabolism as regulated by the HIF1

pathway. Details and references are described in the text. Red connectors denote inhibition; green
arrows represent activation

inactivation of host MAPK and inhibition of phosphorylation of downstream p38
and ERK (Contreras et al. 2014). These signal transduction changes eventually lead
to epigenomic remodeling, as direct interactions of downstream MAPK proteins
with histone modifications and chromatin remodeling have been described, provid-
ing a mechanistic link between signal transduction cascade and chromatin
remodeling (Aguilera et al.) Thus, while utilizing very different mechanisms,

distinct parasites target the MAPK pathway to control host processes and the
epigenetic landscape.
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Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NFkB) is a
family of transcription factors including NFkB (p50 and p52) and Rel members that
are key transcriptional regulators of cytokines such as IL12 and IFNy as well as
growth factors and anti-apoptotic factors. NFkB is found in the cytoplasm in an
inactive complex with an inhibitor protein, IkB. During cell surface receptor
activation, there is cytoplasmic recruitment of IxkB kinase (IKK) that inactivates
IxB and allows NFkB to translocate into the nucleus and induce transcription
(or silencing) of target genes (Gilmore 2006). Parasites have evolved means of
hijacking NFxB to regulate transcription to promote evasion of the host immune
defense and resistance to apoptosis. 7. gondii subverts NFkB activation using
GRA15 and ROPI18 secreted proteins (Rosowski et al. 2011). Specifically,
ROP18 associates with the dimerization domain of NFkB p65, promoting its
degradation (Du et al. 2014), while GRA15 interferes with nuclear translocation
of NFxB and NFkB-mediated transcription of target genes (Rosowski et al. 2011).
Similarly, the NFxB pathway is a key host target for Theileria, though it is
manipulated using a different mechanism involving IKK. IKK accumulates on
Theileria schizont surface and causes degradation of pathway inhibitors, allowing
NFxB translocation into the nucleus and binding target genes (Heussler et al. 2002).
A possible mechanism for sequestration of IKK involves TpSCOP (T. parva
schizont-derived cytoskeleton-binding protein), which induces resistance to apo-
ptosis (Hayashida et al. 2010). Although prior work demonstrated modulation of
NFxB via phosphorylation and accumulation of IkB on the surface of the T. gondii
parasitophorous vacuole as well, the effect on the signaling pathway is not well
defined (Molestina et al. 2003; Sinai et al. 2004; Molestina and Sinai 2005a, b).
Analysis of miRNA in C. parvum-infected cholangiocytes revealed that some of the
differentially expressed miRNAs have NFkB-binding sites in their promoters,
suggesting a mechanism for their regulation (Zhou et al. 2009, 2013). Additionally,
as already noted, methylation changes induced by L. donovani in macrophages
occur in the NFkB pathway (Marr et al. 2014), while GP63 cleaves the p35-RelA
subunit of NFkB (Gregory et al. 2008), presumably to alter host NFxB regulated
transcription. In an alternate mechanism, L. mexicana prevents nuclear transloca-
tion of AP1 and NFkB components in infected dendritic cells (Contreras et al.
2014). Finally, microarray analysis of lymphosarcoma cells infected with
T. annulata revealed significant alteration in a number of key transcriptional
regulators, including AP1 subunits FOS and JUN, as well as NFkB, all of which
were activated during infection (Kinnaird et al. 2013). Alterations in key host
processes implicated in cell growth, cytokine signaling, cell division, motility,
and death were also observed. Studies in cancer cells established that JNK and
NFxkB signaling play opposite roles and together impose a tightly regulated balance
in transcription. By altering either NFkB or MAPK/INK signaling, parasites shift
host cell fate to promote their survival.

pS3 is an important tumor suppressor protein and transcription factor involved in
regulation of apoptosis, cell cycle, and DNA repair. It is also subject to extensive
posttranslational modifications including phosphorylation, ubiquitination, acetyla-
tion, and methylation (Kruse and Gu 2009). Considering its cornerstone role, pS3 is



9 Modification of the Host Epigenome by Parasitic Protists 207

another major parasite target. As mentioned, 7. gondii modulates host p53 by
targeted degradation via GRA16 with PP2A phosphatase and HAUSP
deubiquitinase (Bougdour et al. 2013). In a remarkable example of hijacking of
host apoptosis, T. annulata causes immortalization of host leukocytes, in part by
targeting p53 (Haller et al. 2010). Contrary to T. gondii, Theileria inactivates p53
protein by sequestering it in the cytoplasm on the schizont membrane, preventing
its translocation into the nucleus. Curing cells of Theileria infection by drug
treatment results in p53 translocation to the nucleus (Haller et al. 2010). Addition-
ally, Theileria parva-transformed leukocytes upregulate MDM?2, a major regulator
of p53. MDM2 binding blocks p53 transcriptional activity and promotes p53
ubiquitination and degradation, such that there is an overall decrease in p53
(Hayashida et al. 2013). Similarly, hepatocyte-infected Plasmodium yoelii parasites
have decreased levels of p5S3 (Kaushansky et al. 2013). Akin to p53, parasites target
the transcription factor cMyc, a central controller of a large number of genes
involved in cell cycle, apoptosis, differentiation, and metabolism. Significant host
upregulation and stabilization of cMyc occurs during infection with T. gondii,
possibly in a JNK-mediated manner (Franco et al. 2014). Similarly, cMyc is
stabilized by phosphorylation by CK2 in Theileria-transformed leukocytes, pro-
moting anti-apoptotic signaling (Dessauge et al. 2005a). Overall, data suggest that
parasites modulate the host epigenome by secreting specialized effectors or seques-
tering and hijacking key transcriptional regulators of cell cycle and apoptosis,
effectively disabling transcription of pro-apoptotic factors to ensure their own
survival.

Janus kinase—signal transducer and activator of transcription (JAK-STAT) path-
way transmits extracellular messaging from cytokines and IFNy bound to cell
receptors directly into transcriptional regulation by binding to promoters of target
genes involved in growth and immune response. STAT proteins are located in the
cytoplasm and are inactive until they are recruited to an activated receptor, become
phosphorylated by an associated JAK kinase, dimerize (either homo- or
heterodimers of different STAT proteins), and translocate to the nucleus where
they bind to specific IFNy activation sequences, thus causing transcription
(or repression) of the target gene (Aaronson and Horvath 2002). Similar to p53,
STAT proteins can undergo phosphorylation by other regulatory proteins, including
MAPK kinases, which can alter the efficiency of STAT-DNA interactions. Host
IFN gamma (IFNg) signaling is one of the main mechanisms utilized in resistance
and elimination of invading parasites, and protozoan parasites have evolved mech-
anisms to avoid IFNg-directed death (Suzuki et al. 1988; Yarovinsky 2014; Luder
et al. 2015). T. gondii hijack host signaling cascades to make host cells
unresponsive to IFNy, by interfering with STAT signaling and its DNA binding
to IFNy response elements. Specifically, T. gondii induces alteration in the host
epigenetic landscape leading to impairment of histone acetylation at IFNy regulated
promoters and improper assembly of chromatin regulatory machinery at the IFN-
y-targeted STATI response elements (Kim et al. 2007; Lang et al. 2012; Rosowski
and Saeij 2012). Additionally, early studies of genetic crosses demonstrated that
T. gondii specifically targets STAT pathways in the infected host cell (Saeij et al.
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2007). Secreted T. gondii protein Rop16 localizes to the host nucleus and subverts
host signaling machinery by directly phosphorylating STAT3 and STAT6 proteins,
leading to restriction of host cell growth and a number of other transcriptional
changes (Saeij et al. 2007; Ong et al. 2010; Butcher et al. 2011; Denkers et al.
2012). In addition, Rop16 phosphorylates STAT1, rendering it inactive and there-
fore subverting the host cell IFNy response (Rosowski and Saeij 2012). In eukary-
otic cells, transcriptionally active regions are marked by histone H3 and H4 lysine
acetylation at the N-terminal tails, important for assembly of transcriptional appa-
ratus. However, macrophages infected with T. gondii do not exhibit acetylation of
lysine residues in histones of IFNy-responsive promoters while use of HDAC
(deacetylase) inhibitor restored the IFNy response (Lang et al. 2012). Recent
studies aiming to identify the mechanism utilized by T. gondii to inhibit STAT1/
IFNg signaling noted another regulatory mechanism involving removal of STAT1
from the nuclear-cytoplasmic cycling pool by maintaining it as chromatin bound
and preventing disassociation of STAT1 from DNA (Rosowski et al. 2014).
Recently identified TgIST appears to be involved in this STAT1 chromatin binding
as well as T. gondii related transcriptional repression (Olias et al. 2016; Gay et al.
2016). In a different tactic, evaluation of mouse dendritic cells infected with
T. gondii revealed phosphorylation and nuclear translocation of STAT1 without
binding to IFN response elements. This STAT1 rearrangement was induced by
parasite invasion but not dependent on parasite replication (Schneider et al. 2013).
All together, these mechanisms provide a clue as to how T. gondii subvert host IFNy
response via epigenetic and transcriptional dysregulation of STAT signaling, thus
promoting parasite survival and growth. Targeting of STAT signaling is utilized by
other parasites as well; e.g., Leishmania alter DNA methylation of infected mac-
rophages at CpG islands, specifically disrupting JAK/STAT and MAPK signaling
(Marr et al. 2014). Furthermore, L. donovani infection of macrophages also induced
inhibition of JAK/STAT signaling, in part by SHP-1 phosphatase-induced blockade
of Jak phosphorylation, as well as induced reduction of Interferon Regulatory factor
1 (IRF1), suggesting parasite-induced impairment in STATa nuclear translocation
(Olivier et al. 2005; Matte and Descoteaux 2010).

Intracellular parasites rely on the host cell for their nutritional needs and
therefore cause shifts in overall host metabolism. Hypoxia-inducible factor-1
(HIF1) is a master regulator of transcription in response to changes in host oxygen,
iron, and glucose availability. The stability of the HIF1-alpha (HIFla) subunit is
tightly regulated in the cytoplasm, such that alteration in overall host state attenu-
ates HIF1a degradation and allows HIF1 (x + B heterodimer) to translocate to the
nucleus where it binds to HREs (hypoxia response elements). HREs regulate
transcription of genes involved in metabolism and glucose utilization. HIF 1« itself
is further regulated by posttranslational modifications. Early microarray analyses
revealed significant alterations in the expression of genes involved in host metab-
olism in response to T. gondii infection, and it was subsequently shown that
parasites alter HIF function by modulating its expression and stability, presumably
to subvert host metabolic processes and key metabolite targeting (Blader et al.
2001; Wiley et al. 2010; Singh et al. 2012; Medjkane et al. 2014; Menendez et al.
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2015; Metheni et al. 2015). In Theileria-infected and transformed leukocytes, there
is a notable shift in host metabolism towards glycolysis, known as the Warburg
effect or aerobic glycolysis. This is largely controlled by HIF1, which in turn is
regulated by NFkB and AP-1 that are also altered during infection (Metheni et al.
2015). Along with the STAT and JUN pathways, HIF1a is specifically targeted and
stabilized during T. gondii infection (Spear et al. 2006; Wiley et al. 2010). In a
similar manner, Leishmania parasites alter HIF1 function by upregulating HIF1
expression and stabilization of HIF1 against degradation (Singh et al. 2012).
MicroRNA-210 (hypoxamir) is a major hypoxia-inducible miRNA, whose expres-
sion is regulated by HIFla, which plays a role in modulating mitochondrial
respiration and alteration in cell proliferation (Chan et al. 2012). Expression of
miR-210 was significantly increased during human macrophage infection with
L. major parasites, and its upregulation in macrophages was dependent on HIF1a
(Lemaire et al. 2013). Whether these alterations in host metabolism are a result of
direct parasite targeting or whether they are fundamental to the host response to
infection remains to be elucidated. The dysregulation of host metabolic state allows
redirecting of nutrients, energy, and metabolic intermediates to promote parasite
growth. It is also worth noting that alpha ketoglutarate (aKG) is a key intermediate
of the mitochondrial TCA cycle and is a cofactor for a large number of enzymes
involved in essential host processes, including TET enzymes that regulate DNA
CpG methylation, JMDM1 JmjC histone demethylases (Tsukada et al. 2006), and
PHD2 enzyme (prolyl hydroxylase domain 2) which is directly involved in HIF1a
stability (Semenza 2007). Other work in cancer biology also links metabolic
intermediates directly to changes in epigenome (Moussaieff et al. 2015). Therefore,
by altering host cell metabolism and inducing a shift away from mitochondrial
respiration, parasites cause reduction in available aKG, potentially altering host cell
processes that directly regulate DNA methylation and the epigenetic landscape.
Parasites regulate a number of other key host processes including cell death
pathways such as apoptosis and cell cycle progression. Gene expression and
signaling are at the heart of cell cycle progression. Perturbation of cell cycle
checkpoints and regulation of apoptosis are used by intracellular parasites to ensure
their survival. Intracellular parasites are protected from immune recognition, and
the infected cell may undergo apoptosis to curb infection. Intracellular parasitic
protists including Toxoplasma, Leishmania, Theileria, and Cryptosporidia inhibit
apoptosis of the infected host cell (Heussler et al. 2001). Cells infected with
T. gondii are resistant to extracellular induction of apoptosis (Nash et al. 1998).
Additionally, T. gondii parasites appear to actively interfere with host death path-
ways. During infection, T. gondii modulates genes involved in apoptotic pathways,
primarily NFxB signaling. Degradation of pro-apoptotic BCL2 proteins altered
miRNA and STAT (STAT3, miR17-92, and Bim) signaling, and degradation of
pro-apoptotic pS3 also contributes to inhibition of apoptosis, promoting host cell
and parasite survival (Carmen and Sinai 2011; Cai et al. 2014). Theileria and
Cryptosporidium similarly stabilize the host NFkB pathway to abrogate apoptosis
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(Heussler et al. 2001). In an analogous manner, there is a notable decrease in
pro-apoptotic p53 in P. yoelii-infected hepatocytes, supporting cell survival
(Kaushansky et al. 2013). While utilizing similar mechanisms in inhibition of
apoptosis, these parasites induce distinct effects upon the host cell cycle.
T. gondii induces arrest in the host cell cycle by downregulating expression of
UHRF1 E3 ubiquitin ligase, as well as by manipulating ERK kinase, leading to
induction of G1/S phase progression and blockage in G2/M transition (Brunet et al.
2008; Molestina et al. 2008; Unoki et al. 2009). Leishmania parasites induce host
cell cycle arrest at an earlier stage, during GO to S transition, via downregulation of
cyclin-dependent kinases and upregulation of cyclin kinase inhibitors p21 and p27
(Kuzmenok et al. 2005). Theileria parasites reside directly in the host cytoplasm of
leukocytes and coopt the host cell division apparatus to induce continuous
uncontrolled proliferation and oncogenic transformation of the host cells, coupling
host cell division to parasite division (Spooner et al. 1989). Theileria subvert host
cell cycling mainly by activation of the NFkB pathway, but microarray analysis of
infected cells revealed changes in mRNA levels of a significant proportion of host
genes, underscoring the complexity of host—parasite interactions (Shiels et al. 2006;
Durrani et al. 2012; Kinnaird et al. 2013). Intracellular parasites commonly actively
target and modulate host cell cycle and apoptosis pathways to facilitate parasite
survival and replication. Overall, intracellular parasites have developed sophisti-
cated mechanisms for targeting and subverting key host processes involved in
chromatin assembly and structure, significantly altering the host epigenomic
landscape.

9.7 Concluding Remarks

Protozoan parasites have a complex relationship with their hosts, relying on them
for nutrients and metabolic products, while avoiding host immune defenses and
preventing their demise. To that effect, various pathogens including viruses, bac-
teria, and eukaryotic parasite utilize similar means of subverting their host. The
host—pathogen interaction has been studied extensively, and through recent work it
has become apparent that significant alterations occur in the host epigenetic land-
scape during infection. Some of these changes are achieved by specific secretion of
protozoan proteins into the host, which may alter host epigenetics directly by
modulating chromatin packaging and transcription of specific genes, or indirectly
by modifying activity of vital host proteins or host miRNA. Furthermore, while
there are global changes to the overall epigenomic landscape of the host, a number
of regulatory alterations occur in regions encoding conserved elements of essential
cell processes such as cell signaling, death pathways, metabolism, and growth.
Additionally, alteration in availability and function of key host transcription factors
further tempers the host epigenetic landscape. In this context, it is apparent that by
disturbing regulation of the signaling cascades, parasites induce perturbations in the
host epigenome.



9 Modification of the Host Epigenome by Parasitic Protists 211

The term “host” has been used here to describe any cell infected by a parasite,
but in fact, notable and distinct changes to the epigenome occur in a wide range of
infected organisms from mammals to insect vectors and in a wide range of cell
types including cells of the immune system, intestinal epithelia, and neurons. It is
intriguing that epigenetic changes have been described in cells that are not directly
infected, suggesting a significant role for cell-cell communication in disease
pathogenesis. Subversion of immune cells may promote parasite dissemination
and survival. Moreover, changes to the host epigenome can be transient or long
term, as seen in Theileria-cured leukocytes (Kinnaird et al. 2013). It is intriguing to
speculate exactly what role long-term alteration, especially those occurring in the
immune cells, may play in cellular memory and cell-mediated immunity, and
whether these changes are further inherited and become part of “epigenetic mem-
ory.” Finally, while some of the host changes are due to a direct parasite effect,
others should be attributed to the host response to the infection. This concept has
been described for T. gondii infection wherein three general groups of genes or
processes are modulated—those necessary for parasite survival or “pro-parasite,”
those necessary for host defense or “pro-host,” and “bystander” genes that do not
appear to be directly necessary for either (Blader et al. 2001; Blader and Saeij
2009).

Our understanding of the mechanisms for how pathogens reshape the host
epigenetic landscape is still rudimentary. It will be interesting to see whether
pathogens induce unique or universal epigenetic signatures of infection on the
host that can be used in clinical diagnoses and treatment. There clearly is an
intricately laced regulatory web modulating host epigenetic landscape, and further
work is needed to dissect the exact mechanisms and causal interrelationships.
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Chapter 10
Epigenetic Regulation in 7. brucei: Changing
Coats Is a Chance to Survive

Ana C. Pena, Francisco Aresta-Branco, and Luisa M. Figueiredo

Abstract Trypanosoma brucei is a unicellular protozoan transmitted by Glossina
spp. (“tsetse”) flies and the causative agent of Human African trypanosomiasis. This
parasite is famous for undergoing antigenic variation, one of the most sophisticated
strategies to escape the immune response of its mammalian hosts. Antigenic variation
depends on the tight control of the expression of variant surface glycoproteins (VSGs),
which form a dense coat that covers the parasite. To perform antigenic variation,
T. brucei needs to meet two essential requirements: (1) to express a single VSG
gene, among a genetic repertoire of ~2000 members, and (2) to periodically switch
the expressed VSG gene. In recent years, several chromatin-associated factors have
been found to be important to control VSG gene expression. This chapter focuses on the
epigenetic regulation of gene expression in T. brucei, particularly in antigenic variation.

Keywords Trypanosomes * Antigenic variation « VSG ¢ Chromatin « Epigenetics ¢
Monoallelic expression * Pol I
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Tb Trypanosoma brucei

ASF1A, ASF1B Anti-silencing factor 1A, 1B
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BDF3 Bromodomain factor 3

CAF-1b Chromatin assembly factor 1b
CenH3 Centromere-specific histone H3 variant
CITFA Class I transcription factor A
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10.1 Introduction

Trypanosoma brucei is a unicellular, flagellate protozoan parasite (supergroup
Excavata, phylum Euglenozoa) that is the causative agent of Human African
trypanosomiasis (HAT), one of the world’s most important neglected diseases.
T. brucei is exclusively extracellular, colonizing the lymph, blood, and interstitial
spaces of several mammalian hosts and being transmitted through the bite of the
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blood-feeding flies of the genus Glossina, also called “tsetse” (it means “flies”) by
African natives. The parasite is confined to sub-Saharan Africa, where two subspe-
cies, T. b. gambiense and T. b. rhodesiense, can infect humans and cause HAT.
Historically HAT has been called “sleeping sickness” due to the characteristic
shift of the normal sleep/wake cycle that develops in infected individuals at the late
stage of the disease. The late stage of HAT occurs when T. brucei parasites cross the
blood—brain barrier and invade the central nervous system, which typically coin-
cides with the onset of meningoencephalitis and several neurological disorders
including mental, motor system, and sensory system disturbances (Fig. 10.1).
HAT is clinically complex and mostly lethal if left untreated. Diagnosis is difficult
and the available treatments are often ineffective and toxic (Kennedy 2013; Brun
et al. 2010). HAT represents a serious health burden in Africa with ~ 70 million
people currently estimated to be at risk of the disease (WHO 2015). Another
T. brucei subspecies, T. b. brucei, is noninfective to humans but infects wild and
domestic mammals, causing a disease called “nagana.” In African rural

Early-stage symptoms:

* Headache

+ Intermittent fever with rigors
+ ltching

+ Joint pain

* Lymphadenopathy

+ Hepatosplenomegaly
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Late-stage symptoms:

+ Disruption ofthe sleep/wake cycle

* Motor disturbances (e.g. motor
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Fig. 10.1 Clinical features of Human African trypanosomiasis (HAT). Most common clinical
signs of early (or hemolymphatic) and late (or encephalitic) stage of HAT are indicated. At early
stage, T. brucei colonizes the interstitial spaces, lymph, and bloodstream of its mammalian host.
Due to antigenic variation and succeeding rounds of parasite clearance by host antibodies, the
number of parasites in the blood cyclically rises and drops with each peak of parasite density
corresponding to a different VSG variant expressed by the majority of the trypanosome population
(different shades of gray and dotted lines). After several weeks or months, the parasite invades the
central nervous system leading to the late stage of HAT that gave the disease its well-known name
of “sleeping sickness”
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populations, nagana is a serious socioeconomic problem, leading to ~ 3 million
losses in livestock per year (www.fao.org/ag/againfo/programmes/en/paat/home.
html).

During T. brucei life cycle, parasites quickly adapt to the different environments
they encounter in the mammal and the fly, in order to balance survival, prolifera-
tion, and transmissibility (Matthews et al. 2015; Dyer et al. 2013). In the course of
its life cycle, T. brucei alternates between the mammal host and the fly vector,
passing through several developmental stages characterized by differences in
ultrastructure, gene expression, metabolism, and surface protein composition.

10.2 The Unusual 7. brucei Genome and Transcription

African trypanosomes branched early from the main eukaryotic lineage, highly
diverging from the animal, fungi, and plant groups (Cavalier-Smith 2010). Such
evolutionary history is certainly one of the reasons why this parasite acquired some
unusual biological features. Despite its small genome (35 Mb/haploid DNA con-
tent), T. brucei karyotype consists in more than 120 chromosomes: 11 megabase
chromosomes (1-6 Mb), 1-5 intermediate chromosomes (200-900 kb), and ~100
mini-chromosomes (30-150 kb) (Melville et al. 2000; Wickstead et al. 2004).
Remarkably, the vast majority of T. brucei genome is organized in polycistronic
transcription units (PTUs), which consist of large directional clusters of not func-
tionally related genes that are transcribed polycistronically (Siegel et al. 2009;
Kolev et al. 2010). Associated with this unusual transcription mechanism, trypano-
somes also differ from other eukaryotes regarding mRNA maturation. The poly-
cistronic precursor transcripts are processed at their 5’ end via trans-splicing, which
adds a m’G-capped 39-nucleotide spliced leader RNA to the 5'UTR of each mRNA
(Ullu and Tschudi 1991).

Another remarkable feature of T. brucei is that RNA polymerase I (Pol I)
transcribes not only ribosomal DNA (rDNA) but also genes that encode for major
surface proteins of the parasite (Gunzl et al. 2003).

10.3 Antigenic Variation Is Crucial for Immune Evasion

As an exclusive extracellular parasite, T. brucei cell surface represents the first line
of defense against the host immune system. In the mammalian infective blood-
stream form (BSF), the parasite cell surface is composed of about 107 identical
copies of variant surface glycoprotein (VSG) (Cross 1975). VSGs form
homodimers and are anchored to the cell membrane by a
glycosylphosphatidylinositol (GPI) anchor (Ferguson et al. 1988). VSGs are
encoded by a multigene family of ~2000 members. For a VSG gene to be
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transcribed, it needs to be present or recombined into a bloodstream expression site
(BES), a specialized subtelomeric locus transcribed by Pol 1. There are ~15 BESs in
the genome residing at the subtelomeres of megabase and intermediate chromo-
somes (Hertz-Fowler et al. 2008). In each parasite, only one BES is transcription-
ally active, while all the others are silent. Hundreds of inactive VSG copies are
organized in tandem arrays at non-BES loci in proximal subtelomeric positions in
megabase chromosomes or as single genes in mini-chromosomes (Williams et al.
1982; Berriman et al. 2005; Cross et al. 2014).

All known T. brucei subspecies undergo antigenic variation. Even though
antigenic variation in trypanosomes is not the sole mechanism by which these
parasites defend from the mammalian immune system (Pays et al. 2014), it is
determinant for the establishment of persistent infections and stands as a model
for the study of antigenic variation. Antigenic variation is frequently exploited by
viruses, bacteria, and other eukaryotic pathogens such as the human malaria
parasite Plasmodium falciparum to circumvent the immune response of its mam-
malian hosts (Deitsch et al. 2009).

In T. brucei, antigenic variation relies on two main features: (1) a single VSG is
expressed at the surface and (2) the expressed VSG switches periodically. During
T. brucei infection, the mammalian host primarily mounts an adaptive humoral
response against the VSG. The surface VSG epitopes are recognized by B-cells and
activate a VSG-specific antibody response that drives rapid parasite clearance
(Black et al. 2010). Meanwhile, before immune clearance takes place, a few
parasites in the original population switch to a new VSG variant, which is not
recognized by the produced antibodies. As a result, parasites expressing the new
VSG variant will not be eliminated by the first immune clearance response, and they
will substitute the previous parasite population. As successive parasite populations
are removed and newly switched variants emerge, periodic waves of parasite
density appear in the blood (Mugnier et al. 2015). Such episodes of parasite
clearance and relapse are a hallmark of T. brucei infections and were observed
for the first time in humans more than a century ago (Ross and Thomson 1910)
(Fig. 10.1).

VSG switching can occur via different molecular mechanisms. The most fre-
quent mechanism is the activation of a silent VSG gene by homologous recombi-
nation (HR) into the active BES (Robinson et al. 1999). Recombination is the only
way to access the VSG repertoire of ~2000 genes or pseudogenes that lie mainly in
subtelomeric non-BES loci. The most frequent HR switching mechanism is the
so-called duplicative gene conversion. This involves duplication and insertion of an
inactive BES-linked or array VSG into the active BES, replacing the previously
active VSG gene. A new VSG might also be assembled by segmental gene conver-
sion in which segments of VSG genes and pseudogenes are copied and recombine to
generate novel functional “mosaic” VSGs that will replace the previously active
VSG. In addition, HR can also mediate a telomere exchange in which reciprocal
crossover between two telomeres (no DNA sequence is lost) and their associated
VSGs takes place. VSG switching can also be recombination independent. This less
common mechanism consists in the transcriptional activation of a different BES
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and silencing of the previous one with no involvement of DNA rearrangements by
recombination. This is termed transcriptional or in situ switching (McCulloch et al.
2015).

It is important to note that T. brucei switches VSGs ex vivo in axenic cultures,
indicating that VSG switching does not depend on the immune response to occur
(Doyle et al. 1980). Moreover, it was observed that antigenic variation still exists in
immune-deficient mice (Myler et al. 1985). This supports the view that VSG
switching is mostly a stochastic process in which antibodies act chiefly as a
selective force. However, the fact that switching rates are ~1000-fold higher in
fly-transmitted infections argues that there might exist an environmental cue that
prompts switching or that adaptation to culture conditions leads to changes in gene
expression that eventually result in a lower switching rate (Turner 1997).

10.4 Epigenetics in 7. brucei

10.4.1 Nuclear and Chromatin Organization

The main nuclear architectural features typical of eukaryotes are observed in
T. brucei such as a double bilayered nuclear envelope and conserved nuclear pore
complexes (DeGrasse et al. 2009). Also, like all other eukaryotes, rDNA is tran-
scribed and ribosomes are assembled in the nucleolus, a specialized nuclear
subcompartment. T. brucei has another nuclear subcompartment apparently exclu-
sive of this organism, the Expression Site Body (ESB). This is an extranucleolar Pol
I territory, functionally distinct from the nucleolus, where active BES is transcribed
in BSF parasites (Navarro and Gull 2001; Chaves et al. 1998).

Unlike most eukaryotes, trypanosome chromosomes do not visibly condense
during metaphase and a 30-nm fiber has never been observed. In fact, overall,
T. brucei DNA is less compacted within the nucleus when compared with higher
eukaryotes (Hecker and Gander 1985; Hecker et al. 1994). Differences in the degree
of chromatin compaction also occur between parasite life cycle stages, with BSFs
displaying a more compacted chromatin than insect-stage procyclic forms
(Schlimme et al. 1993). These differences may accommodate the rapid changes
in gene expression required for parasite development throughout its life cycle and
may be due to the presence of divergent histones (Hecker et al. 1994).

10.4.2 Histones and Chromatin Regulators

Although histones (H2A, H2B, H3, H4, and H1) are highly conserved proteins
across evolution, the histones of 7. brucei are very divergent, particularly within its
N-terminal tails (Thatcher and Gorovsky 1994; Kasinsky et al. 2001). As a result,
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T. brucei lacks many of the well-conserved histone posttranslational modifications
(PTMs), while containing some apparently exclusive of this parasite. Examples of
the latter are a complex pattern of acetylations on multiple lysines of H2A
C-terminus and abundant levels of methylated alanines at H2A, H2B, and H4
N-termini. Conserved histone PTMs present in T. brucei are the trimethylation of
H3 lysine 4 (H3K4me3) and mono-, di-, or trimethylation of H3K76 (H3K76me/
m2/m3) (K79 in other eukaryotes); in addition, acetylations of H4 at K4, K10, and
K14 might be the homologues of conserved lysine acetylations at nearby positions
in other eukaryotes (K5, K12, and K16) (Janzen et al. 2006a, b; Mandava et al.
2007).

Histone variants are common in several eukaryotes, and they may differ from
canonical histones by only a few amino acids. T. brucei possesses a homologue of
H2A.Z variant and three specific histone variants, the H3.V, H4.V, and H2B.V
(Lowell and Cross 2004; Lowell et al. 2005). Besides, it contains several H1
sequence variants, which can be subgrouped into three classes according to their
N-terminal sequences (Gruter and Betschart 2001). Each H1 class displays distinct
mRNA levels in BSFs (Pena et al. 2014), but it is unknown whether they are
functionally distinct. Curiously, the parasite also appears to lack a centromere-
specific histone H3 variant (CenH3) (Lowell and Cross 2004; Berriman et al. 2005),
a hallmark of eukaryotic kinetochores, possessing a set of rather unconventional
kinetochore proteins (Akiyoshi and Gull 2014).

A milestone in trypanosome research was the finding that several histone
variants and histone PTMs associate with putative Pol II transcription start sites
(TSSs) and transcription termination sites (TTSs). Chromatin immunoprecipitation
(ChIP) sequencing revealed that H2A.Z, H2B.V, acetylated H4K 10, trimethylated
H3K4, and a putative acetyl-binding protein, the bromodomain factor 3 (TbBDF3),
are enriched at TSSs, whereas H3.V and H4.V preferentially locate at potential
TTSs (Siegel et al. 2009; Wright et al. 2010).

DNA methylation (5-methylcytosine) levels are very low in T. brucei, when
compared to most eukaryotes (Militello et al. 2008). On the other hand, T. brucei
and evolutionarily close relatives (including the Fuglena algae) contain an unusual
DNA modification: p-D-glucosyl-hydroxymethyluracil, also termed base J
(Gommers-Ampt et al. 1993; van Leeuwen et al. 1998; Dooijes et al. 2000). Base
J is crucial for transcription initiation and termination in the related protozoans
Trypanosoma cruzi and Leishmania spp. (Ekanayake and Sabatini 2011; van
Luenen et al. 2012), but there is only evidence for a minor role in transcriptional
control in 7. brucei (Reynolds et al. 2014).

A number of chromatin-associated factors have been identified in 7. brucei such
as histone-modifying enzymes, chromatin-remodeling enzymes, and chromatin
architectural proteins. Epigenetic regulation mediated by these factors impacts
several biological processes of the parasite such as the cell cycle, parasite differ-
entiation, antigenic variation, DNA repair, and telomere integrity (Table 10.1). The
importance of epigenetic regulation on the general biology of T. brucei has been
reviewed elsewhere (Figueiredo et al. 2009; Alsford et al. 2012). This chapter
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Table 10.1 Histones and chromatin-associated proteins involved in gene expression regulation in

Trypanosoma brucei

Class Name Functions Reference
Canonical HI?, H3" Maintaining BESs silent™®, | Povelones et al. (2012),
histones maintaining other Pol I loci | Pena et al. (2014), Alsford
silent®, VSG switching®, cell | and Horn (2012)
cycle®
Histone variants H2A.Z, H3. | Mark the TSS and TTS at Lowell and Cross (2004),
V, H4.V Pol 11 PTUs Lowell et al. (2005), Siegel
et al. (2009)
Histone DACI1?Y, Telomeric silencing™, Ingram and Horn (2002),
deacetylases DAC3", maintaining BESs silent®, Wang et al. (2010), Garcia-
SIR2rp1° DNA repair® Salcedo et al. (2003),
Alsford et al. (2007)
Histone HATI1*?, Telomeric silencing®, VSG Siegel et al. (2008),
acetyltransferases HATZb, switching®, rDNA Kawabhara et al. (2008),
HAT3 transcriptiond, cell cyclea’b, Alsford and Horn (2011),
ELP3b*¢ DNA repair®, H4K 10ac®, Glover and Horn (2014)
H4K4ac®
Histone DOTI1A?, VSG switchingb, cell cycle Janzen et al. (2006b),
methyltransferases | DOT1B® P differentiation to PFs®; Figueiredo et al. (2008),
H3K76 me/me2* Gassen et al. 2012
H3K76me3"
SUMOylation SIZ1 Maintaining BES active, Lopez-Farfan et al. (2014)
enzymes recruitment of Pol I
Chromatin ISWI*, NLP | Maintaining BESs silent*™/ | Hughes et al. (2007),
remodelers ® RCCPS, active®, maintaining other Stanne et al. (2011, 2015)
FYRP? Pol I loci silent®
Histone ASF1A?, Telomeric silencingb‘c, Li et al. (2007), Narayanan
chaperones ASF1B®, maintaining BESs silent™®/ | et al. (2011), Denninger
CAF-1b°, active®®, maintaining other | et al. (2010), Alsford and
FACTd, Pol I loci silent®, cell cycle Horn (2012), Denninger
NLP® ad and Rudenko (2014),
Pascoalino et al. (2014)
Chromatin archi- | TDP-1 Maintaining BES active, Narayanan and Rudenko
tectural proteins maintaining other Pol I loci | (2013), (Aresta-Branco
active et al. 2016)
Histone-binding BDF3 Mark the TSS at Pol Il PTUs | Siegel et al. (2009)
proteins
DNA-modifying JBP1% JBP2 |Base J synthesis®®, tran- Cross et al. (2002), DiPaolo
enzymes ® JGT® scription termination™® et al. (2005), Bullard et al.
(2014), Reynolds et al.
(2014)
Telomeric RAP1?, Maintaining BESs silent®, Conway et al. (2002),
proteins TIF2®, TRF® | VSG switching® ™, cell cycle | Janzen et al. (2004), Li
, TERTY ¢ telomere and et al. (2005), Dreesen and

subtelomere integrity® ¢

Cross (2006), Yang et al.
(2009), Hovel-Miner et al.
(2012), Pandya et al.
(2013); Jehi et al. (20144, b)

(continued)



10  Epigenetic Regulation in T. brucei: Changing Coats Is a Chance to Survive 229

Table 10.1 (continued)

Class Name Functions Reference
Nuclear NUP-1* Maintaining BESs silent®™, | DuBois et al. (2012),
architecture PIP5Pase®, maintaining other Pol I loci | Cestari and Stuart (2015)
PIP5K® silent*®, VSG switching™,
Pol 1 localizationb’c, nucleus
integrity®, cell cycle?®, chro-
mosome positioning®™
Replication Cohesin Inheritance of active BES?, | Landeira et al. (2009), Kim
proteins complex?, maintaining BESs silent™, | et al. (2013), Benmerzouga
MCM-BP® maintaining other Pol I loci | et al. (2013), Tiengwe et al.
ORCI1¢ silent®™, VSG switching™, | (2012)
widespread mRNA
abundance®, cell cycle®™
RNA-binding RRM1 Widespread mRNA Naguleswaran et al. (2015)
proteins abundance

*No experimental evidence for the respective enzymatic/chromatin binding activity

a boe d ejpdicate the roles identified for the respective factor

focuses on the impact of epigenetic regulation in antigenic variation, namely in
controlling monoallelic VSG expression and VSG switching.

10.5 Epigenetic Control of T. brucei Antigenic Variation

Most of what is known so far about chromatin organization and epigenetics in
T. brucei is related to VSG genes. The focus on these genes is not only due to the
importance of antigenic variation for 7. brucei but also because BESs can be
regulated at the transcription level, while Pol IT PTUs are thought to be transcribed
constitutively. A BES can range in size between 45 and 60 kb, and it contains a Pol I
promoter that drives polycistronic transcription of around 10 expression site-
associated genes (ESAGs) and a single VSG gene. VSG is always the last gene of
a BES (~1 kb upstream from the telomere), and it is flanked upstream by an array of
70 bp repeats (Hertz-Fowler et al. 2008). The function of most ESAGs is unknown
even though some of them are known to be important for the survival of BSF
parasites inside the mammal host such as ESAG6/ESAG7 dimer (transferrin recep-
tor) and ESAG4 (receptor-like adenylate cyclase that inhibits host innate immunity)
(Steverding et al. 1994; Salmon et al. 2012).

There is evidence that Pol I is recruited to the BES promoter by Class I
Transcription Factor A (CITFA), a complex of eight subunits consisting of the
dynein light chain LC8 and seven other polypeptides (Nguyen et al. 2012; Kirkham
et al. 2015). CITFA binds preferentially to the promoter of the active BES com-
pared to silent BES promoters, and this correlates with higher levels of Pol I
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occupancy and promoter-proximal primary transcripts (Nguyen et al. 2014),
suggesting the existence of higher rates of transcription initiation at the active
BES promoter (Nguyen et al. 2014; Kirkham et al. 2015). However, repression of
transcription initiation at silent BES is not the sole reason why gene expression is
silenced at these loci. In fact, there is evidence that low levels of transcription at
silent BES are likely a result of inefficient RNA processing and export from the
nucleus (Vanhamme et al. 2000; Kassem et al. 2014).

Monoallelic expression of a BES has been the subject of thorough investigation.
The parasite needs to maintain active transcription of a single BES, while silencing
expression of all the others. Besides, the active/silent transcriptional state of BES
needs to be rapidly reversible to ensure successful in situ switching in a short period
of time in order to avoid prolonged display of multiple VSGs at the surface. The
sequencing of the T. brucei genome including the BES loci (Berriman et al. 2005;
Hertz-Fowler et al. 2008), together with the development of genetic tools to mark
active or silent BESs and perform gene knockdown/knockout in T brucei, has led to
the discovery in recent years of several chromatin-related factors important for
antigenic variation.

10.5.1 How Are BESs Maintained Silent?

Silent BESs possess a very compact and nucleosome-enriched chromatin (Figuei-
redo and Cross 2010; Stanne and Rudenko 2010), which most likely ensures a layer
of control regarding monoallelic expression. In recent years, several studies iden-
tified and characterized epigenetic factors that, once depleted, result in partial
transcriptional derepression of silent BESs. Interestingly, for the majority of such
factors, transcriptional derepression is limited to the BES promoter regions, without
detectable changes in the transcript levels of the terminally located VSG genes.
Such factors are summarized in Table 10.1 and include the core histone H3 and
linker histone H1, the subunits TbSpt16 and TbPob3 of the histone chaperone
TbFACT, the histone chaperones TbASF1A, TbCAF-1b, and TbNLP, the histone
deacetylase TbDAC3, and the interacting partners of the chromatin remodeler
TbISWI, RCCP, and FYRP (as well as TbNLP, already mentioned). The role of
some of these factors in BES silencing is also tightly associated with cell cycle
progression since derepression of silent BES promoter regions occurs only in
S-phase (CAF-1b depleted mutant) or G2/M (histone H3, TbSpt16, and TbCAF-
1b depleted mutants) (Alsford and Horn 2012; Denninger et al. 2010).

Other epigenetic factors are important to silence BESs all the way until the
telomere, repressing not only the genes nearby the BES promoter but also the silent
VSG genes. These factors include the histone H3K76 methyltransferase TbDOT1B,
the chromatin remodeler TbISWI, the telomeric protein TbRAP1, the lamin-like
TbNUP-1, and two proteins of the replication machinery, TbOORC1 and TbMCM-
BP (Table 10.1). Moreover, deficiency in TbDOT1B, TbRAP1, TbORC1, or
TbMCM-BP results in a significant percentage of trypanosomes expressing more
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than one VSG at the cell surface (Figueiredo et al. 2008; Yang et al. 2009;
Benmerzouga et al. 2013; Kim et al. 2013). In contrast, some factors such as the
histone deacetylase TbSir2rpl and the putative histone acetlytransferase TbHAT1
appear to be important exclusively for maintaining telomere-proximal silencing but
not for silencing the BESs (Alsford et al. 2007; Kawahara et al. 2008), indicating
the existence of multiple mechanisms to control transcription of BESs.
Differential nuclear localization of silent BESs may also play an important role
in BES silencing. FISH analysis suggests that most telomeres co-localize with
TbNUP-1, a lamin-like protein localized at the nuclear periphery that is likely a
nuclear lamina component (DuBois et al. 2012). Depletion of TbNUP-1 disrupts
nuclear morphology and leads to re-localization of telomeres from megabase
chromosomes to nuclear blebs, with a concomitant derepression of silent BESs,
indicating that nuclear structure is important for silencing gene expression at BESs.
Two enzymes of the inositol phosphate pathway (TbPIP5Pase and TbPIP5K) were
recently shown to be required for BES silencing, for the correct positioning of
telomeres and Pol I in the nucleus, supporting the impact of nuclear architecture in
BES silencing. It is, however, unknown how these enzymes or their associated
metabolites epigenetically affect the telomeres and BESs (Cestari and Stuart 2015).

10.5.2 How Is a BES Maintained Active?

The structure and dynamics of the active BES is poorly understood and very few
epigenetic regulators have been shown to control it.

Unlike silent BESs, the active BES possesses an open and nucleosome-depleted
chromatin (Figueiredo et al. 2008; Stanne and Rudenko 2010). Three proteins have
been identified as being important for maintaining the transcriptional status of the
active BES: TbTDP1, TbNLP, a TbFACT subunit (TbSpt16), and a cohesin com-
ponent (TbSCC1). TbTDPI is a high mobility group box protein that binds along
the entire BES, and that is necessary to keep chromatin open when transcription is
halted (Aresta-Branco et al. 2016). Its depletion drives chromatin condensation and a
decrease in active VSG transcript levels (Narayanan and Rudenko 2013). Depletion of
TbNLP also reduces gene expression at the promoter region of active BES, although it
is not clear if this results from an indirect consequence of silent BES derepression also
resulting from TbNLP depletion or from a double role of this putative chaperone in
active and silent BESs. On the other hand, the histone deacetylase DAC1 antagonizes
telomeric silencing, but has no attributed role in gene expression at the active BES
(Wang et al. 2010), again indicating that BES transcriptional status is epigenetically
controlled by mechanisms independent from telomere silencing.

Interestingly, depletion of TbSSCI1, a component of the cohesin complex,
revealed that cohesion is necessary for the epigenetic inheritance of the active
transcriptional status of BES probably by mediating a delayed separation of the
sister chromatids from the active BES locus during early mitosis (Landeira et al.
2009).
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Posttranslational modifications also seem important to maintain the status of the
active BES. Accumulation of SUMOylated chromatin-associated proteins occurs
throughout the BES including in the RPA1 subunit of Pol I. Reduced levels of this
modification by depletion of a sumoylation enzyme, the E3 ligase TbSIZ1, reduce
the recruitment of Pol I to the active BES and a consequent transcriptional
downregulation (Lopez-Farfan et al. 2014).

Given that the active BES localizes in the ESB, it is possible that it retains factors
that are essential for the chromatin and transcriptional status necessary for VSG
expression, thus contributing to monoallelic expression of the unique BES that
locates in the ESB. Even though no specific factor has been associated with the
ESB, TbTDP-1 and SUMOylated proteins are enriched in this subnuclear body, in
agreement with their role as positive regulators of the active BES (Narayanan and
Rudenko 2013; Lopez-Farfan et al. 2014).

10.5.3 How Do BESs Undergo Transcriptional Switching?

BES transcriptional switching (or in situ switching) consists in silencing the active
BES with a concomitant activation of a silent BES. Because chromatin of the active
and silent BESs is dramatically different, BES switching involves important mod-
ifications in chromatin structure, which are likely well coordinated with changes in
the transcriptional machinery. Besides, switching is probably triggered by an early
event, whose nature remains unknown.

While some chromatin-associated factors are mostly involved in recombination-
mediated switching (H1, TbHAT3, TbTRF, and TbTIF2), we will focus on those
important for the epigenetic regulation of transcriptional switching.

All factors important for this type of switching also play a role in VSG
monoallelic expression consistent with an interdependent control of both processes:
cohesin represses in situ switching without affecting recombination-mediated
switching (Landeira et al. 2009); TbORCI represses preferentially BES transcrip-
tional switching (Benmerzouga et al. 2013); TbONUP1 was proposed to keep silent
BESs away from the ESB, therefore preventing switching events (DuBois et al.
2012); and TbDOTI1B is considered a central factor in promoting fast in situ
switching events since its depletion causes cells to express more than one VSG at
the cell surface up to several weeks until VSG coat replacement is completed
(Figueiredo et al. 2008). More recently, inositol phosphate pathway was also
found to regulate switching as TbPIP5K represses both recombination-dependent
and in situ switching (Cestari and Stuart 2015) (Fig. 10.2).

Transcriptional switching needs to be a fast but well-coordinated process to
minimize the time in which more than one VSG is exposed at the surface. In fact,
when two different BESs marked with drug resistance genes were forced to be
simultaneously expressed, rapid and permanent back and forth switches between
the two BES were apparently prompted to guarantee drug resistance (Chaves et al.
1999). The authors postulated the existence of natural switching intermediates in
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Fig. 10.2 Chromatin-associated factors involved in the maintenance of BES transcriptional state
and BES switching. Two illustrations represent the transcriptional status of silent and active BESs
inside the nucleus of 7. brucei BSFs in steady state (/eft) or during an in situ switch (right). Straight
arrows indicate direction of Pol I transcription at BES promoters. Low and high transcriptional
activity is indicated by short or long arrows, respectively. Curved arrows indicate the two BES
undergoing a transcriptional switch. Factors involved in each process are listed in a box below
each respective illustration. Factors necessary for repression of the entire BES (left) are
highlighted in bold

which silent BESs are in a pre-active state that facilitates a transcriptional
interchange.

Recently, two studies presented more details about this intermediate state,
although with different approaches. A first study showed that the ectopic expression
of a second VSG gene from a non-BES locus promotes attenuation of transcription
from the whole active BES (Batram et al. 2014). This VSG silencing/attenuation is
reversible and mediated by TbDOT1B. This study proposes that activation of a
silent VSG may act as a trigger for transcriptional switching. A second study (from
our lab) employed transcriptional silencing of the active BES to provoke transcrip-
tional switching (Aresta-Branco et al. 2016). This trigger resulted in the mainte-
nance of an open, transcription-independent chromatin structure of the active BES,
which is dependent on TbTDP-1. Both studies suggest that transcriptional attenu-
ation/open chromatin maintenance is an intermediate state that allows probing for
the integrity and functionality of a new BES before full commitment for switching.
Furthermore, in the second study, probing before commitment for switching or
reversal for initial active BES was verified.
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10.6 Future Perspectives

There is now compelling evidence that control of VSG expression and switching is
the result of a complex interplay between transcription machinery, chromatin-
associated factors, nuclear architecture, and probably other yet unknown factors.
However, many questions remain unanswered: what is the trigger for BES
switching? How does control of transcription elongation take place? Does the
chromatin structure drive the transcriptional status of the active BES or is it the
opposite? What is the nature of the cross talk between silent and active BESs? How
do parasites “count” the number of VSG molecules to ensure that only one is
transcribed? What is the exact role of the ESB and how is it assembled?

Combining classic and novel experimental approaches will help the field to
further understand the mechanism of antigenic variation. Technologies such as
genome-wide screens using RNA interference or overexpression libraries will be
helpful in identifying players that are not conserved across evolution or that an
educated guessing could not propose. On the other hand, the development of
transfection for pleomorphic strains of T. brucei which are fully differentiation
competent (such as AnTatl.1E clone from EATRO1125) and sequencing of its
VSGnome (Cross et al. 2014) will allow studies of antigenic variation in more
natural conditions, in which switching frequencies are typically higher and thus
experimentally more tractable. The use of such strains will also allow testing
phenotypes in mouse models because infections last longer than with laboratory-
adapted monomorphic T. brucei strains (Mugnier et al. 2015).

In the short term, perhaps the field will answer a few “hanging” questions. First,
whether base J plays a role in antigenic variation. Base J is more abundant in silent
BESs than active BES (van Leeuwen et al. 1997). However, a J-null cell line
apparently did not show any phenotype in terms of regulation of BES transcrip-
tional silencing (Cliffe et al. 2010). A second exciting question in the field is
whether noncoding RNAs are important, especially in mediating gene silencing.
Such mechanism has been proposed for P. falciparum, in which distinct noncoding
transcripts emanating from the var gene intron are associated with var gene
silencing (Epp et al. 2009) and activation (Amit-Avraham et al. 2015; Epp et al.
2009).

Epigenetic regulation of virulence genes is not exclusive of trypanosomes. Other
protozoan parasites such as Plasmodium spp. and Toxoplasma gondii (toxoplasmo-
sis parasite) also use epigenetic regulation as a common means for controlling gene
expression (Croken et al. 2012). Identifying the players involved in gene regulation
of important virulence factors will not only broaden our knowledge about the
biology of these fascinating pathogens, but it may reveal novel targets for therapy.

Since the final submission of this book chapter, new studies were published on
epigenetic regulation in trypanosomes. New factors were discovered to be necessary
for VSG monoallelic expression—bromodomain proteins TbBDF2 and TbBDF3
(Schulz et al. 2015), VSG exclusion-1 (TbVEX1) (Glover et al. 2016) and the
noncoding telomeric repeat-containing RNA (TERRA) (Nanavaty et al. 2017).
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The Rudenko group showed that the ESB appears to be a Pol I nucleated structure,
similar to the nucleolus (Kerry et al. 2017). New evidence clarified the role of base J
and H3.V as bona-fide Pol II transcription termination marks (Reynolds et al. 2016;
Schulz et al. 2016) and characterized the position of nucleosomes throughout the
chromosomes of these ancient organisms (Maree et al. 2017).
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Chapter 11
Epigenetics of Malaria Parasites

Evelien M. Bunnik and Karine G. Le Roch

Abstract Malaria parasites of the Plasmodium spp. have complex life cycles that
include multiple stages in a vertebrate host and a mosquito vector, requiring strong
regulation of their transcriptional programs for life cycle progression and survival.
Epigenetic mechanisms controlling gene expression have been shown to be important
for parasite proliferation during the intra-erythrocytic developmental cycle, and evi-
dence is emerging for a role of such mechanisms in other life cycle stages. In particular,
parasite-specific genes involved in pathogenesis, evasion of host immune responses,
invasion of host cells, and life cycle progression are regulated at the epigenetic level. In
this chapter, the various processes involved in the regulation of these parasite-specific
genes and gene families will be discussed. In addition, the changes observed at the
level of local chromatin structure and global nuclear organization will be described.
Finally, the promise of epigenetic regulators as targets of novel antimalarial drugs will
be addressed. Collectively, these topics provide insight into the unique biology of
Plasmodium spp. and highlight the areas where additional research is necessary for an
increased understanding of gene regulation in this deadly parasite.

Keywords Malaria ¢ Chromosomes ¢ Chromatin ¢ Epigenetics ¢« Genome
organization * Gene expression regulation

E.M. Bunnik

Institute for Integrative Genome Biology, Center for Disease Vector Research, Department of
Cell Biology and Neuroscience, University of California Riverside, 900 University Avenue,
Riverside, CA 92521, USA

Department of Microbiology, Immunology and Molecular Genetics, The University of Texas
Health Science Center at San Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229, USA

K.G. Le Roch ()

Institute for Integrative Genome Biology, Center for Disease Vector Research, Department of
Cell Biology and Neuroscience, University of California Riverside, 900 University Avenue,
Riverside, CA 92521, USA

e-mail: karine.leroch@ucr.edu

© Springer International Publishing AG 2017 243
W. Doerfler, J. Casadesus (eds.), Epigenetics of Infectious Diseases, Epigenetics
and Human Health, DOI 10.1007/978-3-319-55021-3_11


mailto:karine.leroch@ucr.edu

244 E.M. Bunnik and K.G. Le Roch
11.1 The Malaria Parasite Life Cycle

Malaria is still one of the most deadly infectious diseases in the world, responsible for
an estimated 438,000 deaths and 214 million infections in 2014 (WHO 2015). Malaria is
most prevalent in sub-Saharan Africa, although large regions of South-East Asia and
South America are also affected. Children under the age of five are most likely to
experience severe malaria and make up about 70% of the total number of malaria deaths.
In humans, five different parasite species of the Plasmodium genus can cause
malaria, of which P. falciparum is the most prevalent and the most deadly variant.
P. vivax is less virulent than P. falciparum, but can remain in the body in a dormant
form that can cause relapses weeks or months after the initial infection. All Plasmo-
dium species have similar, complex life cycles that involve alternating infections of the
human host and the Anopheles mosquito vector (Fig. 11.1). A human infection starts
when an infected female mosquito takes a blood meal and injects sporozoites present
in her salivary glands into the skin. Within 20 min, these sporozoites travel to the liver
and enter hepatocytes. Over a period of 7-10 days, each parasite replicates extensively
and releases thousands of merozoites into the bloodstream. These merozoites then
infect red blood cells to start the first of multiple subsequent replication cycles.

Mosquito stages

Skin

Sch|zont Trophozoite

@ o 4o
boe ) /

*
a

.'fr 1

Fig. 11.1 Simplified overview of the Plasmodium life cycle. Sporozoites enter humans through the
bite of an infected mosquito and subsequently establish liver stage infection. Certain Plasmodium
species, such as P. vivax, can give rise to hypnozoites in the liver, a dormant form of the parasite that
can be reactivated months to years later. Upon egress from the liver, the parasite replicates
asexually in erythrocytes (intra-erythrocytic developmental cycle, IDC). During the IDC, parasites
can commit to gametocyte differentiation, giving rise to a male and female form that can be taken up
by a mosquito and reproduce sexually in the mosquito midgut. The parasite then develops through
several additional stages to form sporozoites that can be injected into a new human host
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During this intra-erythrocytic developmental cycle (IDC), the parasite pro-
gresses through three distinct stages, termed ring, trophozoite, and schizont. The
ring stage is characterized by remodeling of the host cell to establish the supply of
hemoglobin as an energy source, as well as to ensure evasion of the human immune
system. During the trophozoite stage, the parasite becomes highly transcriptionally
and metabolically active, in preparation for cell division. Finally, the parasite
multiplies into 16-32 daughter parasites using a process of asexual replication
called schizogony. During schizogony, the nucleus undergoes multiple rounds of
division, which is followed by cytokinesis to subdivide the multinucleated parasite
into identical daughter cells. Approximately 48 h after invasion of the red blood
cell, these daughter parasites burst out of the host cell, ready to invade new red
blood cells. During the IDC, environmental stress, such as low nutrient levels, can
induce sexual differentiation of parasites into male and female gametocytes. When
a mosquito ingests these mature gametocytes, they undergo sexual replication in the
mosquito midgut and further develop into the salivary gland sporozoites that can be
transmitted to a new human host.

The IDC is the stage responsible for disease in humans and can be maintained in
long-term in vitro culture for P. falciparum. For these reasons, this parasite species
and this stage of the parasite life cycle have been most extensively studied.
Consequently, most of our knowledge concerning epigenetic regulation of gene
expression in the parasite is restricted to the P. falciparum IDC, while little is
known about epigenetic profiles in sporozoites, the liver stage, the mosquito stages,
or in other Plasmodium species. The topics discussed below will therefore predom-
inantly address the IDC of P. falciparum, unless mentioned otherwise.

11.2 Transcriptional Regulation in Plasmodium

To understand the role of epigenetics mechanisms of gene regulation, it is impor-
tant to first explore the transcriptional landscape in Plasmodium. In all eukaryotes,
transcription is initiated by the assembly of RNA polymerase II and the general
transcription factors into the pre-initiation complex (PIC). Recruitment and acti-
vation of the PIC is regulated by specific transcription factors (TFs). Only one
major family of ~27 specific TFs has been identified in Plasmodium, which contain
a modified version of the AP2 domain found in plant TFs and are called ApiAP2
(Balaji et al. 2005). Some of these ApiAP2 TFs are thought to control the
transitions between the different parasite life stages, such as AP2-G for gametocyte
development (Kafsack et al. 2014; Sinha et al. 2014), AP2-O for ookinete devel-
opment in the mosquito (Yuda et al. 2009), AP2-Sp for sporozoite formation (Yuda
et al. 2010), and AP2-L for liver-stage development (Iwanaga et al. 2012). For
others, their role in transcription is less clear. Relative to the size of the Plasmo-
dium genome, the number of TFs that has been identified is considerably smaller
than in most other eukaryotes. Considering the many different forms that the
parasite adopts in widely different host environments, it is thought that this small
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number of TFs is not sufficient to initiate the corresponding differential transcrip-
tional programs.

It has now been established that the majority of the P. falciparum genome is
constitutively maintained in a euchromatic state, while only the subtelomeric regions
and several internal loci are marked as heterochromatin, characterized by the presence
of H3K9me3 and Heterochromatin Protein 1 (PfHP1). These heterochromatin regions
contain gene families with clonally variant expression patterns that are uniquely
dependent on epigenetic mechanisms of transcriptional regulation and are the only
genes that are subject to “classical” epigenetic control (Rovira-Graells et al. 2012).
Under nonselective growth conditions, a population of genetically identical parasites
shows variation in expression levels of these clonally variant genes, resulting in
phenotypic diversity. Changes in environmental conditions can select for preexisting
parasites with transcriptional profiles that are favorable under those conditions
(Rovira-Graells et al. 2012). Instead of responding to environmental changes by
transcriptional reprogramming, P. falciparum thus seems to mainly use an epigenetic
approach to generate phenotypic heterogeneity to increase its chances of survival.

In addition to the epigenetic regulation of clonally variant gene families, other
features of chromatin structure also contribute to gene regulation. While these are
perhaps not epigenetic mechanisms in the strictest definition in that they can
transmit different gene expression profiles to genetically identical progeny, they
do contribute to gene regulation of both clonally variant genes and other parasite
genes and will therefore be discussed as well.

11.3 Epigenetic Regulation of Virulence Genes

11.3.1 P. falciparum Virulence Genes

The most extensively studied clonally variant gene family in P. falciparum is the
family of var genes, which encode variants of Erythrocyte Membrane Protein
1 (PfEMP1). These proteins are expressed on the surface of infected red blood
cells and mediate adherence of the cell to the microvasculature, preventing clear-
ance by the spleen and contributing to severe disease by obstructing blood flow in
major organs, such as the brain (Miller et al. 1994). Each P. falciparum parasite
carries approximately 60 different var genes, only one of which is expressed at any
time (Scherf et al. 2008). Switching var gene expression allows the parasite to
escape from host immune responses in a process called antigenic variation. All
chromosomes contain clusters of var genes in the subtelomeric regions, and several
chromosomes harbor clusters of var genes internally. The subtelomeric regions
contain several other variant surface antigen gene families, including rifin, stevor,
pfmc-2tm, and phist, which are not expressed in the same strictly clonal fashion as
the var genes are, but that are largely regulated by the same mechanisms.
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11.3.2 Histone Posttranslational Modifications

Among the several layers of epigenetic control that are involved in silencing of var
genes, histone posttranslational modifications (PTMs) are extremely important (Fig. 11.2).
Silent var genes are localized in one or multiple clusters of H3K9me3/PfHP1-marked
heterochromatin at the nuclear periphery (Freitas-Junior et al. 2000, 2005; Crowley et al.
2011; Chookajorn et al. 2007; Lopez-Rubio et al. 2009; Salcedo-Amaya et al. 2009;
Perez-Toledo et al. 2009; Flueck et al. 2009; Ay et al. 2014). The repressive environment
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Fig. 11.2 P. falciparum genes regulated through epigenetic mechanisms. (a) Virulence gene
families, including var, rifin, and stevor that are predominantly located in subtelomeric regions,
although the same mechanisms also regulate internally located var genes. (b) The genes clag3.1
and clag3.2 that encode transporters of ion, nutrients, and other solutes. (c¢) Invasion genes. (d) The
transcription factor that is thought to drive gametocyte differentiation
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is maintained by multiple histone deacetylases (HDAC), including the NAD*-dependent
class Il HDAC silent information regulator 2 proteins PfSIR2A and PfSIR2B, as well as
the class Il HDAC PfHDA?2 (Duraisingh et al. 2005; Tonkin et al. 2009; Lopez-Rubio
et al. 2009; Coleman et al. 2014). Removal of these proteins from the parasite results in
loss of monoallelic var gene expression. Var gene silencing, and to a lesser extent rifin
and stevor gene expression, is also influenced by H3K36me3. P. falciparum encodes
histone lysine methyltransferase (HKMT) PfSET2 (also called PfSETvs for variant
silencing) that specifically marks the virulence genes and does not act in other regions
of the genome (Jiang et al. 2013; Ukaegbu et al. 2014). While both the active and silent
var genes carry H3K36me3, overexpression of a dominant negative mutant of PfSET2
resulted in a higher var gene switching rate (Ukaegbu et al. 2014), while mutually
exclusive var gene expression is completely disrupted in the absence of PfSET2 (Jiang
et al. 2013). These results suggest that H3K36me3 is involved in both maintenance of
monoallelic expression and epigenetic memory.

11.3.3 Proteins Involved in Regulating var Gene Expression

Many different proteins are involved in maintaining the repressive heterochromatin
that harbors the silent var genes (Fig. 11.2). PfHP1 is an essential structural compo-
nent, demonstrated by the loss of monoallelic var gene expression and an arrest in
parasite growth in the absence of PFHP1 (Brancucci et al. 2014). In addition, one of the
members of the ApiAP2 TF family, P. falciparum SPE2-interacting protein (PfSIP2),
binds to arrays of SPE2 DNA motifs in the subtelomeric regions upstream of the var
genes and colocalizes with PfHP1 (Flueck et al. 2010). SPE2 motifs are also present in
the telomere-associated repeat elements (TARE), suggesting that PfSIP2 is also
involved in the maintenance and organization of chromosome ends. The TARE
regions are also bound by members of a group of archaeal DNA/RNA binding pro-
teins, termed Alba for “Acetylation lowers binding affinity.” PfAlbal, 2, and 4 bind to
TARESG (Chene et al. 2012), while PfAlba3 binds to both telomeric and subtelomeric
regions and is additionally found in var gene promoters (Goyal et al. 2012).
Deacetylation of lysine residues in the N-terminus of PfAlba3 by PfSIR2A is thought
to increase its affinity for DNA binding (Goyal et al. 2012). In addition to the proteins
mentioned above, many other factors are likely to be involved in the recruitment and
organization of subtelomeric heterochromatin and are the subject of active research.

11.3.4 var Gene Switching

The single active var gene is physically separated from these repressive heterochromatin
regions and is enriched for H3K4me3 and H3K9ac in its 5’ flanking region (Duraisingh
et al. 2005; Lopez-Rubio et al. 2007, 2009) (Fig. 11.2). This single active var gene is only
actively transcribed during the ring stage. In trophozoite and schizont stages, H3K4
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methylation in the active var gene is controlled by the HKMT PfSET10, allowing
re-activation of the same gene in the next replication cycle (Volz et al. 2012). In addition,
the histone acetyltransferase (HAT) is recruited to the active var gene and acetylates
H4 at multiple residues (Miao et al. 2010). During var gene switching, the activated var
gene is repositioned from the heterochromatin compartment to a transcriptionally per-
missive environment in an actin-dependent mechanism that requires the binding of an
actin protein complex to an 18-bp nuclear protein-binding element in the var gene intron
(Zhang et al. 2011). In the absence of immune pressure, approximately 2% of parasites
will spontaneously switch var gene activation with every replication cycle (Roberts et al.
1992). The switch rate is thought to be inherently low to ensure that an infected host will
not develop immunity to a wide variety of surface antigens, which would reduce the
chances of parasite survival and the ability to reinfect the same host. It has been shown
that different var genes have different intrinsic switch rates (Horrocks et al. 2004) and
that var genes that are located on internal chromosomal loci are more likely to be
activated than subtelomeric var genes (Frank et al. 2007; Noble et al. 2013). In addition,
var gene expression is more likely to switch towards highly divergent var genes than to
genes that are relatively conserved among parasite strains (Noble et al. 2013). This
switching hierarchy may have an evolutionary advantage by selecting for surface
antigens that are more likely to evade existing host immune responses. However, the
molecular basis for var gene switching and its inherent patterns are still largely unknown.

11.3.5 Long Noncoding RNAs

Another distinct mechanism controlling var gene expression is the transcription of
two types of long noncoding RNAs (IncRNAs) from the var genes (Epp et al. 2009;
Amit-Avraham et al. 2015) (Fig. 11.2). Both IncRNAs are transcribed from a
bidirectional promoter in the var intron, are capped, are not polyadenylated, and
are incorporated into chromatin. During the late trophozoite and schizont stage,
most or all var genes transcribe a transcript in the sense direction that spans the
entire second exon. Transcription of an antisense transcript that extends into the
first exon is restricted to the active var genes during the ring stage. Transcription of
the sense IncRNA by RNA polymerase II may play a role in depositing
H3K36me3 at var gene loci by PfSET2 (Ukaegbu et al. 2014). This IncRNA may
thus be required to mark var genes as members of a clonally variant gene family to
recruit other epigenetic factors necessary for the maintenance of monoallelic
expression. In contrast, the antisense transcript seems to be involved in regulating
the active var gene, since expression of the antisense transcript can trigger the
activation of the corresponding silent gene and downregulation of the antisense
transcript can deactivate the corresponding active var gene (Amit-Avraham et al.
2015). Histone PTMs, proteins that organize the perinuclear heterochromatin
compartments, and IncRNAs together thus create a complex regulatory network
that maintains epigenetic memory of var gene expression and silencing and allows
var gene switching.



250 E.M. Bunnik and K.G. Le Roch

11.4 Epigenetic Regulation of Other Clonally Variant
Genes

11.4.1 Solute Transporters

To be able to transport ions, nutrients, and other solutes across the erythrocyte
membrane, P. falciparum expresses a plasmodial surface anion channel (PSAC) on
the surface of the infected red blood cell (Nguitragool et al. 2011; Pillai et al. 2012).
These PSACs are encoded by two highly homologous genes, clag3.1 and clag3.2,
which are located approximately 10 kb from each other in a subtelomeric region of
the parasite genome. The clag genes are expressed at the schizont stage, but the
proteins are not expressed at the erythrocyte surface until the ring stage of the next
cycle (Nguitragool et al. 2011). Until their essential function in solute transport was
discovered, these genes were thought to play a role in cytoadherence and invasion
of host cells, and it has not been completely ruled out that they may have a dual
biological function.

Together with the var genes, these are the only gene families in P. falciparum
that are expressed in a strict mutually exclusive fashion (Cortes et al. 2007). The
silenced gene is marked by H3K9me3, while the active gene is enriched in H3K9ac
and H3K4me3, and has an open nucleosome organization (Crowley et al. 2011;
Comeaux et al. 2011) (Fig. 11.2). These epigenetics marks are heritable, and the
activation or repression status of each gene is consequently transmitted to the next
parasite generation (Cortes et al. 2007; Comeaux et al. 2011). In addition, a IncRNA
of over 1 kb in length is transcribed in the schizont stage from a var pseudogene
located on the opposite strand of the region between the two clag3 genes (Otto et al.
2010; Siegel et al. 2014). Expression of this IncRNA correlates with expression of
clag3.1, indicating that multiple layers of transcriptional regulation are involved in
control of the clag genes, similar to the var genes.

Although mutually exclusive expression of these genes is highly favored, both
genes can be silenced or activated simultaneously under conditions of extreme
selective pressure. Several water-soluble antimalarial drugs are dependent upon
PSAC:s to cross the erythrocyte membrane. /n vitro cultures of P. falciparum in the
presence of such drugs were shown to decrease the expression of both clag3 genes,
resulting in decreased intracellular drug concentrations and a drug-resistant pheno-
type, in combination with a reduced growth rate (Sharma et al. 2013; Mira-Martinez
et al. 2013). In addition, in vitro selective pressure can also result in activation of
both genes (Rovira-Graells et al. 2015). While these experiments were performed
in vitro under somewhat artificial conditions, these results point to a potential new
mechanism of drug resistance and are therefore important to further explore.

It is not well understood why the parasite encodes two different solute trans-
porters and why these are expressed in a mutually exclusive way. The transporters
show functional differences (Mira-Martinez et al. 2013), suggesting that certain
growth conditions may favor one transporter over the other. In addition, it has been
postulated that mutually exclusive expression of these surface proteins may enable
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the parasite to escape from immune responses directed against the transporter that is
being expressed (Cortes 2008). However, these proteins are not thought to be a
major target for antibody responses, and it is thus unclear whether this is a plausible
explanation.

11.4.2 Invasion Genes

Invasion of a new red blood cell is mediated by the binding of parasite ligands to
specific receptors on the erythrocyte surface (Cowman and Crabb 2006). Several
multigene families are involved in the invasion process, including eba, rhophl/
clag, acbp, and pfRH. Since many members of these families are not essential for
parasite growth, the function of individual proteins is not entirely clear, and there
seems to be considerable redundancy in host-ligand interactions among these
proteins. These genes can be either active or silent, giving rise to differential
expression profiles in related parasite lines, which are thought to be partially
regulated through epigenetic mechanisms (Cortes et al. 2007).

For two closely related parasite strains with different capacities for erythrocyte
invasion, it was shown that activation of pfRH4 conferred the ability to invade red
blood cells that do not express sialic acid as a receptor (Jiang et al. 2010).
Activation of pfRH4 was associated with increased acetylation levels of histones
H3 and H4, as well as higher levels of H3K4me3, while the 5’ untranslated region of
the silent genes was enriched in H3K9me3 (Fig. 11.2). In addition, the active pfRH4
gene showed lower occupancy of the +1 nucleosome at the time of gene transcrip-
tion. Recently, a bromodomain protein, PBDP1, was shown to bind to acetylated
H3 (H3K9ac and H3K14ac) and to positively regulate transcription of invasion
genes, among others (Josling et al. 2015). The epigenetic mechanisms involved in
expression of invasion genes are thus comparable to the regulatory network used to
control expression of the var and clag gene families, as described above. However,
little is known about how individual variant invasion genes are regulated and which
environmental clues may influence the expression of different subsets of invasion
genes.

11.5 Epigenetic Regulation of Gametocytogenesis

During the IDC, most parasites will continue to replicate asexually, but with every
replication cycle, a small percentage of parasites will commit to gametocyte
differentiation. This commitment is thought to be made during the schizont stage,
followed by egress and reinvasion of daughter parasites that will all continue on the
path towards gametocyte formation. It is not very well understood what triggers this
differentiation process. The activation of the gametocyte differentiation pathway
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seems to be mostly stochastic, but can also be prompted by certain environmental
conditions, such as the presence of antimalarial drugs or nutrient starvation.

One of the master regulators of gametocyte differentiation is an AP2 transcrip-
tion factor located on chromosome 12 in P. falciparum (pfap2-g) (Kafsack et al.
2014; Sinha et al. 2014). In asexual parasites, the locus encoding this TF is
epigenetically silenced by H3K9me3, bound by PfHP1, and localized at the nuclear
periphery (Lopez-Rubio et al. 2009; Flueck et al. 2009), similar to the var gene
family (Fig. 11.2). It is unknown what triggers activation of the pfap2-g locus
in vivo, but in vitro experiments have shown that downregulation of HDAC
PfHDAZ2 results in activation of pfap2-g and an induction of gametocyte formation
(Coleman et al. 2014). This HDAC is present in perinuclear foci and presumably
functions by removing acetyl groups on histones, which makes the chromatin
accessible to H3K9me3 deposition and PfHP1 binding, resulting in heterochroma-
tin formation. PFHDA?2 also acts as a silencer of var genes, and a “leaky” repression
of var genes and the pfap2-g locus may result in both low-frequency var gene
switching and lowrate gametocyte conversion (Coleman et al. 2014). In a similar
fashion, depletion of PfHP1 from the parasite leads to activation of PfFAP2-G and an
increased rate of gametocyte differentiation, although this process is most likely to
be downstream from PfHDA?2 regulation (Brancucci et al. 2014).

Upon activation, PFAP2-G promotes the expression of early gametocyte genes
that drive sexual differentiation and generates a positive feedback loop that ensures
high transcriptional activity of the pfap2-g locus (Kafsack et al. 2014). In a rodent
malaria parasite, P. berghei, a second AP2 TF (PfAP2-G2) assists in gametocyte
formation by repressing approximately one-third of the genes that are expressed
during the IDC (Yuda et al. 2015). This TF acts at an early time point during
differentiation, before male and female gametocyte characteristics are noticeable. A
homolog of this gene is present in P. falciparum, but its role in gametocyte
differentiation awaits confirmation. Together, these two TFs are likely to be
responsible for transcriptionally reprogramming the parasite gene expression net-
work, leading to differentiation of the parasite into the stage that is transmissible to
mosquitoes. Other genes have been implicated in gametocytogenesis, including
PfGDV1 and early gametocyte-specific genes (Ikadai et al. 2013; Eksi et al. 2012;
Silvestrini et al. 2010), but it remains to be determined where these genes reside
within the transcriptional network that regulates the induction and progression of
gametocyte differentiation.

11.6 Local Chromatin Structure

Several features of the local chromatin structure in P. falciparum are distinct from
how chromatin is organized in other eukaryotes. Heterochromatin in P. falciparum
is essentially limited to regions of the genome that harbor the virulence gene
families, the pfag2-g locus, and several other genes that are repressed during the
IDC, as described in more detail in the preceding sections. These are the only
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regions in the genome that are enriched for the repressive marks H3K9me3,
H3K36me3, and H4K20me3 (Lopez-Rubio et al. 2009; Jiang et al. 2013). In
contrast, the majority of the genome is present in a euchromatin compartment
with an abundance of histone acetylation (Lopez-Rubio et al. 2009; Miao et al.
2006), as is also observed for other unicellular organisms (Garcia et al. 2007).
Intergenic regions are marked by activating histone modifications H3K9ac and
H3K4me3 (Bartfai et al. 2010; Salcedo-Amaya et al. 2009; Trelle et al. 2009),
which are typically only found in active promoters in mammalian genomes (Barski
et al. 2007; Bernstein et al. 2005; Kim et al. 2005; Nishida et al. 2006; Wang et al.
2008) and thus have a much broader distribution in P falciparum. In addition,
H3K9ac is enriched in the promoter and 5’ coding regions of highly transcribed
genes in P. falciparum (Cui et al. 2007b; Bartfai et al. 2010). Thus, the majority of
the P. falciparum genome seems to be permanently in a transcriptionally permissive
state, while only a subset of genes is strictly repressed.

A second interesting feature of local chromatin structure in P. falciparum is the
localization of histone variants. Histone variant H2A.Z is highly enriched in 41 and
—1 nucleosomes on either site of the promoter region in other eukaryotes
(Guillemette et al. 2005; Raisner et al. 2005; Tolstorukov et al. 2009), where they
promote assembly of transcription machinery. Instead, the entire intergenic regions
in P. falciparum are lined by nucleosomes that contain both H2A.Z and H2B.Z
(Bartfai et al. 2010; Hoeijmakers et al. 2013; Petter et al. 2013). It is thought that
these histone variants have evolved a specialized function to facilitate nucleosome
deposition in the highly AT-rich intergenic regions of P. falciparum. Of all eukary-
otic organisms that have been sequenced to date, P. falciparum has the highest AT
content, with an average of 80.7% AT in the entire genome, but reaching 90-95%
AT in intergenic regions (Gardner et al. 2002). AT-rich DNA is thought to be more
rigid and therefore less prone to wrap around the histone core and form a stable
nucleosome (Segal and Widom 2009; Tillo and Hughes 2009), necessitating a
specialized histone variant to enable nucleosome positioning in the intergenic
regions of P. falciparum.

Finally, the nucleosome landscape around P. falciparum genes is also divergent
from that in other eukaryotes. Eukaryotes generally have strongly positioned —1
and +1 nucleosomes bordering the promoter, followed by an array of nucleosomes
with increasing variation in their positioning (called “fuzziness”) until the 3’ end of
the gene. Such nucleosomal arrays have not been observed in P. falciparum
(Bunnik et al. 2014; Kensche et al. 2015; Ponts et al. 2010), which could be due
to the high AT content of its genome that hampers the positioning of nucleosomes at
fixed intervals. However, Tetrahymena thermophila and Dictyostelium discoideum,
both with an average AT content of 78%, do show an array of nucleosomes
downstream of the transcription start site (TSS) (Beh et al. 2015; Chang et al.
2012), suggesting that a high AT content alone may not fully explain this phenom-
enon in P. falciparum. It is possible that chromatin remodelers function differently
in establishing nucleosome positioning in P. falciparum or that the signal from
nucleosome arrays with different intervals in various subsets of genes is averaged
out in metagenomic analyses.
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The P. falciparum genome shows characteristic nucleosome features around the
TSS, the start and end of the coding region, the transcription termination site, and at
splice donor and acceptor sites (Bunnik et al. 2014; Kensche et al. 2015; Ponts et al.
2010). As in other eukaryotic organisms, the TSS is preceded by a nucleosome-
depleted region that is assumed to allow binding of transcription factors and recruit-
ment of the transcription machinery. In accordance, genes with higher mRNA tran-
scription levels show a more open nucleosome organization in their TSSs (Bunnik et al.
2014; Kensche et al. 2015). It remains to be determined whether this lower nucleosome
occupancy in the TSS drives transcriptional activity, or whether it is a consequence of
the presence of RNA polymerase II and other transcription-associated proteins.

Two aspects of the P. falciparum nucleosome landscape are still the subject of
debate. First, the nucleosome level was reported to be lower in intergenic regions than
in coding regions (Bunnik et al. 2014; Ponts et al. 2010, 2011 Westenberger et al.
2009). Others dispute this finding and attribute it to experimental and sequencing
biases introduced by the high AT content in these regions (Kensche et al. 2015).
However, a lower density of nucleosomes is also observed in intergenic regions of
other eukaryotes (Pokholok et al. 2005; Valouev et al. 2008; Chang et al. 2012; Wu
etal. 2014), including the AT-rich ciliate Tetrahymena thermophile (Beh et al. 2015).
In addition, it has been shown that certain DNA elements, in particular poly(dA:dT)
tracts and AT repeats that are both highly abundant in the intergenic regions of the
P. falciparum genome, strongly disfavor nucleosome binding (Anderson and Widom
2001; Field et al. 2008; Peckham et al. 2007; Raveh-Sadka et al. 2012). Recent
accurate in vitro and in vivo nucleosome positioning study in AT- and GC-rich
eukaryotic genomes confirms that AT-rich regions are unfavorable to nucleosome
formation and validates that the variation in GC content may guide the establishment
of nucleosome patterns within coding regions of eukaryotic genomes (Beh et al.
2015). Nucleosome sequence preferences may act in concert with epigenetic marks to
establish the distinctive nucleosome pattern observed in genes and contribute to gene
regulation (Beh et al. 2015). While P. falciparum seems to have evolved the
specialized histone variants H2A.Z and H2B.Z for nucleosome binding to highly
AT-rich DNA sequences, these nucleosomes are likely to be less tightly bound to the
rigid AT-rich intergenic regions, resulting in a more open nucleosome conformation.

A second controversial finding is that nucleosome levels change as the parasite
progresses through the IDC. Various experimental methodologies, including west-
ern blotting (Le Roch et al. 2004), mass spectrometry (Oehring et al. 2012; Bunnik
et al. 2014), MNase-Seq and its complementary approach FAIRE-Seq (Ponts et al.
2010), as well as ChIP-Seq (Bunnik et al. 2014), showed that histone levels are
lower during the transcriptionally most active trophozoite stage. This has led to a
model in which nucleosome eviction drives the efficient transcription of 70-80% of
the P. falciparum genome at the trophozoite stage, followed by repackaging of the
genome at the schizont stage in preparation for egress and reinvasion. This model
provides an explanation for the limited need for specific TFs, since the majority of
the genome is transcribed simultaneously, and places more importance on post-
transcriptional mechanisms of gene regulation (Balu et al. 2011; Bunnik et al. 2013;
Eshar et al. 2015; Vembar et al. 2015).
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11.7 Nuclear Architecture

Chromosomes are long-chain molecules that due to their size are unable to freely
mingle in the nucleus. They are therefore arranged in a nonrandom fashion into
distinct chromosome territories, with little intermingling (Rosa and Everaers 2008).
The conformation of chromosomes and their organization within the nucleus play
important roles in regulating gene expression [reviewed in (Dekker et al. 2013;
Gibcus and Dekker 2013)]. The nucleus is divided into compartments that separate
the chromatin into different transcriptional environments. In addition, looping of
chromosomes can bring together distal loci, such as enhancer and promoter ele-
ments, and give rise to interchromosomal interactions that influence gene
expression.

In P. falciparum, this compartmentalization of the nucleus is best exemplified by
the localization of clonally variant gene families, such as subtelomeric and inter-
nally located var genes, into one or multiple heterochromatin clusters at the nuclear
periphery (Freitas-Junior et al. 2000; Lopez-Rubio et al. 2009; Ay et al. 2014),
while the center of the nucleus contains a large euchromatin compartment. These
observations were initially made using fluorescent in situ hybridization experiments
and were recently confirmed using an advanced next-generation sequencing appli-
cation, called Hi-C (Ay et al. 2014; Lemieux et al. 2013). The Hi-C technology
generates a genome-wide map of millions of intra- and interchromosomal interac-
tions, comparable to a FISH experiment with probes that highlight all or most
genomic loci. Hi-C experiments have been performed on the single cell level in a
mammalian genome (Nagano et al. 2013), but thus far only population level
interaction maps are available for P. falciparum. Nevertheless, these results have
greatly increased our understanding of nuclear organization in the parasite.

P. falciparum chromosomes are positioned in a folded conformation, in which
the chromosomes are anchored at the centromere and the two arms of the chromo-
some are folded back over each other in a parallel arrangement (Ay et al. 2014). The
clustering of subtelomeric and internal var genes adds structural complexity to this
organization, by introducing loops in chromosomes with internal var genes that are
not observed in chromosomes that do not harbor internally located var genes
(Ay et al. 2014). As a result, the P. falciparum genome has a more complex
arrangement than similarly sized organisms, such as budding and fission yeast
(Ay et al. 2014; Duan et al. 2010; Tanizawa et al. 2010). Other hallmarks of nuclear
organization include the colocalization of centromeres at the nuclear periphery
(Ay et al. 2014; Hoeijmakers et al. 2012), colocalization of active rDNA loci in
the ring stage (Ay et al. 2014; Lemieux et al. 2013), and a strict organization of
chromosome territories in the ring and schizont stages (Ay et al. 2014).

The organization of the nucleus and its content undergoes several distinct
changes during the IDC that are most likely necessary to accommodate the high
level of transcriptional activity observed during this stage of the parasite life
cycle (Fig. 11.3). First, the size of the nucleus expands dramatically, from an
average volume of approximately 20 pm? in the ring stage to a maximum volume
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Fig. 11.3 Dynamic remodeling of the parasite nucleus during the IDC. Schematic overview of the
changes that occur during the transitions from ring to trophozoite to schizont and that are likely to
be associated with differences in transcriptional activity in these three main IDC stages

of 50 pm? in the trophozoite stage (Bannister et al. 2005; Weiner et al. 2011). In
parallel with the increase in nuclear size, the number of nuclear pores increases
from 3-7 pores in rings to 12-58 pores in trophozoites, which are uniformly
distributed in the nuclear membrane (Weiner et al. 2011). The nuclear pores are
located adjacent to areas of euchromatin, indicating that the increased number of
nuclear pores facilitates export of messenger RNA into the cytosol. These changes
revert when the parasite undergoes nuclear division and the nuclear content and its
pores are distributed over all daughter parasites. During the transcriptionally more
active trophozoite stage, chromosome territories are partially lost (Ay et al. 2014),
suggesting an association between chromosome compaction and transcriptional
activity. In addition, genes that are located more closely together have more similar
expression profiles, and colocalization of genes that are most active during other
stages of the parasite life cycle is also observed (Ay et al. 2014). Overall, these
observations point towards an important role of dynamic nuclear rearrangements in
control of gene expression.

11.8 Epigenetic Mechanisms as Drug Targets

Given the importance of epigenetics mechanisms for regulating gene expression in
P. falciparum, the molecular components involved in these processes are currently
being explored as potential antimalarial drug targets. Interfering with histone
acetylation and methylation levels has been shown to often result in decreased
parasite survival. For example, six out of the ten HKMTs encoded by P. falciparum
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are essential for parasite development during the IDC. Thus far, two related small
molecules with strong HKMT inhibitory activity in P. falciparum and P. vivax have
been identified (Malmquist et al. 2012, 2015). Likewise, inhibition of PfGNCS, a
HAT with a preference for acetylation of H3K9 and H3K 14, by curcumin results in
hypoacetylation of these residues and induces parasite death (Cui et al. 2007a).
Inhibition of HDACs also deregulates parasite development by inducing
hyperacetylation, resulting in large changes in gene expression (Chaal et al.
2010). Several compounds with selective HDAC inhibitory activity against multi-
ple life cycle stages of P. falciparum have been discovered (Hansen et al. 2014;
Marfurt et al. 2011), giving promise for the development of this class of drugs as
antimalarial therapy. However, the catalytic sites of histone-modifying enzymes
tend to be well conserved across eukaryotic species. The potential toxicity of
inhibitors of histone-modifying enzymes in mammalian cells will thus need to be
carefully characterized. In addition, improved compounds displaying increased
antiplasmodial activity and enhanced pharmacokinetic properties will need to be
developed before they can be considered as novel therapeutic agents.

The integrity of the repressive heterochromatin compartment that harbors the
var genes and other clonally variant expressed genes is also vital for parasite
survival. As described earlier, disruption of PfHP1 or PfHDAI interferes with the
maintenance of this compartment, resulting in an arrest in parasite development
(Brancucci et al. 2014; Coleman et al. 2014). In addition, it is likely that many
other, as yet uncharacterized, proteins are involved in regulating the structure and
dynamic remodeling of the nucleus and its contents. Some of these proteins may
exhibit parasite-specific features that will make them attractive drug targets. An
example of a chromatin remodeling protein with a domain architecture that is
unique to apicomplexan parasites is the P. falciparum homolog of the Snf2/Swi2
ATPase ISWI, which contains additional five PHD domains around its core helicase
domain in comparison to the mammalian version (Aravind et al. 2003; Templeton
et al. 2004). Further characterization of such parasite-specific proteins could be
highly informative for drug development. In addition, it will be very interesting to
map the pathways involved in biogenesis of the nuclear membrane and the nuclear
pore complex. Considering the large changes in nuclear size and number of nuclear
pores, disruption of these processes may have a dramatic effect on parasite survival.

Finally, little is known about the role of epigenetic regulation in other life cycle
stages. Studying these stages is complicated due to the lack of in vitro culture
systems, but has received much attention, in particular with an eye to discovering
novel therapies. In particular, much effort is being devoted to understanding the
establishment and reactivation of hypnozoites, the dormant forms of P. vivax and
P. ovale, which can survive for weeks to years in hepatocytes and can cause malaria
relapses. Only one antimalarial drug can activate hypnozoites, but administration of
this compound can be fatal in persons with glucose-6-phosphate dehydrogenase
deficiency. A recent study described an increased rate of hypnozoite activation
upon treatment with a HKMT inhibitor that reduces H3K9me3 levels (Dembele
et al. 2014), indicating that epigenetic repression and heterochromatin formation
play important roles in maintaining hypnozoites. These results suggest that
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inhibitors of histone-modifying enzymes may also be a promising class of thera-
peutics for other stages of the malaria parasite life cycle.

11.9 Conclusions

The development of the human malaria parasite P. falciparum during the IDC is
highly dependent on epigenetic mechanisms of gene regulation. In particular, the
clonally variant expression of virulence genes and other parasite-specific genes and
gene families are tightly controlled at the chromatin level by repressive and
activating histone PTMs, heterochromatin formation, nuclear localization, and
long noncoding RNAs. In addition, drastic changes in both local chromatin struc-
ture and global genome organization are observed during the IDC. Disruption of
proteins involved in the maintenance of the heterochromatin compartment has been
shown to efficiently arrest parasite development. Epigenetic mechanisms are also
likely to play important roles during other stages of the parasite life cycle. Inhibitors
of the molecular components involved in epigenetic regulatory mechanisms thus
are a potentially interesting novel class of antimalarial compounds with cross-stage
activity that should be further explored.
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Glossary of Terms for Epigenetics of Infectious
Diseases

Adenine methylation A type of base modification found in bacterial DNA,
involving the addition of a methyl group to the N° position of adenosine moieties
embedded in specific DNA motifs. DNA adenine methylation is performed by
DNA methyltransferases belonging to restriction-modification systems and by
“orphan” DNA methylases like Dam in Gamma-proteobacteria and CcrM in
Alpha-proteobacteria.

Acetylation The introduction, via an enzymatic reaction, of an acetyl group to an
organic compound, for instance to histones or other proteins.

Adenoviruses (human) This group of DNA viruses with genome sizes of between
30 and 35 kb pairs is one of the major causative agents for upper respiratory
infections, particularly in childhood. In the 1960s to 1990s and beyond, adeno-
viruses have served a major role as tools in the study of the molecular biology of
human (mammalian) cells and in tumor biology. Adenoviruses can transform
cells in culture to tumor-like cells. Some of the adenoviruses (adenovirus type
12 and others) can directly induce tumors in newborn hamsters. More recently,
adenoviruses have been used as vectors in gene technology. Attempts to apply
such manipulated adenovirus genomes as vectors in human gene therapeutic
regimes have led to fatal accidents. In experimental research, however, adeno-
viruses continue to be very useful gene transfer agents.

Agouti gene The agouti gene (A) controls fur color through the deposition of a
yellow pigment in developing hairs. Several variants of the gene exist, and for
one of these (Agouti Variable Yellow, A'Y), the expression levels can be
heritably modified by DNA methylation.

Alleles Different variants or copies of a gene. For most genes on the chromosomes,
there are two copies: one copy inherited from the mother and the other from the
father. The DNA sequence of each of these copies may be different because of
genetic polymorphisms.

Arginine vasopressin Human peptide hormone with antidiuretic activity.

Assisted reproduction technologies (ART) The combination of approaches that
are being applied in the fertility clinic, including IVF and ICSI.
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Astrocyte Glial cell with star shape found in the brain and the spinal cord.

5-Azacytidine A cytidine analogue in which the five carbon of the cytosine ring
has been replaced with nitrogen. It integrates in DNA and RNA, while the
analogue 5-aza-2-deoxycitidine is specific for DNA. Both drugs are potent
inhibitors of mammalian DNA methyltransferases.

Bacteremia Presence of bacteria in the bloodstream.

Biofilm Microbial community made of cells stuck to each other, often adhered to a
surface.

Bisphenol A Chemical used in the production of polycarbonate plastics and epoxy
resins.

Bivalent chromatin A chromatin region that is modified by a combination of
histone modifications such that it represses gene transcription but at the same
time retains the potential of acquiring gene expression.

Bisulfite genomic sequencing A procedure in which bisulfite is used to deaminate
cytosine to wuracil in genomic DNA. Conditions are chosen so that
5-methylcytosine is not changed. PCR amplification and subsequent DNA
sequencing reveals the exact position of cytosines which are methylated in
genomic DNA.

Bromodomain Protein motif found in a variety of nuclear proteins including
transcription factors and HATSs involved in transcriptional activation.
Bromodomains bind to histone tails carrying acetylated lysine residues.

Brno nomenclature Regulation of the nomenclature of specific histone modifica-
tions formulated at the Brno meeting of the NoE in 2004. Rules are:
<Histone><amino-acid position><modification type><type of
modification>. Example: H3K4me3 = trimethylated lysine-4 on histone H3.

Brucellosis Infection caused by bacteria belonging to the genus Brucella, which
colonizes the reproductive tract of animals causing infertility and abortion.

CGG repeat expansions CGG repeats have been found at several locations in the
human genome. The naturally occurring CGG repeat in the first untranslated
exon of the FMR1 (fragile X mental retardation 1) gene has been studied in
detail, because its expansion due to an instability of unknown origin is causally
related to the Fragile X Syndrome, the most frequent cause of mental retardation
in human males. With a few exceptions, this expansion is linked to methylation
of the FMR1 promoter region which causes the shutdown of the gene and the
Fragile X Syndrome.

Cholangiocyte Epithelial cell of the bile duct.

Cell fate The programmed path of differentiation of a cell. Although all cells have
the same DNA, their cell fate can be different. For instance, some cells develop
into brain, whereas others are the precursors of blood. Cell fate is determined in
part by the organization of chromatin—DNA and the histone proteins—in the
nucleus.

Cellular memory (epigenetic) Specific active and repressive organizations of
chromatin can be maintained from one cell to its daughter cells. This is called
epigenetic inheritance and ensures that specific states of gene expression are
inherited over many cell generations.
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ChIP See chromatin immunoprecipitation.

ChIP on chip After chromatin immunoprecipitation, DNA is purified from the
immunoprecipitated chromatin fraction and used to hybridize arrays of short
DNA fragments representing specific regions of the genome.

ChIP Seq Sequencing of the totality of DNA fragments obtained by ChIP to
determine their position on the genome. Sequencing is usually preceded by
PCR amplification of ChIP-derived DNA to increase its amount.

Chromatid In each somatic cell generation, the genomic DNA is replicated in
order to make two copies of each individual chromosome. During M phase of the
cell cycle, these copies—called chromatids—are microscopically visible one
next to the other, before they get distributed to the daughter cells.

Chromatin The nucleoprotein complex constituting the chromosomes in eukary-
otic cells. The structural organization of chromatin is complex and involves
different levels of compaction. The lowest level of compaction is represented by
an extended array of nucleosomes.

Chromatin remodeling Locally, the organization and compaction of chromatin
can be altered by different enzymatic machineries. This is called chromatin
remodeling. Chromatin remodeling protein complexes move nucleosomes
along the DNA and require ATP for their action.

Chromodomain (chromatin organization modifier domain) Protein—protein
interaction motif first identified in Drosophila melanogaster HP1 and Polycomb
group proteins. Also found in other nuclear proteins involved in transcriptional
silencing and heterochromatin formation. Chromodomains consist of approxi-
mately 50 amino acids and bind to histone tails that are methylated at certain
lysine residues.

Chromosomal domain In higher eukaryotes, it is often observed that in a specific
cell type, chromatin is organized (e.g., by DNA or histone methylation) the same
way across hundreds to thousands of kilobases of DNA. These “chromosomal
domains” can comprise multiple genes that are similarly expressed. Some
chromosomal domains are controlled by genomic imprinting.

Chromatin immunoprecipitation (ChIP) Incubation of chromatin fragments
comprising one to several nucleosomes, with an antiserum directed against
particular proteins bound to DNA (histones, posttranslational modified histones,
transcription factors, etc.). After ChIP, the genomic DNA is purified from the
chromatin fragments brought down by the antiserum and analyzed.

Cohesin Protein complex that mediates cohesion between sister chromatids during
chromosome segregation in eukaryotic cells.

CpG dinucleotide A cytosine followed by a guanine in the sequence of bases of
DNA. Cytosine methylation in mammals occurs predominantly at CpG
dinucleotides.

CpG island A small stretch of DNA, of several hundred up to several kilobases in
size, that is particularly rich in CpG dinucleotides and is also relatively enriched
in cytosines and guanines. CpG islands occur often, but not exclusively, in
promoter sequences which control the expression of genes. About one-third of
all promoters in the human genome lack such islands.
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Crown gall disease Tumor-like disease of plants caused by the bacterium
Agrobacterium tumefaciens.

Curcumin Polyphenol present in turmeric, with anti-inflammatory and antioxi-
dant properties.

Cyclin Member of a family of proteins involved in control of the eukaryotic cell
cycle.

Cytosine methylation In mammals, DNA methylation occurs predominantly at
cytosines that are part of CpG dinucleotides. As a consequence of the palin-
dromic nature of the CpG sequence, methylation is symmetrical, i.e., affects
both strands of DNA at a methylated target site. Methylated CpG sequences pre-
sent in promoters, are frequently associated with transcriptional repression.
Cytosine methylation was the first epigenetic signal whose function
was recognized.

Deacetylation The removal of acetyl groups from proteins. Deacetylation of
histones is often associated with gene repression and is mediated by histone
deacetylases (HDACS).

Dendritic cell Antigen-presenting cell of the human immune system.

DNA demethylation Removal of methyl groups from DNA. This can occur
“actively,” i.e., by an enzymatically mediated process, or “passively,” when
methylation is not maintained after DNA replication. Active and passive meth-
ylation are known to occur in higher eukaryotes while prokaryotic DNA demeth-
ylation is only passive.

“de novo” DNA methylation Addition of methyl groups to a stretch of DNA
which is not yet methylated (acquisition of “new” DNA methylation). Genera-
tion of novel patterns of DNA methylation, frequently found in foreign DNA
integrated into an established (mammalian) genome.

Disomy The occurrence in the cell of two copies of a chromosome, or part of a
chromosome, that are identical and of the same parental origin (uniparental
disomy).

DNA methylation A biochemical modification of DNA resulting from the addi-
tion of a methyl group to cytosine bases, and in prokaryotes also to adenine
bases. In mammals, methylation is frequently found in cytosines that are in CpG
dinucleotides. Methyl groups can be removed from DNA by DNA
demethylation.

DNA methyltransferase Enzyme which adds a methyl group (—CHj3) onto the
DNA, either de novo or maintaining the existing patterns of DNA methylation
after DNA replication.

Dosage compensation The X chromosome is present in two copies in one sex and
in one copy in the other. Dosage compensation ensures that in spite of the copy
number difference, X-linked genes are expressed at the same level in males and
females. In mammals, dosage compensation occurs by inactivation of one of the
X chromosomes in females. This inactivation does, however, not involve all
segments of the “inactivated” X chromosome. The traditional term of dosage
compensation does not take into account the actual complexity of X chromosome
inactivation.

s
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E-cadherin Glycoprotein involved in calcium-dependent cell adhesion. Loss of
cadherin is associated with multiple types of cancer.

Embryonic stem (ES) cells Cultured cells obtained from the inner cell mass of the
blastocyst, and for human ES cells possibly also from the epiblast. These cells
are totipotent; they can be differentiated into every somatic cell lineage. ES-like
cells can be obtained by dedifferentiation in vitro of somatic cells (see iPS cells).
The iPS cells, however, differ significantly from the naturally occurring embry-
onic stem cells. There has been much publicity about iPS cells.

Endocrine disruptor A chemical component that can have an antagonistic effect
on the action of a hormone (such as an estrogen) with which it shares structural
properties. Some pesticides act as endocrine disruptors and have been found to
have adverse effects on animal development and (for some of them) to induce
altered DNA methylation at specific loci. A well-characterized endocrine
disruptor is Bisphenol A, a chemical used for the production of certain plastics.

Enhancer A small, specialized sequence of DNA which, when recognized by
specific regulatory proteins, can enhance the activity of the promoter of a
gene(s) located in close or even quite distant (several 1000 nucleotides) vicinity.
The mechanism of action of an enhancer is not really understood.

Epi-alleles Copies of a DNA sequence or a gene differing in their epigenetic
and/or expression states without the occurrence of a genetic mutation.

Epigenesis The development of an organism from fertilization through a sequence
of steps leading to a gradual increase in complexity through differentiation of
cells and formation of organs. This term was originally introduced in the 1940s
by Conrad Hal Waddington (1905-1975) in Edinburgh. At the time, Waddington
had a quite different perception of this complex term.

Epigenetics The study of changes in gene function that can be transmitted through
cell division (in eukaryotes, mitosis or meiosis) and arise without an apparent
change in the genomic DNA sequence. Epigenetic mechanisms are involved in
the formation and maintenance of cell lineages during development, and, in
mammals, in X-inactivation and genomic imprinting, and are frequently
perturbed in diseases. Epigenetics, an overly popularized term, is just a different
way of looking at genetics.

Epigenetic code Patterns of DNA methylation and histone modifications can
modify the way genes on the chromosomes are expressed. This has led to the
idea that combinations of epigenetic modifications can constitute a code on top
of the genetic code which modulates gene expression. We prefer to exert caution
about introducing the term “code” here.

Epigenetic inheritance Somatic inheritance, or inheritance through the germ line,
of epigenetic information (changes that affect gene function, without the occur-
rence of an alteration in the DNA sequence). At present, it has not been proven
beyond doubt whether, and if by what mechanisms, epigenetic modifications are
truly inheritable through the germ line.
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Epigenetic marks Regional modifications of DNA and chromatin proteins,
including DNA methylation and histone methylation, which can be maintained
from one cell generation to the next and which may affect the way genes are
expressed.

Epigenetic reprogramming Resetting of epigenetic marks on the genome so that
these become like those of another cell type, or of another developmental stage.
Epigenetic reprogramming occurs for instance in primordial germ cells, to bring
them back in a “ground state.” Epigenetic reprogramming and dedifferentiation
also occur after somatic cell nuclear transfer.

Epigenome The epigenome is the overall epigenetic state of a particular cell. In
the developing embryo, each cell type has a different epigenome. Epigenome
maps represent the presence of DNA methylation, histone modification, and
other chromatin modifications along the chromosomes.

Epigenotype The totality of epigenetic marks that are found along the DNA
sequence of the genome in a particular cell lineage or at a particular develop-
mental stage.

Epimutation A change in the normal epigenetic marking of a gene or a regulatory
DNA sequence (e.g., a change in DNA methylation) which affects gene
expression.

Epstein—Achong-Barr Virus (EBV also termed Human Herpes-Virus 4, HHV
4) is an enveloped virion of the Herpesviridae group and carries a double-
stranded linear DNA genome of about 172 kbp. The virion DNA is not methyl-
ated. The virus was isolated by Epstein et al. in 1964 from the B-lymphocytes of
an African Burkitt lymphoma patient. [The original description of EBV was by
MA Epstein, BG Achong, and YM Barr. Virus particles in cultured lymphoblasts
from Burkitt lymphoma. The Lancet 283:702—703, 1964. For unknown reasons,
the documented contribution by BG Achong has not survived in the conven-
tional designation of EBV.] Most people are innocuously infected with EBV in
early childhood. In later stages of life, the first encounter with EBV frequently
causes infectious mononucleosis. The virus persists throughout life. EBV infec-
tions have been implicated to play a role in Morbus Hodgkin, Burkitt lymphoma,
and other lymphomas and tumors in humans. EBV can replicate in epithelial
cells. Infection of B lymphocytes, however, leads to a latent viral life cycle with
specifically limited gene expression profiles. In latency, the EBV genome
persists in an episomal form as double-stranded circular DNA which can become
methylated in specific patterns that regulate viral gene expression. Several of the
viral proteins—EBNA (EBV nuclear antigens) and LMPs (latent membrane
proteins)—are among the regulators of limited viral gene expression in latency.

Euchromatin A type of chromatin which is lightly stained when observed through
the microscope at interphase. Euchromatic chromosomal domains are loosely
compacted and relatively rich in genes, usually actively transcribed. The oppo-
site type of chromatin organization is heterochromatin.

Exosome Vesicle present in all mammalian fluids, containing proteins and RNA
from a eukaryotic cell.
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Foreign DNA DNA molecule which is introduced into a species different from the
species of origin. Foreign DNA is often brought into mammalian cells by viral
infections (human immunodeficiency virus = HIV, adenovirus, human papillo-
mavirus, and others). Foreign DNA is also introduced into cells artificially by a
number of techniques in order to manipulate cells for experimental or commer-
cial purposes. In gene therapeutic regimens, foreign DNA is thought to alter the
cell’s functional repertoire in the hope to influence pathological processes in the
cell, e.g., in a cancer cell or in genetic disease. The unsolved problem in such
procedures, however, remains that the introduction of foreign DNA per se elicits
a number of defensive mechanisms in the cell which may do more harm to the
cell or the organisms subject to the regimen than the intended therapeutic effort
can have a chance of achieving. These unintended problems arise from the only
partly understood epigenetic consequences in the wake of foreign DNA
introductions.

Fragile X syndrome The fragile X syndrome is caused by a fragile chromosomal
site at Xq27.3 and results in intellectual disability, attention deficit/hyperactivity
disorder, and macroorchidism after puberty, plus facial and skeletal
dysmorphisms. At the molecular level, the expansion of a CGG repeat located
in the 5'-untranslated region of the first exon of the FMRI (fragile X mental
retardation) gene and the hypermethylation of its promoter region inactivate the
FMRI gene early in human development. Inactivation or very rare mutations of
the FMRI gene determines the lack of its gene product during development and
leads to the Fragile X Syndrome.

Genomic imprinting An epigenetic phenomenon which affects a small subset of
genes in the genome and results in mono-allelic gene expression in a parent-of-
origin-dependent way (for a given pair of alleles, either the maternally or
paternally derived copy is active). The extent of genomic imprinting across the
entire mammalian genome is only incompletely understood. We do not
know whether at certain times, many different parts of the genome might be
intermittently imprinted.

Germ line-specific stem cells Cells derived from undifferentiated germ cells that
can be maintained through many cell divisions without alterations in their
characteristics.

Gram-negative Type of bacterium that is not stained by crystal violet due to the
thinness of the peptidoglycan layer in the cell wall.

Gram-positive Type of bacterium that is stained by crystal violet due to the
thickness of the peptidoglycan layer in the cell wall.

Heterochromatin A type of chromatin which is darkly stained when observed
under the microscope at interphase. Heterochromatic chromosomal domains,
found in all cell types, are highly compacted, are rich in repeat sequences, and
show little or no gene expression. Extended regions of heterochromatin are
found close to centromeres and at telomeres. A historic term that fails to describe
the subtleties of functional chromosomal organization.
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Histone acetylation Posttranslational modification of the e-amino group of lysine
residues in histones catalyzed by a family of enzymes called histone
acetyltransferases (HATs). Acetylation contributes to the formation of
decondensed, transcriptionally permissive chromatin structures and facilitates
interaction with proteins containing bromodomains.

Histone acetyltransferase (HAT) An enzyme that acetylates (specific) lysine
amino acids on histone proteins.

Histone code Hypothesis sustaining that distinct chromatin states of condensation
and function are marked by specific histone modifications or specific combina-
torial codes (see also epigenetic code). A popular but incompletely
supported idea.

Histone deacetylase (HDAC) Member of a group of enzymes that remove acetyl
groups from histone proteins. Deacetylation increases the positive charge of
histones and enhances their attraction to the negatively charged phosphate
groups in DNA. Deacetylation of histones often leads to gene inactivation.

Histone demethylase (HDM) Member of a group of proteins that catalyze enzy-
matic removal of methyl groups from either lysine or arginine residues of
histones. Prominent examples are LSD1 and Jumonji proteins.

Histone methylation Posttranslational methylation of amino acid residues in
histones, catalyzed by histone methyltransferases (HMTs). Histone methylation
is found at arginine as mono- or dimethylation and in lysine as mono-, di-, or
trimethylation. Modifications are described depending on the position and type
of methylation (mono-, di-, trimethylation) according to the Brno nomenclature.
Different types of methylation can be found in either open transcriptionally
active or silent (repressive) chromatin (histone code). Methylated lysine residues
are recognized by proteins containing chromodomains.

Histone methyltransferase (HMT) Enzyme that catalyzes the transfer of methyl
groups from S-adenosyl-methionine (SAM) to lysine or arginine residues in
histones.

Homeodomain protein Family of transcription factors involved in anatomical
development in fungi, plants, and animals.

Human papillomaviruses (HPV) Are a group of more than 100 types of
non-enveloped icosahedral viruses containing double-stranded circular DNA
of about 8 kbp with highly conserved genome organization. HPVs preferentially
infect squamous, multilayered, and differentiating epithelial cells but are able to
replicate only in cells of the basal epithelial cell layers. Infection is frequently
asymptomatic. The products of the early viral genes E6 and E7 have been shown
to transform cells in culture. There is a sizable literature that relates HPV
infections to different human tumor diseases, depending on the HPV type. The
possible role of HPV16 and HPV 18 persistence in human cervix carcinoma has
been most intensely studied. The viral genomes are integrated into the cellular
genomes in these tumor cells. The methylation profile of HPV DNA changes
during the viral life cycle. HPV DNA integrated in cervix carcinoma cells is
hypermethylated as expected for integrated (foreign) viral DNA. The question of
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to what extent these integrates of HPV DNA lead to genome-wide epigenetic
alterations in the infected cells has not been investigated. Only a small percent-
age of women infected with HPV types 16 or 18 actually develop tumors with a
latency period of decades. There must be many hitherto unknown factors to
explain the cause of cervix carcinoma or other presumably HPV-related tumors
in humans.

Integration Insertion by covalent linkage of a foreign DNA molecule into the
established genome of a cell.

Intracytoplasmic sperm injection (ICSI) Capillary-mediated injection of a sin-
gle sperm into the cytoplasm of an oocyte, followed by activation to promote
directed fertilization.

Imprinted genes Genes showing a parent-of-origin-specific gene expression pat-
tern controlled by epigenetic marks that originate from the germ line. See
genomic imprinting.

Imprinting See genomic imprinting.

Imprinted  X-inactivation Preferential inactivation of the paternal
X-chromosome in rodents (presumably also in humans) during early embryo-
genesis and in the placenta of mammals.

Imprinting control region (ICR) Region that shows germ line-derived, parent-
of-origin-dependent epigenetic marking which controls the imprinted expression
of neighboring imprinted genes. Its mechanism of action is not known.

Inner cell mass (ICM) Cells of the inner part of the blastocyst. Inner mass cells
are the source for ES cells.

Induced pluripotent stem cells (iPS) Cells derived from differentiated somatic
cells by in vitro reprogramming. Reprogramming is triggered by activation of
pluripotency factor genes and cultivation in ES cell medium. iPS cells are able to
generate all cell types of an embryo. Since the “triggering” involves the insertion
of (foreign) genes into the genome, the patterns of methylation and transcription
of the cells might be fundamentally altered. Hence, the iPS cells are in no way
identical to naturally occurring pluripotent stem cells.

In vitro fertilization (IVF) Fertilization of a surgically retrieved oocyte in the
laboratory, followed by a short period of in vitro cultivation before the embryo is
transferred back into the uterus to allow development to term.

Isoschizomers Restriction enzymes that recognize the same target sequence in
DNA. These enzymes often respond differently to methylation of bases within
their target sequence, which makes them useful tools in DNA methylation
analysis. Thus, Mspl cuts both CCGG and C5SmCGG, whereas Hpall cuts only
the unmethylated sequence.

Kaposi’s sarcoma-associated Herpesviruses (KSHV/HHV-8) Viruses belong-
ing to the ubiquitous Gamma herpesviruses which infect a broad range of animal
species and follow a biphasic life cycle. The viral genome is a linear double-
stranded DNA molecule of about 165 kbp and carries a considerable number of
genes with homology to cellular genes. Infection alternates between latent and
Iytic cell interactions. Persistent infections can be of long duration with the viral
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genome in an episomal state and a strictly controlled program of viral gene
activities. The latent state of the viral genome is characterized by specific
profiles of DNA methylation and histone modifications in the cell. There is
evidence that the episomal viral population can be heterogeneous with respect to
genome regulation. By various stimuli, persistently infected cells can be induced
to the lytic viral life cycle. Gamma herpesviruses are lymphotropic and can lead
to tumor diseases, particularly in immune-compromised patients like in
HIV-infected individuals. HHV8 was originally isolated in 1994 from an
AIDS-associated Kaposi sarcoma. HHVS was also found in primary effusion
lymphomas and in multicentric Castleman disease, a complex syndrome linked
to the frequent development of lymphomas.

Lamin Family of architectural proteins lining the inside of the nuclear membrane
in the eukaryotic nucleus.

Lipopolysaccharide Large molecule composed of a lipid and a polysaccharide,
found in the outer membrane of Gram-negative bacteria.

Locus control region (LCR) Region marked by insulator functions and DNase-
hypersensitive sites. LCRs contain binding sites for insulator proteins and
enhancer binding proteins. LCRs control the domain specific, developmentally
regulated expression of genes by long-range interactions with gene promoters.

Lymphosarcoma Malignant tumor of lymphatic tissue, especially common in cats
and dogs.

MAP kinase (mitogen-activated protein kinase) Family of eukaryotic kinases
involved in the control of cellular responses to mitogens, inflammatory cyto-
kines, and multiple types of stress.

Maternal effects Long-term effects on the development of the embryo triggered
by factors in the cytoplasm of the oocyte.

M cell Epithelial cell of the intestinal lymphoid tissue, specialized in the transport
of antigens, soluble macromolecules, small particles, and microorganisms.

Meningoencephalitis Inflammation of the brain and the meninges, caused by viral
and protozoan infections.

Methyl-binding domain (MBD) Protein domain in Methyl-CpG-binding proteins
(MBPs) responsible for recognizing and binding to methylated cytosine residues
in DNA. Proteins containing MBDs form a specific family of proteins with
various molecular functions.

Methyl-CpG-binding proteins (MBPs) Proteins containing domains (such as
MBD) binding to 5-methyl-cytosine in the context of CpG dinucleotides.
MBPs mostly act as mediators for molecular functions such as transcriptional
control or DNA repair.

Microsporidia Phylum of eukaryotic, unicellular parasites whose spore forms a
polar tube to infiltrate host cells in both vertebrates and invertebrates.

N-acetylglucosamine Monosaccharide present in biopolymers such as chitin and
bacterial and fungal cell walls as well as in the surface proteins of enveloped
viruses, like the influenza virus.

Neuroepithelioma Tumor derived from neuroepithelium in the retina or in a
peripheral nerve.
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Neutrophil Mammalian white blood cell belonging to the polymorphonuclear
family and involved in innate immunity.

Nitrogen fixation Conversion of atmospheric nitrogen into ammonia performed
by Cyanobacteria and by soil bacteria such as Rhizobium and Azotobacter.

Noncoding RNA (ncRNA) Any RNA transcript that does not code for a protein.
ncRNA generation frequently involves RNA processing.

Non-Mendelian inheritance Inheritance of genetic traits that do not follow Men-
delian rules and/or cannot be explained in simple mathematically modeled traits.

Nuclear periphery Region around the nuclear membrane characterized by con-
tacts of the chromosomes with the nuclear lamina.

Nuclear (chromosomal) territory Cell type-specific areas within the nucleus
occupied by specific chromosomes during interphase (G1).

Nucleolus Compartment(s) within the nucleus formed by rDNA repeat domains.
Nucleoli are marked by specific heterochromatic structures and active gene
expression.

Nucleosome Fundamental organizational unit of chromatin consisting of 147 base
pairs of DNA wound around a histone octamer.

O-antigen Glycan polymer present in the lipopolysaccharide of Gram-negative
bacteria, which constitutes a target recognized by host antibodies and serves as a
receptor for certain bacteriophages.

QOokinete Motile zygote of the malaria parasite and other sporozoans, able to form
an oocyst in the stomach of Anopheles females.

Parasitophorous vacuole Compartment formed by certain parasites (e.g., Plas-
modium and Toxoplasma) in the cytoplasm of host cells, which protects the
parasite from host defense mechanisms.

Phagolysosome Cytoplasmic body formed upon fusion of a phagosome and a
lysosome.

Phase variation Reversible switching of gene expression at high frequency,
generating ON and OFF subpopulations.

Pili and fimbriae Bacterial appendages that enable bacterial cells to adhere to
specific surfaces, including bacterial cells and eukaryotic tissues.

Pleomorphic Term used to describe cell types showing variability in their shape
and their size.

Pluripotency Capacity of stem cells to form all cell types of an embryo including
germ cells.

Polycomb group proteins Epigenetic regulatory proteins forming multiprotein
complexes (PRCs = polycomb repressive complexes). Polycomb group proteins
possess enzymatic properties to control the maintenance of a suppressed state of
developmentally regulated genes, mainly through histone methylation and
ubiquitination. Family of proteins that are part of complexes that remodel
chromatin, usually causing gene silencing.

Position effect variegation (PEV) Cell/tissue-specific variability of gene expres-
sion controlled by the temporal inheritance of certain epigenetic states. PEV is a
consequence of variable expression patterns across the respective gene. A
classical example of PEV is found in certain mutations leading to variegated
eye pigmentation in Drosophila eyes.
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Primordial germ cell During early embryogenesis, mammalian cells are set aside
which migrate through the hindgut of the developing mammalian embryo into
the “Gonadenanlagen” to form founder cells of the latter germ line.

Protamines Small, arginine-rich proteins that replace histones late in the haploid
phase of spermatogenesis. Protamines are thought to be essential for sperm head
condensation and DNA stabilization. After fertilization, protamines are removed
from paternal chromosomes in the mammalian zygote.

Pyelonephritis Inflammation of the upper urinary tract, usually caused by bacte-
rial infection.

Restriction-modification Pair of enzymes made of a DNA endonuclease and a
DNA methyltransferase involved in bacterial defense against foreign DNA
invasion.

RNA interference (RNAi) Posttranscriptional regulatory effects on mRNAs (con-
trol of translation and/or stability) triggered by processed double-stranded and
single-stranded small RNA (si-, mi-, piRNAs) molecules. Effects are propagated
by enzymatic complexes such as RISC containing the small RNAs bound by
Argonaute proteins.

SAHA Suberoylanilide hydroxamic acid, an inhibitor of certain histone
deactylases, leading to enhanced levels of histone acetylation. See also TSA.
S-adenosyl homocysteine (SAH) Hydrolyzed product formed after the methyla-
tion reaction catalyzed by DNA and histone methyltransferases using SAM as
methyl group donor. SAH is a competitive inhibitor of SAM for most

methyltransferases.

S-adenosyl methionine (SAM) A cofactor for all DNA (DNMTs) and histone
methyltransferases (HMTs) providing the methyl group added to either DNA or
histones (arginine or lysine).

SET domain A domain found in virtually all lysine-specific histone
methyltransferases (HMTs). A protein—protein interaction domain required for
HMT activity and modulation of chromatin structure, frequently associated with
cysteine-rich Pre-SET and Post-SET domains.

Silencer DNA element to which proteins bind inhibiting transcription of a nearby
promoter. Silencer elements are recognized and bound by silencer proteins.
siRNAs Small interfering RNAs in the size range of 21-24 nucleotides, derived
from double-stranded long RNAs cleaved by Dicer. siRNAs are incorporated
into the RISC complex to be targeted to complementary RNAs to promote

cleavage of these mRNAs.

Somatic cell nuclear transfer (SCNT) Transfer of the nucleus of a somatic cell
into an enucleated oocyte using a glass capillary to form an SCNT- zygote. After
activation of the zygote, the genome of the nucleus derived from the somatic
cells becomes reprogrammed to start development.

Spermatogenesis The process by which spermatogonia develop into mature sper
matozoa. Spermatozoa (sperm) are the mature male gametes. Thus, spermato-
genesis is the male version of gametogenesis.
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Spermiogenesis The final stage of spermatogenesis which involves the maturation
of spermatids into mature, motile spermatozoa (sperm). During this stage, cells
no longer divide and undergo a major morphological transformation. In addition,
at most of the genome, histone proteins are replaced by the more basic
protamines.

Sporozoite Motile stage of the malaria parasite and other sporozoans, which is
often the infective agent introduced into a host.

Stem cell Noncommitted cell which has the capacity to self-renew and divide
many times giving rise to daughter cells that maintain the stem cell function.
Stem cells have the property to differentiate into specialized cells.

Toll receptor Protein located in the membrane of macrophages and dendritic
cells, involved in activation of the innate immune system upon detection of
microbial antigens.

Totipotency Capacity of stem cells to produce all cell types required to form a
mammalian embryo, i.e., embryonic and extraembryonic cells (see
Pluripotency). Totipotent cells are formed during the first cleavages of the
embryo.

TSA Trichostatin-A, an inhibitor of certain types of histone deacetylases.

Trithorax group proteins Proteins containing a Trithorax-like bromodomain.
They are usually involved in recognizing histone modifications marking tran-
scriptionally active regions and contribute to the maintenance of activity.

Trophoblast Cells of the blastoderm which form the placental tissues in
mammals.

Typhoid fever Infection caused by Salmonella Typhi and Salmonella Paratyphi,
acquired by ingestion of contaminated food or water.

Urothelium Epithelium made of 3-5 cell layers and a glycoprotein surface, found
in the urinary tract.

X chromosome inactivation Epigenetically controlled form of dosage compen-
sation in female mammals resulting in transcriptional silencing of genes on
surplus X-chromosome. X-chromosome inactivation is triggered by the noncod-
ing RNA Xist and manifested by various epigenetic modifications including
histone methylation, histone deacetylation, and DNA methylation. This inacti-
vation, however, does not affect all regions of the “inactivated” X chromosome.
The traditional term of dosage compensation does not take into account the
actual complexity of “X chromosome inactivation.”
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