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Abstract
Many viruses introduce DNA into the host-cell nucleus, where they must either embrace or
confront chromatin-factors as a support or obstacle to completion of its life cycle. Compared to the
eukaryotic cell, viruses have compact and rapidly evolving genomes. Despite their smaller size,
viruses have complex life-cycles that involve dynamic changes in DNA structure. Nuclear entry,
transcription, replication, genome stabilization, and virion packaging involve complex changes in
chromosome organization and structure. Chromatin dynamics and epigenetic modifications play
major roles in viral and host chromosome biology. In some cases, viruses may use novel or viral-
specific epigenetic modifying activities, which may reflect variant pathways that distinguish their
behavior from the bulk of the cellular chromosome. This review examines several recent
discoveries that highlight the role of chromatin dynamics in the life cycle of DNA viruses.
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Chromatin is a term that describes structures that organize DNA within the nucleus of of
eukaryotic cells. In its simplest conception, chromatin is composed of histone proteins that
form nucleosomes on DNA. However, the spacing and modifications of these histones is
complex and non-random, and provide structural and signaling capacity to the protein
scaffold surrounding genes, replicons, telomeres, and centromeres (Berger, 2007; Henikoff,
2008). The role of chromatin in virus biology depends largely on the life style of the virus,
but for all viruses that transverse the nucleus, interactions with chromatin is unavoidable. A
number of recent discoveries in virology underscore the importance of chromatin dynamics
in the regulation of essential viral processes, including entry, gene expression, replication,
and encapsidation. As in so many examples of cell biology, the virus model system can
provide an instructive alternative view of mechanisms that can be captured and modified for
the purposes of virus survival, but may also provide insight into the possibilities of
mechanisms that occur within the cell.

Virus Entry and Chromatinization
Most viruses package their nucleic acids in protective nucleoprotein particles that can enter
cells through a variety of receptor-mediated or endocytic mechanisms to gain access to the
cellular machinery necessary to complete the reproductive life cycle of the virus. The
transition from virion package to active nucleic acid (DNA or RNA) is a complex process
that varies among the different classes of viruses. However, these early stages share some
important mechanisms among the virus families, and with cellular processes where nucleic
acids are mobilized from one compartment or from one activation state to another.
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Most virus package their nucleic acid genomes at very high molecular density with
specialized viral packaging proteins to form a capsid particle. Adenovirus genomes are
packaged as linear double stranded DNA with viral core proteins that form a chromatin-like
structure. The viral DNA is covalently linked with the viral encoded terminal binding
protein (TP) and core proteins VII, V, and X (Haruki et al., 2006; Spector, 2007; Xue et al.,
2005). Core protein VII has sequence similarity to histone H3 and basic sperm-specific
protein. Transcription of the newly infecting genome utilizes a template that decondenses
during entry into the nucleus. A cellular activity, referred to as the Template Activating
Factor (TAF) is required for the replication competence of the viral DNA. Several cellular
proteins contribute to TAF activity, including the SET/TAF1B and pp32 proteins. These
proteins can interact with adenovirus core protein VII, and functions in remodeling of the
incoming viral DNA (Haruki et al., 2006; Spector, 2007; Xue et al., 2005). The SET/TAF1B
and pp32 proteins are also components of the INHAT complex that inhibits histone
acetyltransferase (HAT) activity of cellular proteins p300 and CBP (Seo et al., 2002; Seo et
al., 2001). SET/TAF1B has histone chaperone activity and can bind unmodified histone H3
tails (Schneider et al., 2004), which may account for its ability to inhibit histone H3 HAT
activity. In addition to SET/TAF1B, the nucleolar protein nucleophosmin/B23 was isolated
as a component of the template activating complex (Samad et al., 2007). Adenovirus protein
V was responsible for relocalizing nucleophosmin from the nucleolus to the nucleoplasm
(Hindley et al., 2007; Matthews, 2001). Nucleophosmin has been implicated in several
chromatin functions including histone chaperone, nucleosome assembly, transcriptional co-
activator/co-repressor, and chromatin boundary factor (Frehlick et al., 2007). One interesting
feature of nucleophosmin is its ability to decondense sperm cell chromatin during early stage
embryogenesis, suggesting that viral DNA may share some features with chromatinization
of the paternal genome.

Herpe Simplex Virus (HSV), like adenovirus, enters cells as a linear double stranded DNA
molecule. Several virion-associated proteins are essential for productive infection. The HSV
VP22 protein binds to TAF1B, similar to that of Ad VII protein (van Leeuwen et al., 2003).
The function of VP22 binding to TAF1B is not completely clear, but appears to contribute to
the assembly of an active chromatin structure on viral genomes. VP16 is another HSV-
encoded virion protein that plays a very active role in transcription activation of the viral
immediate early genes. As I will discuss later, VP16 recruits histone modifying and
nucleosome remodeling activities which indicate that nucleosomes are assembling during
viral entry into the nucleus. The precise details of nucleosome assembly during the early
stages of herpesvirus entry have not been completely elucidated.

Retrovirus and lentivirus genomes also enter the nucleus as double stranded DNA, but this
process appears to differ significantly from that of the constitutively double stranded nuclear
DNA viruses, like adeno and herpesvirus. One major difference is that the double stranded
DNA genome is synthesized by virion-associated reverse transcriptase in the cytoplasm. The
newly synthesized cytoplasmic DNA forms a pre-integration complex (PIC) that consists of
viral and cellular proteins. For MoMLV, the viral proteins include integrase (IN),
nucleocapsid (NC), matrix (MA), reverse transcriptase (RT), and Vpr. Cellular proteins
include the barrier-to-autointegration (BAF), HMG proteins, Ku, lamina-associated
polypeptide 2α (LAP2α), and lens-epithelium-derived growth factor (LEDGF/p75) (Suzuki
and Craigie, 2007). Entry into the nucleus is cell cycle dependent and utilizes the cellular
nuclear import machinery, often through a nuclear localization signal on one or more of the
PIC components. Once in the nucleus, PIC components like LEDGF have been implicating
in anchoring to chromatin. HIV was found to integrate at chromatin sites enriched in
euchromatic histone modifications, including H3 K4 methylation and histone H3 and H4
acetylation (Wang et al., 2007). LEDGF appears to be a decisive and essential factor in
mediating the chromatin attachment of the PIC and viral integration (Llano et al., 2006).
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LEDGF was originally identified as a transcriptional coactivator and subsequently shown to
have non-specific chromatin binding activity mediated by two AT-hook DNA binding
domains, similar to those in HMGI/Y proteins (Turlure et al., 2006). In addition to LEDGF,
the cellular polycomb protein EED was found to bind to viral integrase, Gag, and Nef
(Violot et al., 2003). EED and other polycomb proteins are thought to establish
epigenetically stable transcription repression through methylation of H3 K27.
Overexpression of EED inhibits HIV replication, which could be reversed by cytoplasmic
export mediated by viral encoded Nef (Rakotobe et al., 2007). Although the mechanism of
EED inhibition of HIV is not clear, these findings suggest that cellular chromatin factors can
restrict HIV gene expression, while viral factors, like Nef, can bypass this restriction (Fig.
1).

Chromatin and the Evasion of Host-Cell DNA Damage Response
After entry and delivery to the appropriate subcellular compartment, virus nucleic acid must
adapt a structure that is competent for transcription, translation, and replication or establish a
stable intermediate for latent infection or long-term integration. There are a variety of
mechanisms and strategies to accomplish these fundamental requirements. For nuclear DNA
viruses, there is the challenge of evading the host DNA damage recognition machinery,
which may serve as an innate anti-viral defense mechanism, reminiscent of the prokaryotic
restriction modification system that prevents phage infection. There have been several
excellent reviews that describe the DNA damage response to viral infections (Davy and
Doorbar, 2007; Lilley et al., 2007). DNA and chromatin structures formed during the
infection process may evoke a DNA damage response that may inhibit or enhance the viral
replication process. An exciting recent discovery described the phosphorylation of histone
H2AX by a viral encoded kinase, ORF36 from murine gammaherpesvirus 68 (MHV68)
(Tarakanova et al., 2007). ORF36 is not-essential in fibroblasts, but important for viral
replication in macrophages. The ORF36 orthologue in EBV, BGLF4, is known to
phosphorylate the EBV replication DNA polymerase processivity factor BMRF1, which is
functionally related to cellular PCNA. BGLF4 can also phosphorylate H2AX, as might the
KSHV orthologue ORF36. BGLF4 has been shown to localize to viral replication
compartments (Wang et al., 2005a) and have cdc2-like activity, which when ectopically
expressed induces unscheduled cellular chromosome condensation and topoisomerase II
decatenation activity (Lee et al., 2007). One hypothesis for the BGL4 kinase function is that
it reorganizes the nuclear structure to favor viral lytic replication, perhaps by increasing the
available internuclear space for viral replication machinery to assemble. The function of
virus-induced H2AX phosphorylation is not completely clear, especially since it is not
known if ORF36 phosphorylation of H2AX leads to a productive or aberrant DNA damage
response. Viral modulation of the cellular DNA damage response during the lytic phase of
infection may be necessary to accommodate the complex DNA structures and double strand
breaks formed during the viral replication process (Fig. 2).

PODS, Heterochromatin, and Innate Anti-Viral Defense
Once in the nucleus, many DNA and retroviruses localize to subnuclear structures, referred
to as PODS or ND10s, because of they contain the promyeolocytic leukemia-associated
(PML) protein (Maul, 1998). The PODs consist of a complex mixture of proteins, but are
defined by the invariant presence of the PML and SP100. Many viruses encode proteins that
remodel POD structure and interact with POD proteins, but the precise function of the
PODS is not clear (Everett and Chelbi-Alix, 2007). PML has tumor suppressor activity and
its translocation leads to several cancers. PML is a member of the TRIM family and contains
a RING domain with E3 SUMO (small ubiquitin-like modifier) ligase activity. PML
interacts with several viral proteins, including HSV ICP0, an E3 ubiquitin ligase, which
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facilitates the degradation of PML and the disruption of PODs. SP100 can function as a
transcription repressor, and at least one isoform contains an HMG domain indicating that it
has a non-specific DNA binding activity. Another major components of the PODs is the
DAXX protein, which has transcriptional repression activity in the nucleus as a result of its
interactions with numerous chromatin inhibitory complexes, including HDACS 1 and 2, and
the heterochromatin associated protein ATRX (Lin et al., 2006). DAXX can also function in
the cytoplasm as a FAS-associated death domain interacting protein that promotes apoptosis
(Salomoni and Khelifi, 2006). DAXX transcription repression function is associated with its
ability to mediate and bind SUMO (Small Ubiquitin-Related Modifier) modifications (Lin et
al., 2006). The SUMO interacting domain (SIM) of DAXX was required for localization at
PODs and at regions of condensed heterochromatin. SUMO modification has been detected
on numerous transcription factors, and typically correlates with transcription repression
functions. DAXX is targeted for degradation by the human cytomegalovirus (hCMV) pp71
protein (Everett and Chelbi-Alix, 2007; Hwang and Kalejta, 2007). Viruses lacking pp71 are
repressed by histone deacetylation and condensed chromatin structure. Conversely, cells
depleted in DAXX enhance CMV IE gene expression, especially in pp71-deleted strains.
Thus, DAXX may provide an important mechanism for the formation of repressive
chromatin structure on newly infecting or early replicating virus DNA. Like DAXX, other
components of the POD, including PML and SP100 isoforms contribute to transcription
repression and a more general antiviral response. Disruption of the POD structure by viral
prorteins may be necessary to escape transcription repression and heterochromatinization.

The importance of SUMO1 modification in transcription repression is underscored by the
activities of the avian adenovirus GAM1 protein. GAM1 is a viral encoded transcriptional
activator that was found to promiscuously activate transcription by a general inhibition of
HDAC activity (Chiocca et al., 2002). Subsequent characterization of GAM1 revealed that it
also inhibits SUMO modification of PML and other substrates. The inactivation of SUMO
modification was a consequence of the proteosome dependent-degradation of the SAE1/
SAE2 (E1) and Ubc9 (E2) SUMO-conjugating enzymes. GAM1 was shown to form an E3-
ubiquitin ligase complex with cellular proteins and target this complex to SAE1 for
ubiquitin-mediated degradation (Boggio et al., 2007; Chiocca, 2007). A similar mechanism
of transcription activation may be utilized by other promiscuous transactivators, especially
the HSV ICP0, which also possesses E3 ubiquitin-ligase activity and causes PML
degradation.

Viral Gene Expression and Chromatin Modification
Transcription activation of virus genes may have unique features. Episomal genomes may
have different topology than cellular chromosomal DNA, and therefore may utilize different
mechanisms for enhancer-promoter communication and chromatin-structure. Lytic DNA
viruses, like herpes simplex and adenoviruses, may have genomes that are only partially
assembled into chromatin or assembled into a chromatin in the absence of cellular DNA
replication. Replication-independent chromatin assembly may involve variant histones and
alternative histone chaperones from those used for replication-associated chromatin
assembly. For these reasons, atypical chromatin-patterns may assemble on viral genomes as
they enter a newly infected cell nucleus. The precise composition of the DNA templates of
these lytic virus has been explored in a few model systems, and each virus may have
different strategies to accomplish the goal of setting up a transciptionally active template.
For adenovirus, the initial transcription events occur at the E1A promoter region, which is
activated by multiple cellular transcription factors that may bind DNA that is not completely
chromatinized. The chromatin structure of the E1A promoter region has not been
investigated in detail for histone modifications or nucleosome organization. One possibility
is that this region of the genome remains unchromatinized due to its location at the termini,
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and that viral tegument proteins prevent repressive chromatin structure from forming. As
noted above, INHAT interacts with Ad protein VII on the viral genome during the early
stages of transcription initiation. Production of E1A protein resets the cellular milieu in
multiple ways to facilitate viral transcription and replication, including interactions with host
histone acetylases CBP and p300. The fact that some of the viral genome is delayed for
expression and requires E1A mediated histone activation and de-repression, suggests that
these regions of the genome have been chromatinized, to a greater extent than the E1A
promoter region. Interestingly, the major late promoter, which can be activated by E1A,
associates with the MLTF/USF transcription factor, which has been implicated in chromatin
boundary functions at the chicken beta-globin insulator locus (West et al., 2004). In this
context, USF prevented the spread of repressive H3 mK9 into the euchromatic H3 mK4
region. It will be interesting to determine if USF provides this function to the MLP during
adenovirus infection.

The chromatin structure of HSV DNA during the early stages of lytic infection has been
investigated (Herrera and Triezenberg, 2004; Huang et al., 2006; Kent et al., 2004). Like
adenovirus, the initial genome may associate only partially with nucleosomes, some of
which may be regulated by the action of VP22 interactions with the INHAT complex.
Transcription of the immediate early genes is largely dependent on the action of the VP16
virion component. Virus engineered with mutant VP16 were incapable of forming
transcription complexes and recruiting histone modifying enzymes (Herrera and
Triezenberg, 2004). During early stages of productive wt virus infection, the immediate
early regions of HSV were enriched with trimethylated H3 lysine 4 (H3mK4). Small
interfering RNA was used to demonstrate that this H3mK4 was Set1, but not Set7/9
dependent (Huang et al., 2006). Set1 is one of many proteins that can be recruited to the
HSV genome by VP16. VP16 binds directly to the Host Cell Factor (HCF) which serves as a
scaffold for recruiting a large histone modifying complex that includes, Set1, MLL1/2, and
HDACS 1 and 2 (Julien and Herr, 2004; Narayanan et al., 2007; Yokoyama et al., 2004).
MLL and SET1 have histone H3 K4 methylase activity, but it is not yet known whether
these proteins have redundant or complementary activities. VP16 can also recruit
transcription factors and coactivators, including histone acetyltransferases CBP and p300,
and chromatin-remodeling factors, Swi/Snf. Thus, for HSV the establishment of
euchromatin at the IE genes appears to be an essential step in the activation of immediate
early genes (Fig. 3).

Sequence specific-DNA binding complexes that can function as activators and repressors are
also critical for modulating chromatin during viral infection. There are numerous examples
of this level of gene regulation, which is in many ways similar to cellular gene regulation.
The list of these activities among the DNA viruses is too extensive to review here, but there
are a few new developments that are particularly notable because of their implications for
chromatin organization. For example, the Repressor Element Silencing Transcription and
Corepressor complex (REST-CoREST) was found to bind to the HSV1 immediate early
promoter region located between the divergent promoter for ICP4 and ICP22 (Pinnoji et al.,
2007). REST/CoREST bound to a specific site upstream of ICP4 and inhibited ICP4
transcription. This repression could be reversed by HDAC inhibitors. A more recent study
revealed that HSV ICP0 can bind CoRest and displace it from its endogenous partner
REST(Gu and Roizman, 2007). Additionally, HSV protein kinases UL3 and UL13
phosphorylate CoREST which facilitates its export from the nucleus (Gu et al., 2005).
CoREST has been shown to associate with an HDAC and histone H3 K4 demethylase,
LSD1/BCC110 (Lee et al., 2005). In the absence of ICP0, CoREST is predicted to prevent
the euchromatinization of the ICP22 promoter, and of OriS, which is located adjacent to the
REST binding site. The chromatin organizing potential of this region is further supported by
the identification of a cluster of CTCF consensus sites located immediately downstream of
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the REST binding site. CTCF may insulate this region from other regions of the genome, but
may also provide additional organizing functions including a DNA loop that allows long-
distance communication with other regions of the genome, such as other immediate early
control regions and the LAT promoter.

Reversible Epigenetic Silencing of Viral Genomes
Deferring gene expression and replication is a strategy that benefits many of the persistent
and latent viruses. In this respect, they suppress or postpone viral gene expression until an
opportune later occasion, perhaps during host-immune suppression or age-associated
changes when the host environment is less hostile to virus infection. One of the best studies
examples of this is the latent infections of HIV. A recent study has shown that HIV genomes
integrate at locations in the cellular genome than are typically associated with euchromatin
(Wang et al., 2007). This may represent the fact that integration events prefer sites where
DNA is accessible. However, in the rare events where HIV establishes latent infection, the
regions surrounding the genome are associated with heterochromatin-generating repressor
proteins. An example of this has been studied in the murine leukemia virus (M-MLV),
which has a restricted replication in embryonic carcinoma and embryonic stem cells due to a
block at the level of viral mRNA transcription (Wolf and Goff, 2007). The cellular TRIM28
protein was found to bind to M-MLV LTR that is required for viral transcription control and
assemble a transcription repressor and heterochromatin-forming complex (Wolf and Goff,
2007). TRIM28, the mouse orthologue of KAP1, is a transcriptional co-repressor that
mediates the interactions between the KRAB zinc finger DNA binding proteins and several
repressor complexes, including the NURD deacetylase complex, the histone H3 K9
methyltransferase ESET, and heterochromatin protein 1 (HP1). A similar role for TRIM28
in HIV transcription regulation has been reported (Eberhardy et al., 2006; Pengue et al.,
1995).

Establishment of HIV latent infection has been an area of intense investigation. In model
systems of LTR integration and long-term transcription repression, the heterochromatin
proteins HP1γ and the histone H3 K9 methylase SUV39H1 were found to associate and
functionally contribute to the stable repression of the LTR(du Chene et al., 2007). Earlier
studies showed that YY1 and NF-kBp50 homodimers recruit HDAC1 to the LTR to repress
transcription(Williams and Greene, 2005). Another study found c-myc and Sp1 recruited
HDAC to the HIV LTR (Jiang et al., 2007). C-myc may also interact with YY1 to form a
larger order repression complex at the HIV LTR(Stojanova et al., 2004). Other HDACs may
also be involved in HIV latency, including the class III NAD-dependent deacetylase SIRT1.
SIRT1 can bind and deacetylate HIV TAT protein, and this may reduce TAT interaction
with TAR during the reactivation process (Pagans et al., 2005). It is not known whether the
interaction of TAT with SIRT1 contributes to the formation of stable heterochromatin at the
HIV LTR.

Lentiviral gene expression is of great interest in gene therapy. However, recent studies
indicate that many lentivirus vectors, like those derived from HIV-1, suffer from a similar
problem of transcription repression as has been observed with retrovirus genomes(Hofmann
et al., 2006). In one third of the viral integrants, transcription was not detected and correlated
with a high degree of CpG methylation. This finding is in contrast to a previous study that
found that histone deacetylation was the primary mechanism of lentivirus repression
(Pannell et al., 2000). The mechanism directing CpG methylation to the HIV LTR has not
been investigated in detail, but there is evidence indicating that DNA methylation prevents
transcription factor binding to the HIV LTR and promotes latent infection (Bednarik et al.,
1990; Yedavalli and Jeang, 2007). Whether histone deacetylation and heterochromatin
formation drives DNA methylation remains an important area of investigation.
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The contribution of cellular and viral microRNAs in regulating viral replication and
chromatin is also under intense investigation. A number of cellular microRNAs have been
shown to restrict HIV replication in CD4 T-cells (Han and Siliciano, 2007). One model
suggests that HIV-I TAR element is processed to yield a viral micro-RNA which functions
in the chromatin-mediated repression of the viral LTR (Klase et al., 2007). In support of this
model is the finding that the TAR binding protein (TRBP) recruits the Dicer complex for
microRNA processing and for gene silencing (Chendrimada et al., 2005). The prototype for
this mechanism of RNAi mediated heterochromatin formation comes from plant and S.
pombe model systems (Buhler and Moazed, 2007). A similar model has been proposed for
the role of a viral encoded microRNA in the formation of heterochromatin on the latent HSV
genome (Wang et al., 2005b). Despite the many intriguing hints and early studies, there has
been no clear demonstration that the viral RNA (microRNA, RNAi, or ncRNA) or their
processing leads to heterochromatin formation in these viral model systems.

Chromatin Organization of Viral Genomes
For the larger DNA viruses that establish latent infection, it is imperative that they repress
the majority of lytic replication, and express a limited set of latency-associated genes. The
contribution of chromatin to the latent state has been studied in some detail among the
herpesviruses, which have complex transcription patterns during latency. The chromatin
regulation of these latent viruses may be most similar to the cellular chromosomes.
However, the compact, episomal nature of the viral genome suggests that it may have
unique features not commonly found at most cellular chromosomal regulatory elements. For
EBV, histone modifications patterns share many properties with that of the cellular
chromosome. Actively transcribed viral genes have euchromatic marks, including histone
H3 and H4 acetylation, and H3 K4 trimethylation (Day et al., 2007). However, the EBV
genomes were not enriched for stable repressive chromatin, like that associated with
constitutive heterochromatin, and the formation of H3 mK9 modifications and HP1 binding
was limited. H3 mK9 modifications were detected at some of the repetitive elements in the
EBV genome (at IR1 or the W repeats) and at the terminal repeats of the KSHV genome
(Sakakibara et al., 2004). As of yet, there is no evidence for histone modifications associated
with polycomb group silencing through histone H3 K27 that is commonly observed at sights
of variegation in developmental cell systems. To date, the methylases responsible for the K4
methylation on the EBV genome have not been identified (Fig. 4).

Chromatin boundary factor CTCF binding sites were identified at several interesting
positions on the EBV genome (Chau et al., 2006). One noteable position was the region
upstream of the major latency promoter, Cp, which controls the multicistronic transcript for
EBNA-LP, EBNA-2, EBNA-3A, -3B, -3C, and EBNA-1. Cp is regulated by several
sequence specific factors, including the EBNA2 and Notch-responsive CBF1 protein.
EBNA-1 bound to OriP is also required for the proper gene regulation of Cp (Puglielli et al.,
1996), and viruses engineered with EBNA-1 mutations that disrupt transcription activity fail
to immortalize primary B-lymphocytes (Altmann et al., 2006). Evidence suggests that CTCF
regulates the interactions between the EBNA1/OriP enhancer and Cp, but it was not clear
that this regulation was strictly inhibitory(Chau et al., 2006). In type I latency, where Cp
transcription is repressed, the CTCF binding was 3–4 fold greater than that detected in type
III latency, where Cp is actively transcribed. The CTCF binding correlated with a decreased
histone H3 K4 methylation pattern. A correlation between CTCF binding and elevated H3
K4 methylation was noted in a mammalian genome-wide analysis of CTCF and H3 K4
methylation sites, suggesting that CTCF may regulate the pattern of histone H3 K4
methylation(Barski et al., 2007).
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For HSV, it is known that the latency transcript, LAT, is expressed in latently infected
neurons, but that surrounding lytic regulatory proteins, including the transcription activators
IE110/ICP0 and IE174/ICP4, are strictly repressed. The LAT transcript is now known to
encode a viral microRNA which provides a cellular survival function by inhibiting the pro-
apoptotic TGF-β protein expression (Gupta et al., 2006). It is not known if LAT microRNA
or other non-coding regions contribute to the establishment or maintenance of viral
heterochromatin that may be envisioned to repress lytic cycle activating proteins (e.g ICP0).
It is known that the LAT promoter and enhancers are insulated from the ICP0 and other
immediate early gene promoters through the cellular chromatin boundary factor, CTCF
(Amelio et al., 2006). The CTCF site is positioned between the downstream enhancer and
the control locus for immediate early gene activation, and has been shown to provide
insulator activity in a reconstituted assay in Drosophila Sf9 cells (Chen et al., 2007). It is
possible that CTCF provides additional functions to the latent genome, including
organization of the chromosome to maintain heterochromatin-like histone modifications
throughout the immediate early locus.

Genome Maintenance and Chromosomal Passengers
Episomal DNA viruses, like the latent forms of EBV, KSHV, and HPV, may require a
chromatin organization that is compatible with passage through cellular mitosis. The viral
episomes form non-integrated mini-chromosomes that tether non-covalently to metaphase
chromosomes. Superficially, these episomal viruses use a very similar mechanism and viral
encoded protein that tethers the viral genome to host-chromatin. The HPV E2, EBV
EBNA1, and KSHV LANA proteins share both structural and functional features in their
DNA binding and chromatin-attachment activities. However, the precise mechanism for
chromosome tethering remains controversial since several different candidate targets have
been identified for each virus. BRD4 was identified as an E2-associated protein using
biochemical purification of affinity tagged E2 (Wu et al., 2006; You et al., 2004). A BRD4
peptide bound to E2 metaphase chromosome attachment domain was solved by X-ray
crystallography (Abbate et al., 2006). Moreover, the BRD4 peptide was capable of blocking
E2 attachment to metaphase chromosomes, indicating that it is either the metaphase
chromosome receptor for E2 or binds to an E2 domain that overlaps the metaphase
chromosome receptor. However, BRD4 may not be the whole story for E2 chromosome
attachment. Another cellular protein, ChlR1, has been implicated in the chromosome
attachment and segregation process (Parish et al., 2006a). ChlR1 has DNA helicase motifs
and was found to function in cellular sister-chromatid cohesion (Parish et al., 2006b). Point
mutations in E2 that distinguish segregation from transcription function, suggest that BRD4
binding correlates better with transcription function, more than segregation (McPhillips et
al., 2006; Senechal et al., 2007). Consistent with this, BRD4 inhibits E2 transcription
activity in vitro and in vivo (Wu et al., 2006). BRD4 may have a common chromatin-based
function that contributes to the E2 transcription activation, repression, and chromosome
segregation functions, depending on the particular the assay system. BRD4 and its related
paralogue, BRD2 (Ring3), bind to the KSHV LANA protein, which has similarly complex
functions as does E2, in transcription activation, repression, and chromosome segregation
(Mattsson et al., 2002; Ottinger et al., 2006; Viejo-Borbolla et al., 2005; You et al., 2006).
LANA can also interact with histones H2A/B (Barbera et al., 2006), histone H1 (Cotter and
Robertson, 1999), and heterochromatin protein HP1 (Lim et al., 2003). The EBV functional
paralogue, EBNA1, does not interact with BRD2 or BRD4. Rather, EBNA1 interacts with
the nucleolar protein EBP2 which mediates its metaphase chromosome attachment and
segregation function in mammalian and yeast model systems (Kapoor et al., 2005). The
metaphase chromosome attachment domain of EBNA1 also possesses AT-hook DNA
binding activity suggesting an alternative model where EBAN1 can bind AT-rich DNA on
the metaphase chromosome without an accessory cellular protein receptor (Sears et al.,
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2004). Since the attachment to the metaphase chromosome may involve multiple steps, it is
possible that all of these mechanisms have physiological relevance (Fig. 5).

Another feature of these episome maintenance proteins is their ability to organize viral
chromatin. EBNA1 is known to displace histone binding at the family of repeats in EBV
OriP (Avolio-Hunter and Frappier, 2003). Furthermore, the nucleosomes positioned adjacent
to the EBNA1 binding sites in the Dyad Symmetry region undergo cell cycle acetylation and
deacetylation corresponding to the activation of the DNA replication origin (Zhou et al.,
2005). The region surrounding OriP is enriched in histone H3 K4 methylation, suggesting
that EBNA1 may contribute to the euchromatinization of OriP (Day et al., 2007). In
contrast, LANA binds to the terminal repeats (TR) of KSHV and recruits heterochromatic
protein HP1 to the TR. Despite that enrichment of H3 K9 methylation at the flanks of the
TR, the region immediately surrounding the LANA binding sites remain elevated in histone
H3 K4 methhylation and K3 K9 acetylation (Stedman et al., 2004). How LANA maintains
the origin initiation sites as a euchromatic region, and the surrounding TR as
heterochromatic is not known, and may be complicated by heterogeneity among the
different 800 bp repeats at the KSHV termini.

Viral Packaging and Epigenetic Memory
Are any epigenetic marks or memories transmitted to the next viral generation? Among the
latent viral genomes (e.g. EBV or HIV), which do not produce infectious virus particles,
DNA methylation and metaphase chromosome attachment proteins, which remain bound
throughout multiple cell generations, may function as epigenetic memories that maintain a
stable chromatin state and gene expression pattern. This process is most similar to that
observed at many cellular chromosomal sites. In contrast, productive infections would
require an epigenetic memory maintained within the newly assembly infectious virus
particle. It has been well-established that histones and other chromatin-associated proteins
assemble with SV40 genomes during virion packaging, and the newly infected virus comes
pre-packaged in chromatin. Numerous cellular proteins associated with viral DNA or RNA
have been identified in virus particles. Histone H2A was found in mCMV virions, although
no histones were identified in proteomic analysis of most other herpesvirus virions,
including EBV, KSHV, HSV, and CMV(Maxwell and Frappier, 2007). Retroviral genomes
were also found to contain cellular proteins typically associated with template protection or
preparation. For the RNA retrovirus genomes, these included the RNA binding proteins
polyadenylate-binding protein-1 (PABP) and Poly (rc) binding protein (hnRNP-E1), as well
as the DNA binding protein histone H4 (Segura et al., 2007). Other types of epigenetic
marks may be transmitted in the viral genomes, such as sites of DNA methylation or
modified bases. In CMV, there is evidence that an RNA-DNA hybrid exists in the virion
DNA that marks the origin of DNA replication (Prichard et al., 1998). Structural RNAs and
RNA editing enzymes are also known to be incorporated into the HIV virion, and these
molecules may also transmit epigenetic content essential for establishing successful gene
expression programs and productive infections of new host cells.

Concluding Remarks and Future Directions
A great deal of interest has arisen over the nature of epigenetic marks, and their contribution
to genome organization and control of gene expression. Viruses establish stable genetic
programs and can modulate cellular genetic programs to accommodate infection. To what
extent viruses employ epigenetic marks similar or distinct from the cellular host remains an
important avenue of future investigation. Recent data clearly indicates that viruses encode
enzymes with capacity to modify histones and other chromatin associated proteins. These
include the PBCV-1 virus encoded methyltransferase vSET1, which can methylate histone
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H3 K27, and the MHV68 virus encoded ORF35 kinase capable of phosphorylating H2AX.
And it is likely that future investigation of these viral genes will reveal novel epigenetic
marks, including those involving nucleotide editing and modifying enzymes, and non-
coding RNAs and microRNAs.

Another important area of future investigation will be understanding the role of chromatin
and DNA damage response proteins in restricting viral infection. PODs and other chromatin
organizing machines may play a significant role in preventing infectious DNA and RNA
from being transcribed and replicated. The mechanisms through which anti-viral
heterochromatin is established and by which viruses inactivate this process will reveal
important insights into the host-innate immune mechanisms against viruses, and may
provide new strategies for the next generation of viral-mediated gene-therapy.

The role of chromatin in the organization of latent viruses may help to provide insight into
genome stability in general. Viruses, although smaller than cellular chromosomes, confront
many of the same challenges as the cellular chromosome. How viruses manage these tasks
in the absence of canonical centromeres and telomeres, and sometimes lacking dedicated
origins of DNA replication, will be important to define in the near future. The chromatin
boundary factor CTCF has emerged as a central organizer of gene expression, but its precise
biochemical function, if other than structural DNA binding protein, remains largely
unexplored. A recent study suggests that CTCF may colocalize with cohesins, suggesting
that chromatin boundaries are linked to regions of the genome involved in sister-chromatid
or other inter-chromosomal interactions (Stedman et al., EMBO J., in press). How these
larger order structures of chromosomes establish stable gene expression patterns and
contribute to genome stability will be important to elucidate in the near future. Finally, the
mechanisms of viral DNA condensation and decondensation during the virion packaging
and unpackaging may provide important insights into the basic cellular mechanisms of
chromosome dynamics and genome stability.
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Figure 1. Chromatin and Viral Entry
The establishment of chromatin structure may be directed by viral proteins that associate
with viral DNA during entry into the nucleus. Adenovirus VII protein associates with SET/
TAF1 histone chaperones and the B23/nucleophosmin protein implicated in chromatin
insulators. Herpesvirus VP22 also binds SET/TAF1 and VP16 interacts with cellular histone
methylation complex through HCF. HIV DNA forms a pre-integration complex with the
HMG, BAF, LEDGF and LAP2α proteins that target proviral DNA to euchromatic domains
in the host genome.
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Figure 2. Viral Proteins that Effect Chromatin Modifications
HSV VP16 assembles a histone H3 K4 methylation complex through its association with
HCF. HSV UL3 and UL13 kinases have been implicated in phosphorylation of CoREST, a
co-repressor of REST that can also associate with the histone demethylase LSD1. HSV ICP0
can also dissociate CoREST from REST to disrupt transcription reprepression. PBCV-1
virus encoded methyltransferase vSET1 can methylate histone H3 K27. Gammaherpesvirus
kinases UL36 and BGLF4 can phosphorylate H2AX. Murine CMV IE1 can interact with
DAXX and disrupt transcription repression through SUMO1 modification. Similarly, HSV
ICP0 can interfere with PML SUMO1 modification, and avian adenovirus GAM1 can cause
degradation of the SUMO1 E1 and E2 ligases.
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Figure 3. HSV Chromatin Organization
Octamer/VP16 binding sites determine the gene expression pattern during lytic infection.
The localization of REST and CTCF sites at the ICP22 location may help to limit the spread
of euchromatin during the earliest stages of lytic cycle gene expression. During latent
infection, CTCF binding sites within the LAT exon may help to control euchromatin
formation at the ICP0 promoter to limit lytic reactivation.
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Figure 4. Chromatin Organization of EBV Latency Programs
EBV type I latency is restricted by CTCF binding to the region between the OriP enhancer
and the Cp control region for the multicistronic gene encoding EBNA-LP,-2, 3A,B,C. CTCF
binding is reduced in type III latency and euchromatic marks of H3 K4 methylation are
expanded through the Cp and LMP1 control regions.
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Figure 5. Chromatin Targets of Episome Maintenance Factors
HPV E2, EBV EBNA1, and KSHV LANA share functional and structural features
necessary for episomal maintenance during latent infections. E2 and LANA target cellular
BRD2/4, as well as ChLR1 and histone H2A/B, respectively, while EBNA1 interacts with
EBP2 and binds AT-rich DNA directly. EBNA1 has been implicated as a chromatin
organizing factor at OriP where nucleosomes are positioned and methylated at H3 K4.
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