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Abstract
Herpes simplex virus (HSV) is a neurotropic virus that establishes lifelong latent infection in human ganglion sensory
neurons. This unique life cycle necessitates an intimate relation between the host defenses and virus counteractions
over the long course of infection. Two important aspects of host anti-viral defense, nuclear substructure restriction
and epigenetic chromatin regulation, have been intensively studied in the recent years. Upon viral DNA entering
the nucleus, components of discrete nuclear bodies termed nuclear domain 10 (ND10), converge at viral DNA and
place restrictions on viral gene expression. Meanwhile the infected cell mobilizes its histones and histone-associated
repressors to force the viral DNA into nucleosome-like structures and also represses viral transcription. Both anti-viral
strategies are negated by various HSV countermeasures. One HSV gene transactivator, infected cell protein 0 (ICP0),
is a key player in antagonizing both the ND10 restriction and chromatin repression. On one hand, ICP0 uses its E3
ubiquitin ligase activity to target major ND10 components for proteasome-dependent degradation and thereafter
disrupts the ND10 nuclear bodies. On the other hand, ICP0 participates in de-repressing the HSV chromatin by changing
histone composition or modification and therefore activates viral transcription. Involvement of a single viral protein in two
seemingly different pathways suggests that there is coordination in host anti-viral defense mechanisms and also
cooperation in viral counteraction strategies. In this review, we summarize recent advances in understanding the role of
chromatin regulation and ND10 dynamics in both lytic and latent HSV infection. We focus on the new
observations showing that ND10 nuclear bodies play a critical role in cellular chromatin regulation. We intend
to find the connections between the two major anti-viral defense pathways, chromatin remodeling and ND10
structure, in order to achieve a better understanding of how host orchestrates a concerted defense and how
HSV adapts with and overcomes the host immunity.
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Background
Herpes simplex virus (HSV) is a member of family Herpesviridae, genus Simplexvirus. After the primary infection at oral, genital or ocular mucosa, HSV establishes
latency in ganglion sensory neurons. Periodically, HSV
reactivates and transmits through symptomatic or
asymptomatic shedding, causing an extensive spread of
this virus worldwide. Over 70 % of the world adult
population are seropositive for HSV, which marks HSV
as one of the most prevalent opportunistic pathogens
and the etiologic cause of a wide range of mild to severe
herpetic diseases including cold sores, stromal keratitis
and encephalitis.
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Like all herpesviruses, the lifelong infection of HSV
and its unique lytic-latent-lytic infection cycle warrant a
close relation and an intricate balance between HSV and
its host. In the case of HSV-1, the virus has a doublestranded DNA genome of 152 kb, encoding more than
84 viral proteins [1]. The large viral genome gives HSV
adequate coding capacity to finely regulate the virushost interaction over a long course of infection. For
almost every aspect of human anti-viral defense systems,
be it on a single cell level or on a whole body surveillance level, countermeasures have been found in the
HSV-1 infection. These properties make HSV-1 an ideal
model virus for understanding the relation between viral
replication and host defense mechanisms.
Chromatin-regulated gene repressions and nuclear domain 10 (ND10)-associated anti-viral restrictions are two
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different cell responses interweaving together for a concerted host defense. HSV-1 employs multiple viral proteins, especially an α (immediate early) gene product
called infected cell protein 0 (ICP0), to coordinate the
counteractions against the two anti-viral defenses. This
review focuses on the connections between the epigenetic regulation and ND10 dynamics. We will discuss the
recent advances that shed light on the coordination of
host defensive pathways and also the seemingly orchestrated viral countermeasures.
Chromatin remodeling in lytic and latent HSV infection

In epigenetics, genes are activated or repressed through
changing the status of histones or nucleotide modifications (for reviews, see references [2, 3]). Therefore, cell
functions are modulated without changing the DNA sequences. Chromatin epigenetic regulation is one type of
host autonomous anti-viral response that mostly targets
against the DNA viruses. This intrinsic defense mechanism mobilizes cellular histones and histone associated
complexes to quench viral transcription and replication.
Chromatin repression in lytic phase

Unlike other DNA viruses that can pack their virion genomes into minichromosomes to avoid being recognized
as foreign DNA [4, 5], HSV-1 does not contain histones
or histone-like proteins in the capsid [6]. Instead, early
studies showed that HSV-1 had polyamines in the virion
to neutralize the negative charges on viral DNA [7].
HSV-1 DNA is tightly confined within the capsid and
endures a pressure of about 20 atmospheres [8]. This
tremendous pressure drives a quick ejection of viral
DNA into the cell nucleus upon infection [9]. The sudden injection of mostly naked viral DNA inevitably triggers an immediate alarm of foreign invasion. Indubitably
the infected cell mobilizes all defensive forces and attempts to silence the viral DNA right away. One major
host cell defense against the incoming viral DNA is the
mobilization of histones and histone associated repressors to force the viral DNA into chromatin repression.
Although the exact mechanism of how cells mobilize the
histone pool is not clear, it has been shown that histones
are more mobile after the HSV-1 infection [10–12]. At
least partial or unstable nucleosomes are formed in the
lytic infection, albeit unevenly across the viral genome
[13, 14].
The inhibitory effects of chromatin formation on viral
gene expression are reflected in several lines of evidence.
First, HSV-1 DNA was found to associate with histone
H3 as early as 1 h post infection [6]. Early in infection,
more histone association was found at β (delayed early)
and γ (late) gene promoters than that of α gene promoters [6, 15]. Viral proteins such as VP16 and ICP0 are
responsible for the removal or remodeling of the
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histones, which leads to the activation of viral gene expression (see below). The second observation that chromatin formation represses HSV-1 expression is the fact
that inhibitors targeting chromatin deactivating enzymes, such as histone deacetylases (HDACs) [16, 17],
promoted viral gene expression and DNA replication for
a recombinant HSV-1 containing a growth defect [18],
indicating the significance of the reversal of histone deacetylation in lytic HSV-1 infection. The third evidence is
the demonstration of functional interactions between
HSV-1 proteins and chromatin repressors during the infection. For example, a nuclear repressor complex
REST/CoREST/LSD1/HDAC was disrupted during the
HSV-1 infection by ICP0, a viral gene transactivator that
enhances downstream gene expression without any sequence specificity (for reviews, see [19, 20]), and then
later in infection, CoREST and HDAC1 were translocated into the cytoplasm [21]. A dominant negative
CoREST interfering the CoREST-HDAC1 interaction
partially rescued viral replication in the absence of ICP0
[22], whereas the ICP0 mutant virus defective in CoREST binding showed a growth defect and failed to
hyperacetylate the histone H3 and H4 bound to the quiescent DNA in a superinfection assay [23, 24]. ICP0 also
interacts with class II HDACs and the interaction is responsible for the relief of HDAC5-mediated gene repression [25]. ICP0 has a comprehensive role in both histone
removal and histone acetylation in lytic infection [26]. It
is capable of promoting a two-step heterochromatin removal from the ICP8 promoter [27]. Interestingly, LSD1,
the histone demethylase in the REST/CoREST/LSD1/
HDAC complex, is required for early gene expression in
both lytic and latent HSV-1 infection [28]. Since histone
methylation status (mono-, di- or tri- methylation) plays
different roles in gene activation or repression [29], how
the inhibition of LSD1 changes histone methylation and
how different methylation status regulates the initial
HSV infection are not yet clear. Another viral protein,
tegument protein VP16, is responsible for excluding
histones from α gene promoters upon the viral DNA
entry [15]. VP16 recruits host cell factor 1 (HCF-1)
and Oct-1 to stimulate α promoter activity. This
immediate counteraction against chromatin repression
allows the expression of α genes, including ICP0
which further de-represses the HSV-1 chromatin on β
and γ promoters [20, 26], and ensures a full blown infection. In consistent with these observations, newly
synthesized viral DNA is not chromatinized and is
well associated with RNA polymerase II and transcription factors [6, 30].
Chromatin repression in latent phase

In latent HSV infection, all viral genes are turned off except the latency-associated transcript (LAT), which is
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actively transcribed throughout the latency [31]. HSV
DNA exists as episomes in latently infected sensory
neurons [32, 33]. The viral DNA itself is not extensively
methylated [34, 35], but the typical nucleosomeprotected DNA pattern is readily observed for latent
DNA in micrococcal nuclease assays, suggesting that
latent viral DNA is packed into a nucleosomal structure
like the host chromatin [36]. The viral latent chromatin
is also regulated in a mechanism similar to that of the
host chromatin. For example, the histone H3K9 and
H3K14 at LAT promoter are hyperacetylated whereas
they are hypoacetylated at lytic promoters, consistent
with the fact that LAT is the only transcript made in latency while all other viral expressions are repressed [35].
Furthermore, injection of HDAC inhibitor into latently
infected mice induces reactivation [37, 38], whereas
application of an inhibitor specifically blocking the demethylation of the repressive marker H3K27me3 reduces
reactivation in cultured neurons [39]. These findings
suggest that changes of histone modification status may
control the switch between latency and reactivation.
Interestingly, part of the LAT transcript is complementary to the C-terminal region of ICP0, the powerful
heterochromatin remover that stimulates lytic infection.
The promoters for LAT and ICP0 are only about 5 kb
away [1]. To set apart the euchromatin of LAT promoter/enhancer region from the heterochromatin of
ICP0 promoter region in the latent infection, HSV
evolves to contain chromatin insulator CTCCC repeats
within the LAT intron, which recruits the CTCF protein
and marks the boundary between the euchromatin and
heterochromatin of latent HSV DNA [40].
Although in latent infection HSV genome DNA is
clearly packed into chromatin and HSV genes are fully
regulated through the host epigenetic machineries, the
processes of how chromatinization is initiated to establish latency and how chromatin repression is released to
reactivate from latency are largely unknown. The expression of LAT is very important for the HSV-1 latency,
which is reflected in two lines of evidence: (i) Deletion
of LAT expression resulted in a reduction of histone
H3K9me2 and H3K27me3, markers for inactive heterochromatin, and an increase of histone H3K4me2, a
marker for active euchromatin, at the lytic promoters,
indicating the participation of LAT in regulating chromatinization at lytic promoters of HSV-1 [41, 42]; and
(ii) several microRNAs derived from the LAT region
inhibited the expression of ICP4 and ICP0, the two
major gene transactivators for lytic infection, suggesting
that LAT also regulates lytic expression on posttranscriptional level [43]. More interestingly, the lack of LAT
expression did not eliminate the presence of latent viral
DNA in mouse ganglia [38, 41, 44], but greatly reduced
the rate of spontaneous reactivation in infected animals
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[38, 45]. These results demonstrate that LAT expression
is not required in latency establishment but it is essential for latency reactivation. Although it is still unclear
how LAT is involved in stimulating the reactivation, it
is conceivable to postulate that LAT may monitor the
basal level expression of lytic genes by modulating the
chromatin status at lytic promoters and by controlling
the leaky transcription via microRNAs. Consequently,
LAT works to fine-tune the balance between latency
and reactivation.
Several chromatin repressor complexes are shown to
be important for either latency establishment or latency
reactivation. One of them is the aforementioned REST/
CoREST/LSD1/HDAC complex. Specific inhibition of
LSD1 blocked HSV-1 reactivation from latency [28, 46].
Another component from this complex, REST, plays a
critical role in latency establishment. Overexpression of
wild type REST in infected neuron caused a reduction in
reactivation from the explanted ganglia [47], whereas
overexpression of a dominant-negative REST capable of
binding to DNA but not to the other complex components led to a failure in latency establishment [48]. A
second repressor complex has been implicated in latency
regulation is the polycomb group proteins including
polycomb repressor complexes (PRC) 1 and 2 [49, 50].
PRC1 component Bmi1 and PRC2 component Suz12
were each found on lytic promoters during latency by
two research groups [49, 50], but the results were not
reconciled with each other. A recent report showed that
histone phosphorylation by JNK pathway in the presence
of repressive methylation also contributed to the initiation of latency reactivation [51]. How these different
pathways cooperate to control the reactivation switch is
still largely unknown.
ND10 nuclear bodies in the restriction of HSV infection

ND10s, also known as PML (promyelocytic leukemia)
nuclear bodies or PML oncogenic domains, are nuclear
structures that are composed of over 150 constituents
[52]. PML is the key organizer protein [53–55] for ND10
while many other ND10 components are only recruited
upon specific stimulations (for reviews, see references
[56]). ND10 is functionally promiscuous and has been
implicated in numerous cell functions including gene
regulation [57, 58], cell cycle arrest [59], apoptosis [60],
DNA repair [61], oncogenesis [55, 62], and anti-viral
defense [56]. The anti-viral effects of ND10 are initially
suggested by the following lines of evidence: (i) Interferon
(IFN) treatment increased the expression level of PML
and Sp100 and also the number and size of ND10 bodies
in treated cells [63, 64]. (ii) Disruption or distortion of the
ND10 structure is a common theme for many viral infections. For example, major ND10 constituents were found
degraded, which led to the dispersal of ND10 bodies, in
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HSV-1 and in HCMV (human cytomegalovirus) infections
[65, 66], whereas ND10 deformation and reorganization
were observed in adenovirus and papillomavirus infections
[67, 68], respectively. (iii) PML knockout mice were found
prone to infections [69]. Following an IFN treatment,
PML-/- fibroblasts failed to curtail viral replication to the
same extent as their PML+/+ counterparts [70, 71].
The relation between HSV-1 and ND10 during the
lytic infection is undoubtedly an intimate one. Upon
entry into the nucleus, HSV-1 viral DNA is first found
in the vicinity of ND10 bodies [72]. Although it remains
unclear whether this convergence of ND10 and viral
DNA directly causes the modulation of viral DNA, it is
quite evident that HSV-1 makes great efforts to destroy
the ND10 structures. ICP0, the immediate early protein
that promotes downstream viral expression, interacts
dynamically with the ND10 nuclear bodies [73]. Upon
synthesis, ICP0 is recruited to interact with ND10 [74].
Three proline-rich segments in the central region of
ICP0 facilitate ICP0 to fuse with the ND10 bodies so
that ICP0 can extensively comingle with the ND10 components [75]. More importantly, ICP0 contains a RINGtype E3 ubiquitin ligase activity in its N-terminal region
[20]. The extensive interaction between ICP0 and ND10
components triggers the proteasome-dependent degradation of two major organizers of ND10, PML and Sp100
[65]. The degradation of ND10 organizers leads to a subsequent dispersal of the ND10 bodies [76, 77]. The
dispersal of ND10 components is a key event in HSV-1
replication. When ICP0 is deleted, or when the E3
ubiquitin ligase of ICP0 is mutated, or when ICP0 fails
to enter ND10, ND10 persists at viral DNA and viral
replication is greatly demolished, especially at low multiplicity of infection [73, 78, 79]. Conversely, if ND10
components such as PML, Sp100, Daxx and ATRX are
depleted by siRNA knock-down, individually or in combination, viral replication is significantly enhanced in the
absence of ICP0 [80–83]. Although the molecular mechanism of how ND10 regulates HSV replication is not
completely clear, recent discoveries suggest that ND10
may inhibit HSV-1 expression, at least in part, through
chromatin regulation.
Interconnection between ND10 and epigenetic regulation

ND10 nuclear bodies are also called PML oncogenic
domains because of the tumor suppressor function initially identified for PML. A t(15;17) chromosome translocation generates a PML-retinoic acid receptor α
(PML-RARα) chimeric fusion, which acts as a dominantnegative PML to disrupt the ND10 structures. This is
the etiological cause for acute promyelocytic leukemia
(APL) [84]. All-trans retinoic acid (RA) treatment restores the ND10 nuclear bodies that are disrupted by the
PML-RARα fusion and drives APL into remission [85].
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The connection between chromatin remodeling and
ND10 nuclear bodies has been proposed by many cell
biologists and cancer biologists, based on a series of experimental and clinical observations. First, various types
of histone modification enzymes, including acetyltransferases, deacetylases, and methyltransferases, have been
found to accumulate at ND10 [86–88]. A direct physical
interaction between PML and HDAC demonstrated by
Wu et al [87] also showed that an inhibition on gene expression was caused by the PML-HDAC association.
Furthermore, drugs inhibiting deacetylation by HDAC
or demethylation by LSD1 promoted RA differentiation
pathways via chromatin remodeling, which helped to differentiate leukemia blasts that are resistant to the RAonly treatment [89, 90]. The similar therapeutic effects
obtained from HDAC or LSD1 inhibition, which restores
the ND10 structure in APL patients, suggest that ND10
integrity and ND10 functions are regulated through
chromatin remodeling.
The second major indication that ND10 is closely
associated with chromatin regulation is the accumulation of histone chaperones such as HIRA, Asf1 and
Daxx at ND10 [91, 92]. These chaperones participate in
the assembly and disassembly of nucleosomes and regulate the incorporation of histone variants to reprogram
the chromatin (for reviews, see references [93, 94]). The
localization of histone chaperone proteins at ND10 suggests the involvement of ND10 in reassembling nucleosomes under various physiological conditions, such as
cell senescence or DNA damage repair [91, 95].
The third observation supporting a close ND10chromatin relation is the accumulation of numerous
chromatin regulators at ND10 or their direct interactions with ND10 components. These regulators include
general repressive proteins such as heterochromatin protein 1 (HP1) [96], corepressor N-CoR, Sin3A [97] and
TIF1β [98], and general transcription activators such as
CBP [99], STAT3 [100], Sp1 [101] and HIPK2 [102], just
to name a few. The presence of these factors in the
dynamic ND10 depends on the cell type and cell physiological status. The effects these factors may bring to the
cell also vary for different genes at a given time. One
interesting phenomenon stemmed from tethering reporter gene to ND10 [103]. When a SV40 promoterdriven luciferase was targeted to ND10 the transgene
was repressed, but when a CMV promoter-driven luciferase was targeted to ND10 it was activated. Moreover,
when ICP0 was co-expressed, the expression of both
tethered luciferase minigenes was elevated [103]. These
results suggest that (i) distinctive promoter sequences
are modulated differently by the various ND10 components, and (ii) ICP0-targeted PML degradation and
ND10 dispersal can obscure the DNA sequence specificity and put the DNA up for activation.

Gu and Zheng Virology Journal (2016) 13:62

Role of ND10 in regulating HSV chromatin during lytic
and latent infection

As discussed in the previous sections, both chromatin
repression and ND10 nuclear bodies are regarded as
important parts of the host intrinsic anti-viral defense
mechanisms [21–24, 80–83]. A few lines of evidence
have shown that these two defenses interweave with
each other. ND10 restricts viral replication, at least partially, through regulating the chromatin status of the
HSV genome.
In latently infected neurons, the number of HSV-1
genome loci varies from neuron to neuron, suggesting
the heterogeneity of latent infection [104]. In neurons
containing a single HSV-1 locus, the genome is wrapped
around by a donut-shaped ND10 body [105]. Although
current technologies have not been able to detect the
chromatin status of HSV genome in a single neuron, it is
plausible to postulate that ND10 components colocalized
to the latent HSV chromatin may regulate the intricate
balance between latency and reactivation. Interestingly, in
a cell culture model of quiescent HSV-1 infection, superinfection by an ICP0 RING finger mutant virus, which
was incapable of degrading PML and Sp100 and therefore
incapable of dispersing ND10, did not remove heterochromatin markers from the quiescent HSV-1 genome,
whereas the wild type counterpart reduced the heterochromatin markers on HSV-1 genome and reactivated the
quiescent genome into productive infection [24]. A recent
report in the HIV research showed that latent HIV-1 proviruses are also in the close vicinity of ND10 loci in CD4+
T cells, with PML binding to the latent HIV-1 promoter
and forming facultative heterochromatin at HIV genome.
In addition, PML degradation and ND10 dispersal lead to
the loss of heterochromatin marker and the reactivation
of HIV-1 transcription [106]. Based on these findings, it is
quite reasonable to hypothesize that in latent infection
ND10 may also repress the HSV genome by reprogramming the HSV chromatin.
In lytic infection, the incoming HSV genome is found
in the vicinity of ND10. Later on, viral replication compartments establish at the original ND10 loci after the
dispersal of ND10 [72, 107, 108]. Evidence to show that
ND10 components directly modulate the partial HSV
nucleosomes in early lytic infection is still lacking. However, various experiments have indicated a potential link
between ND10 repression and chromatin remodeling in
the lytic infection. First, from the virus side, two HSV-1
proteins have been found to attack ND10 and regulate histone modification simultaneously. One is the aforementioned ICP0, which uses its RING type E3 ubiquitin ligase
to degrade ND10 organizers and in the meantime interacts
with CoREST to dislodge HDACs from the REST/CoREST/LSD1/HDAC complex [26, 65, 79]. The two ICP0
functions are interconnected with each other. The D671A/
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E673A substitutions that knocks out the CoREST binding
also negatively affect the degradation of PML in the infected cells [23]. The second viral protein regulating both
ND10 structure and chromatin remodeling is the γ1 (leaky
late) product US3. US3 is a viral serine/threonine kinase that
phosphorylates various cellular proteins to block apoptosis
during infection [109]. One class of the proteins phosphorylated by US3 are HDACs, including HDAC1 and HDAC2
[110, 111]. HDAC phosphorylation affects its interactions
to its binding partners, such as CoREST, and therefore regulates gene expression in signal transduction and cell cycle
control [112]. Surprisingly, overexpression of US3 alone
disrupts ND10 in transfected cells [113], suggesting
that US3 may interact with some ND10 components. In
infected cells the time when US3 starts to express (3–
6 h post infection) overlaps with the time when degradation of PML and Sp100 is nearly completed. Whether
US3 participates in dispersing ND10 components has
not been investigated. It will be interesting to see if US3
phosphorylating HDAC and changing HSV chromatin
status are related to the ND10 dispersal.
The second notable connection between ND10 and
chromatin in HSV infection is the recruitment of various
cellular chromatin regulators into the ND10 bodies.
These proteins include the foreign DNA sensor IFI16,
the corepressor protein CoREST, and a histone acetyltransferase CLOCK [108, 114, 115]. IFI16 was another
repressive protein found to directly associate with the incoming HSV genome as early as 1 h post infection. This
association caused significant chromatin repression of
viral transcription whereas depletion of IFI16 released
the repression [116]. The aforementioned CoREST being
accumulated at ND10 was only observed in cells infected
by ICP0-null virus, suggesting that ICP0-CoREST-ND10
interactions are likely in dynamics. Later in HSV-1 infection the aggregated CoREST was also found as part of
the replication compartment [108], which may be in line
with the fact that LSD1, the demethylase tightly bound
to CoREST [117], is required for the HSV-1 replication
[28]. The CLOCK protein recruited to ND10 was found
beneficial for HSV-1 replication. The protein was stabilized during the infection. Overexpression of CLOCK
promoted viral protein expression whereas depletion of
the protein significantly decreased viral protein expression [114], suggesting the participation of CLOCK in
HSV-1 gene activation.
So far, ND10 has been mainly viewed as a part of host
anti-viral defense. However, ND10 also contains many
gene activators and in reality it did activate CMV
promoter-driven luciferase tethered to ND10 [103].
Therefore, it is plausible to postulate that HSV may
adopt some positive factors located within ND10 in
order to establish its replication compartments, which
are initiated at the original ND10 loci [107, 108]. The
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recruitment of CoREST and CLOCK to ND10 and their
involvement in viral replication and gene activation
strongly supports this hypothesis. Interestingly, the recruitment of both CoREST and CLOCK involves their
interactions with ICP0 protein, directly or indirectly
[22, 114, 118], suggesting that ICP0 plays a critical role
in viral replication not only by disrupting the ND10
structure to alleviate restriction but also by capturing
useful ND10 components to stimulate replication.
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Conclusions
Epigenetic regulation and ND10 dynamic organization
are two important aspects of host anti-viral defense
mechanisms. Between the two, ND10, with its massive
amount of component proteins moving in and out under
different conditions, may participate in and modulate
the chromatin remodeling process of HSV genome. Very
likely, this dynamic nuclear structure acts as a molecular
hub that both virus and host try to exploit the various
components for their own benefits. On one hand, the
host intends to bring the ND10 repressive components
to HSV genome and modulate the partial HSV nucleosomes for chromatin repression. On the other hand, being one of the best evolutionarily adapted viruses in
human history, HSV may use its multifunctional proteins such as ICP0 to take advantage of this molecular
hub. It may try to recruit beneficial host proteins to the
spot while repelling the restrictive factors by destroying
ND10. Understanding the mechanisms of the coordination between different host defensive pathways and the
interaction of various viral countermeasures to these
host pathways is the key to solving the mysteries in herpes viral infection.
Abbreviations
APL: acute promyelocytic leukemia; ATRX: α-Thalassemia/Mental Retardation
Syndrome X-Linked; Daxx: death-domain associated protein; HCF-1: host cell
factor 1; HCMV: human cytomegalovirus; HDAC: histone deacetylase;
HP1: heterochromatin protein 1; HSV-1: Herpes Simplex Virus-1; ICP0: infected
cell protein 0; IFN: interferon; LAT: latency-associated transcript;
ND10: Nuclear Domain 10; PML-RARα: PML-retinoic acid receptor α;
PRC: polycomb repressor complex; RA: retinoic acid.
Competing interests
No competing interests.

8.
9.

10.
11.
12.
13.

14.

15.

16.

17.
18.

19.
20.
21.

22.

23.
Authors’ contributions
Haidong Gu and Yi Zheng wrote the paper. Both authors read and approved
the final manuscript.

24.

Funding
RO1AI118992.

25.

Received: 7 March 2016 Accepted: 28 March 2016
26.
References
1. Roizman B, Knipe DM, Whitley RJ. Herpes Simplex Viruses. In: Knipe DM,
Howley PM, editors. Fields Virology. Philadelphia: Lippincott Williams &
Wilkins; 2013. p. 1823-1897.

27.

Suzuki MM, Bird A. DNA methylation landscapes: provocative insights from
epigenomics. Nat Rev Genet. 2008;9:465–76.
Berger SL. Histone modifications in transcriptional regulation. Curr Opin
Genet Dev. 2002;12:142–8.
Varshavsky AJ, Bakayev VV, Chumackov PM, Georgiev GP. Minichromosome
of simian virus 40: presence of histone HI. Nucleic Acids Res. 1976;3:
2101–13.
Lischwe MA, Sung MT. A histone-like protein from adenovirus chromatin.
Nature. 1977;267:552–4.
Oh J, Fraser NW. Temporal association of the herpes simplex virus
genome with histone proteins during a lytic infection. J Virol. 2008;
82:3530–7.
Gibson W, Roizman B. Compartmentalization of spermine and spermidine in
the herpes simplex virion. Proc Natl Acad Sci U S A. 1971;68:2818–21.
Bauer DW, Huffman JB, Homa FL, Evilevitch A. Herpes virus genome, the
pressure is on. J Am Chem Soc. 2013;135:11216–21.
Sae-Ueng U, Li D, Zuo X, Huffman JB, Homa FL, Rau D, et al. Solid-to-fluid
DNA transition inside HSV-1 capsid close to the temperature of infection.
Nat Chem Biol. 2014;10:861–7.
Monier K, Armas JC, Etteldorf S, Ghazal P, Sullivan KF. Annexation of the
interchromosomal space during viral infection. Nat Cell Biol. 2000;2:661–5.
Conn KL, Hendzel MJ, Schang LM. Linker histones are mobilized during
infection with herpes simplex virus type 1. J Virol. 2008;82:8629–46.
Conn KL, Hendzel MJ, Schang LM. Core histones H2B and H4 are mobilized
during infection with herpes simplex virus 1. J Virol. 2011;85:13234–52.
Kent JR, Zeng PY, Atanasiu D, Gardner J, Fraser NW, Berger SL. During
lytic infection herpes simplex virus type 1 is associated with histones
bearing modifications that correlate with active transcription. J Virol.
2004;78:10178–86.
Lacasse JJ, Schang LM. During lytic infections, herpes simplex virus type 1
DNA is in complexes with the properties of unstable nucleosomes. J Virol.
2010;84:1920–33.
Herrera FJ, Triezenberg SJ. VP16-dependent association of chromatinmodifying coactivators and underrepresentation of histones at
immediate-early gene promoters during herpes simplex virus infection.
J Virol. 2004;78:9689–96.
Taddei A, Roche D, Bickmore WA, Almouzni G. The effects of histone
deacetylase inhibitors on heterochromatin: implications for anticancer
therapy? EMBO Rep. 2005;6:520–4.
Shahbazian MD, Grunstein M. Functions of site-specific histone acetylation
and deacetylation. Annu Rev Biochem. 2007;76:75–100.
Poon AP, Liang Y, Roizman B. Herpes simplex virus 1 gene expression is
accelerated by inhibitors of histone deacetylases in rabbit skin cells infected
with a mutant carrying a cDNA copy of the infected-cell protein no. 0. J
Virol. 2003;77:12671–8.
Hagglund R, Roizman B. Role of ICP0 in the strategy of conquest of the
host cell by herpes simplex virus 1. J Virol. 2004;78:2169–78.
Gu H. Infected cell protein 0 functional domains and their coordination in
herpes simplex virus replication. World J Virol. 2016;5:1–13.
Gu H, Liang Y, Mandel G, Roizman B. Components of the REST/CoREST/
histone deacetylase repressor complex are disrupted, modified, and
translocated in HSV-1-infected cells. Proc Natl Acad Sci U S A. 2005;102:
7571–6.
Gu H, Roizman B. Herpes simplex virus-infected cell protein 0 blocks the
silencing of viral DNA by dissociating histone deacetylases from the
CoREST-REST complex. Proc Natl Acad Sci U S A. 2007;104:17134–9.
Gu H, Roizman B. The two functions of herpes simplex virus 1 ICP0,
inhibition of silencing by the CoREST/REST/HDAC complex and degradation
of PML, are executed in tandem. J Virol. 2009;83:181–7.
Ferenczy MW, Ranayhossaini DJ, Deluca NA. Activities of ICP0 involved in
the reversal of silencing of quiescent herpes simplex virus 1. J Virol. 2011;85:
4993–5002.
Lomonte P, Thomas J, Texier P, Caron C, Khochbin S, Epstein AL. Functional
interaction between class II histone deacetylases and ICP0 of herpes simplex
virus type 1. J Virol. 2004;78:6744–57.
Cliffe AR, Knipe DM. Herpes simplex virus ICP0 promotes both histone
removal and acetylation on viral DNA during lytic infection. J Virol.
2008;82:12030–8.
Lee JS, Raja P, Knipe DM. Herpesviral ICP0 Protein Promotes Two Waves of
Heterochromatin Removal on an Early Viral Promoter during Lytic Infection.
MBio. 2016;7:e02007–15.

Gu and Zheng Virology Journal (2016) 13:62

28. Liang Y, Vogel JL, Narayanan A, Peng H, Kristie TM. Inhibition of the histone
demethylase LSD1 blocks alpha-herpesvirus lytic replication and reactivation
from latency. Nat Med. 2009;15:1312–7.
29. Swygert SG, Peterson CL. Chromatin dynamics: interplay between
remodeling enzymes and histone modifications. Biochim Biophys Acta.
1839;2014:728–36.
30. Dembowski JA, DeLuca NA. Selective recruitment of nuclear factors to
productively replicating herpes simplex virus genomes. PLoS Pathog. 2015;
11:e1004939.
31. Stevens JG, Wagner EK, Devi-Rao GB, Cook ML, Feldman LT. RNA complementary
to a herpesvirus alpha gene mRNA is prominent in latently infected neurons.
Science. 1987;235:1056–9.
32. Efstathiou S, Minson AC, Field HJ, Anderson JR, Wildy P. Detection of herpes
simplex virus-specific DNA sequences in latently infected mice and in
humans. J Virol. 1986;57:446–55.
33. Mellerick DM, Fraser NW. Physical state of the latent herpes simplex virus
genome in a mouse model system: evidence suggesting an episomal state.
Virology. 1987;158:265–75.
34. Dressler GR, Rock DL, Fraser NW. Latent herpes simplex virus type 1 DNA is
not extensively methylated in vivo. J Gen Virol. 1987;68:1761–5.
35. Kubat NJ, Tran RK, McAnany P, Bloom DC. Specific histone tail modification
and not DNA methylation is a determinant of herpes simplex virus type 1
latent gene expression. J Virol. 2004;78:1139–49.
36. Deshmane SL, Fraser NW. During latency, herpes simplex virus type 1 DNA is
associated with nucleosomes in a chromatin structure. J Virol. 1989;63:943–7.
37. Neumann DM, Bhattacharjee PS, Hill JM. Sodium butyrate: a chemical
inducer of in vivo reactivation of herpes simplex virus type 1 in the ocular
mouse model. J Virol. 2007;81:6106–10.
38. Clement C, Bhattacharjee PS, Kumar M, Foster TP, Thompson HW, Hill JM.
Upregulation of mouse genes in HSV-1 latent TG after butyrate treatment
implicates the multiple roles of the LAT-ICP0 locus. Invest Ophthalmol Vis
Sci. 2011;52:1770–9.
39. Messer HG, Jacobs D, Dhummakupt A, Bloom DC. Inhibition of H3K27me3specific histone demethylases JMJD3 and UTX blocks reactivation of herpes
simplex virus 1 in trigeminal ganglion neurons. J Virol. 2015;89:3417–20.
40. Chen Q, Lin L, Smith S, Huang J, Berger SL, Zhou J. CTCF-dependent chromatin
boundary element between the latency-associated transcript and ICP0 promoters
in the herpes simplex virus type 1 genome. J Virol. 2007;81:5192–201.
41. Wang QY, Zhou C, Johnson KE, Colgrove RC, Coen DM, Knipe DM.
Herpesviral latency-associated transcript gene promotes assembly of
heterochromatin on viral lytic-gene promoters in latent infection. Proc Natl
Acad Sci U S A. 2005;102:16055–9.
42. Cliffe AR, Garber DA, Knipe DM. Transcription of the herpes simplex virus
latency-associated transcript promotes the formation of facultative
heterochromatin on lytic promoters. J Virol. 2009;83:8182–90.
43. Umbach JL, Kramer MF, Jurak I, Karnowski HW, Coen DM, Cullen BR.
MicroRNAs expressed by herpes simplex virus 1 during latent infection
regulate viral mRNAs. Nature. 2008;454:780–3.
44. Ho DY, Mocarski ES. Herpes simplex virus latent RNA (LAT) is not
required for latent infection in the mouse. Proc Natl Acad Sci U S A.
1989;86:7596–600.
45. Perng GC, Dunkel EC, Geary PA, Slanina SM, Ghiasi H, Kaiwar R, et al. The
latency-associated transcript gene of herpes simplex virus type 1 (HSV-1) is
required for efficient in vivo spontaneous reactivation of HSV-1 from
latency. J Virol. 1994;68:8045–55.
46. Hill JM, Quenelle DC, Cardin RD, Vogel JL, Clement C, Bravo FJ, et al.
Inhibition of LSD1 reduces herpesvirus infection, shedding, and recurrence
by promoting epigenetic suppression of viral genomes. Sci Transl Med.
2014;6:265ra169.
47. Zhou G, Du T, Roizman B. HSV carrying WT REST establishes latency but
reactivates only if the synthesis of REST is suppressed. Proc Natl Acad Sci U
S A. 2013;110:E498–506.
48. Du T, Zhou G, Khan S, Gu H, Roizman B. Disruption of HDAC/CoREST/REST
repressor by dnREST reduces genome silencing and increases virulence of
herpes simplex virus. Proc Natl Acad Sci U S A. 2010;107:15904–9.
49. Kwiatkowski DL, Thompson HW, Bloom DC. The polycomb group protein
Bmi1 binds to the herpes simplex virus 1 latent genome and maintains
repressive histone marks during latency. J Virol. 2009;83:8173–81.
50. Cliffe AR, Coen DM, Knipe DM. Kinetics of facultative heterochromatin and
polycomb group protein association with the herpes simplex viral genome
during establishment of latent infection. MBio. 2013;4:e00590–12.

Page 7 of 8

51. Cliffe AR, Arbuckle JH, Vogel JL, Geden MJ, Rothbart SB, Cusack CL,
et al. Neuronal stress pathway mediating a histone Methyl/Phospho
switch is required for herpes simplex virus reactivation. Cell Host
Microbe. 2015;18:649–58.
52. Van Damme E, Laukens K, Dang TH, Van Ostade X. A manually curated
network of the PML nuclear body interactome reveals an important role for
PML-NBs in SUMOylation dynamics. Int J Biol Sci. 2010;6:51–67.
53. Lallemand-Breitenbach V, Zhu J, Puvion F, Koken M, Honore N, Doubeikovsky A,
et al. Role of promyelocytic leukemia (PML) sumolation in nuclear body
formation, 11S proteasome recruitment, and As2O3-induced PML or PML/retinoic
acid receptor alpha degradation. J Exp Med. 2001;193:1361–71.
54. Ishov AM, Sotnikov AG, Negorev D, Vladimirova OV, Neff N, Kamitani T, et al.
PML is critical for ND10 formation and recruits the PML-interacting protein
daxx to this nuclear structure when modified by SUMO-1. J Cell Biol. 1999;
147:221–34.
55. Salomoni P, Pandolfi PP. The role of PML in tumor suppression. Cell. 2002;
108:165–70.
56. Geoffroy MC, Chelbi-Alix MK. Role of promyelocytic leukemia protein in host
antiviral defense. J Interferon Cytokine Res. 2011;31:145–58.
57. Zhong S, Salomoni P, Pandolfi PP. The transcriptional role of PML and the
nuclear body. Nat Cell Biol. 2000;2:E85–90.
58. Cohen N, Sharma M, Kentsis A, Perez JM, Strudwick S, Borden KL. PML RING
suppresses oncogenic transformation by reducing the affinity of eIF4E for
mRNA. EMBO J. 2001;20:4547–59.
59. Wang ZG, Delva L, Gaboli M, Rivi R, Giorgio M, Cordon-Cardo C, et al. Role of
PML in cell growth and the retinoic acid pathway. Science. 1998;279:1547–51.
60. Bernardi R, Pandolfi PP. Role of PML and the PML-nuclear body in the
control of programmed cell death. Oncogene. 2003;22:9048–57.
61. Carbone R, Pearson M, Minucci S, Pelicci PG. PML NBs associate with the
hMre11 complex and p53 at sites of irradiation induced DNA damage.
Oncogene. 2002;21:1633–40.
62. Zhou W, Bao S. PML-mediated signaling and its role in cancer stem cells.
Oncogene. 2014;33:1475–84.
63. Chelbi-Alix MK, Pelicano L, Quignon F, Koken MH, Venturini L, Stadler M,
et al. Induction of the PML protein by interferons in normal and APL cells.
Leukemia. 1995;9:2027–33.
64. Stadler M, Chelbi-Alix MK, Koken MH, Venturini L, Lee C, Saib A, et al.
Transcriptional induction of the PML growth suppressor gene by
interferons is mediated through an ISRE and a GAS element. Oncogene.
1995;11:2565–73.
65. Chelbi-Alix MK, de The H. Herpes virus induced proteasome-dependent
degradation of the nuclear bodies-associated PML and Sp100 proteins.
Oncogene. 1999;18:935–41.
66. Saffert RT, Kalejta RF. Inactivating a cellular intrinsic immune defense
mediated by Daxx is the mechanism through which the human
cytomegalovirus pp 71 protein stimulates viral immediate-early gene
expression. J Virol. 2006;80:3863–71.
67. Leppard KN, Emmott E, Cortese MS, Rich T. Adenovirus type 5 E4 Orf3
protein targets promyelocytic leukaemia (PML) protein nuclear domains for
disruption via a sequence in PML isoform II that is predicted as a protein
interaction site by bioinformatic analysis. J Gen Virol. 2009;90:95–104.
68. Florin L, Schafer F, Sotlar K, Streeck RE, Sapp M. Reorganization of nuclear domain
10 induced by papillomavirus capsid protein l2. Virology. 2002;295:97–107.
69. Lunardi A, Gaboli M, Giorgio M, Rivi R, Bygrave A, Antoniou M, et al. A Role
for PML in Innate Immunity. Genes Cancer. 2011;2:10–9.
70. Regad T, Saib A, Lallemand-Breitenbach V, Pandolfi PP, de The H,
Chelbi-Alix MK. PML mediates the interferon-induced antiviral state
against a complex retrovirus via its association with the viral
transactivator. EMBO J. 2001;20:3495–505.
71. Chee AV, Lopez P, Pandolfi PP, Roizman B. Promyelocytic leukemia
protein mediates interferon-based anti-herpes simplex virus 1 effects.
J Virol. 2003;77:7101–5.
72. Maul GG, Ishov AM, Everett RD. Nuclear domain 10 as preexisting potential
replication start sites of herpes simplex virus type-1. Virology. 1996;217:67–75.
73. Gu H, Zheng Y, Roizman B. The interaction of herpes simplex virus ICP0
with ND10 Bodies: a sequential process of adhesion, Fusion and Retention.
J Virol. 2013;87:10244–54.
74. Maul GG, Everett RD. The nuclear location of PML, a cellular member of
the C3HC4 zinc-binding domain protein family, is rearranged during
herpes simplex virus infection by the C3HC4 viral protein ICP0. J Gen
Virol. 1994;75:1223–33.

Gu and Zheng Virology Journal (2016) 13:62

75. Zheng Y, Gu H. Identification of three redundant segments responsible
for herpes simplex virus 1 ICP0 to fuse with ND10 nuclear bodies. J
Virol. 2015;89:4214–26.
76. Everett RD, Freemont P, Saitoh H, Dasso M, Orr A, Kathoria M, et al. The
disruption of ND10 during herpes simplex virus infection correlates with the
Vmw110- and proteasome-dependent loss of several PML isoforms. J Virol.
1998;72:6581–91.
77. Maul GG, Guldner HH, Spivack JG. Modification of discrete nuclear domains
induced by herpes simplex virus type 1 immediate early gene 1 product
(ICP0). J Gen Virol. 1993;74:2679–90.
78. Stow ND, Stow EC. Isolation and characterization of a herpes simplex virus
type 1 mutant containing a deletion within the gene encoding the
immediate early polypeptide Vmw110. J Gen Virol. 1986;67:2571–85.
79. Lium EK, Silverstein S. Mutational analysis of the herpes simplex virus type 1
ICP0 C3HC4 zinc ring finger reveals a requirement for ICP0 in the expression
of the essential alpha27 gene. J Virol. 1997;71:8602–14.
80. Everett RD, Parada C, Gripon P, Sirma H, Orr A. Replication of ICP0-null
mutant herpes simplex virus type 1 is restricted by both PML and Sp100. J
Virol. 2008;82:2661–72.
81. Lukashchuk V, Everett RD. Regulation of ICP0-null mutant herpes simplex
virus type 1 infection by ND10 components ATRX and hDaxx. J Virol. 2010;
84:4026–40.
82. Everett RD, Rechter S, Papior P, Tavalai N, Stamminger T, Orr A. PML
contributes to a cellular mechanism of repression of herpes simplex virus
type 1 infection that is inactivated by ICP0. J Virol. 2006;80:7995–8005.
83. Glass M, Everett RD. Components of PML Nuclear Bodies (ND10) act
cooperatively to repress herpesvirus infection. J Virol. 2013;87:2174–85.
84. Lin RJ, Egan DA, Evans RM. Molecular genetics of acute promyelocytic
leukemia. Trends Genet. 1999;15:179–84.
85. Degos L, Wang ZY. All trans retinoic acid in acute promyelocytic leukemia.
Oncogene. 2001;20:7140–5.
86. Boisvert FM, Kruhlak MJ, Box AK, Hendzel MJ, Bazett-Jones DP. The
transcription coactivator CBP is a dynamic component of the promyelocytic
leukemia nuclear body. J Cell Biol. 2001;152:1099–106.
87. Wu WS, Vallian S, Seto E, Yang WM, Edmondson D, Roth S, et al. The growth
suppressor PML represses transcription by functionally and physically
interacting with histone deacetylases. Mol Cell Biol. 2001;21:2259–68.
88. Cho S, Park JS, Kang YK. Dual functions of histone-lysine Nmethyltransferase Setdb1 protein at promyelocytic leukemia-nuclear body
(PML-NB): maintaining PML-NB structure and regulating the expression of
its associated genes. J Biol Chem. 2011;286:41115–24.
89. Lin RJ, Nagy L, Inoue S, Shao W, Miller Jr WH, Evans RM. Role of the histone
deacetylase complex in acute promyelocytic leukaemia. Nature. 1998;391:811–4.
90. Schenk T, Chen WC, Gollner S, Howell L, Jin L, Hebestreit K, et al. Inhibition of
the LSD1 (KDM1A) demethylase reactivates the all-trans-retinoic acid
differentiation pathway in acute myeloid leukemia. Nat Med. 2012;18:605–11.
91. Zhang R, Poustovoitov MV, Ye X, Santos HA, Chen W, Daganzo SM, et al.
Formation of MacroH2A-containing senescence-associated heterochromatin
foci and senescence driven by ASF1a and HIRA. Dev Cell. 2005;8:19–30.
92. Drane P, Ouararhni K, Depaux A, Shuaib M, Hamiche A. The deathassociated protein DAXX is a novel histone chaperone involved in the
replication-independent deposition of H3.3. Genes Dev. 2010;24:1253–65.
93. Venkatesh S, Workman JL. Histone exchange, chromatin structure and the
regulation of transcription. Nat Rev Mol Cell Biol. 2015;16:178–89.
94. Mattiroli F, D’Arcy S, Luger K. The right place at the right time: chaperoning
core histone variants. EMBO Rep. 2015;16:1454–66.
95. Brazina J, Svadlenka J, Macurek L, Andera L, Hodny Z, Bartek J, et al. DNA
damage-induced regulatory interplay between DAXX, p53, ATM kinase and
Wip1 phosphatase. Cell Cycle. 2015;14:375–87.
96. Seeler JS, Marchio A, Sitterlin D, Transy C, Dejean A. Interaction of SP100
with HP1 proteins: a link between the promyelocytic leukemia-associated
nuclear bodies and the chromatin compartment. Proc Natl Acad Sci U S A.
1998;95:7316–21.
97. Khan MM, Nomura T, Kim H, Kaul SC, Wadhwa R, Shinagawa T, et al. Role of
PML and PML-RARalpha in Mad-mediated transcriptional repression. Mol
Cell. 2001;7:1233–43.
98. Fleischer S, Wiemann S, Will H, Hofmann TG. PML-associated repressor
of transcription (PAROT), a novel KRAB-zinc finger repressor, is regulated
through association with PML nuclear bodies. Exp Cell Res. 2006;312:
901–12.

Page 8 of 8

99. LaMorte VJ, Dyck JA, Ochs RL, Evans RM. Localization of nascent RNA and
CREB binding protein with the PML-containing nuclear body. Proc Natl
Acad Sci U S A. 1998;95:4991–6.
100. Herrmann A, Sommer U, Pranada AL, Giese B, Kuster A, Haan S, et al. STAT3
is enriched in nuclear bodies. J Cell Sci. 2004;117:339–49.
101. Vallian S, Chin KV, Chang KS. The promyelocytic leukemia protein interacts
with Sp1 and inhibits its transactivation of the epidermal growth factor
receptor promoter. Mol Cell Biol. 1998;18:7147–56.
102. Engelhardt OG, Boutell C, Orr A, Ullrich E, Haller O, Everett RD. The
homeodomain-interacting kinase PKM (HIPK-2) modifies ND10 through
both its kinase domain and a SUMO-1 interaction motif and alters the
posttranslational modification of PML. Exp Cell Res. 2003;283:36–50.
103. Block GJ, Eskiw CH, Dellaire G, Bazett-Jones DP. Transcriptional regulation is
affected by subnuclear targeting of reporter plasmids to PML nuclear
bodies. Mol Cell Biol. 2006;26:8814–25.
104. Sawtell NM, Poon DK, Tansky CS, Thompson RL. The latent herpes simplex
virus type 1 genome copy number in individual neurons is virus strain
specific and correlates with reactivation. J Virol. 1998;72:5343–50.
105. Catez F, Picard C, Held K, Gross S, Rousseau A, Theil D, et al. HSV-1 genome
subnuclear positioning and associations with host-cell PML-NBs and
centromeres regulate LAT locus transcription during latency in neurons.
PLoS Pathog. 2012;8:e1002852.
106. Lusic M, Marini B, Ali H, Lucic B, Luzzati R, Giacca M. Proximity to PML
nuclear bodies regulates HIV-1 latency in CD4+ T cells. Cell Host Microbe.
2013;13:665–77.
107. Lukonis CJ, Burkham J, Weller SK. Herpes simplex virus type 1 prereplicative
sites are a heterogeneous population: only a subset are likely to be
precursors to replication compartments. J Virol. 1997;71:4771–81.
108. Gu H, Roizman B. Engagement of the lysine-specific demethylase/HDAC1/
CoREST/REST complex by herpes simplex virus 1. J Virol. 2009;83:4376–85.
109. Munger J, Roizman B. The US3 protein kinase of herpes simplex virus 1
mediates the posttranslational modification of BAD and prevents BADinduced programmed cell death in the absence of other viral proteins. Proc
Natl Acad Sci U S A. 2001;98:10410–5.
110. Poon AP, Benetti L, Roizman B. U(S)3 and U(S)3.5 protein kinases of herpes
simplex virus 1 differ with respect to their functions in blocking apoptosis
and in virion maturation and egress. J Virol. 2006;80:3752–64.
111. Walters MS, Kinchington PR, Banfield BW, Silverstein S.
Hyperphosphorylation of histone deacetylase 2 by alphaherpesvirus US3
kinases. J Virol. 2010;84:9666–76.
112. Gallinari P, Di Marco S, Jones P, Pallaoro M, Steinkuhler C. HDACs, histone
deacetylation and gene transcription: from molecular biology to cancer
therapeutics. Cell Res. 2007;17:195–211.
113. Jung M, Finnen RL, Neron CE, Banfield BW. The alphaherpesvirus serine/
threonine kinase us3 disrupts promyelocytic leukemia protein nuclear
bodies. J Virol. 2011;85:5301–11.
114. Kalamvoki M, Roizman B. Circadian CLOCK histone acetyl transferase
localizes at ND10 nuclear bodies and enables herpes simplex virus gene
expression. Proc Natl Acad Sci U S A. 2010;107:17721–6.
115. Cuchet-Lourenco D, Anderson G, Sloan E, Orr A, Everett RD. The viral
ubiquitin ligase ICP0 is neither sufficient nor necessary for degradation of
the cellular DNA sensor IFI16 during herpes simplex virus 1 infection. J Virol.
2013;87:13422–32.
116. Johnson KE, Bottero V, Flaherty S, Dutta S, Singh VV, Chandran B. IFI16
restricts HSV-1 replication by accumulating on the hsv-1 genome,
repressing HSV-1 gene expression, and directly or indirectly modulating
histone modifications. PLoS Pathog. 2014;10:e1004503.
117. Hwang S, Schmitt AA, Luteran AE, Toone EJ, McCafferty DG. Thermodynamic
characterization of the binding interaction between the histone demethylase
LSD1/KDM1 and CoREST. Biochemistry. 2011;50:546–57.
118. Kawaguchi Y, Tanaka M, Yokoymama A, Matsuda G, Kato K, Kagawa H,
et al. Herpes simplex virus 1 alpha regulatory protein ICP0 functionally
interacts with cellular transcription factor BMAL1. Proc Natl Acad Sci U
S A. 2001;98:1877–82.

