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Abstract: The oral cavity is often the first site where viruses interact with the human body. The oral
epithelium is a major site of viral entry, replication and spread to other cell types, where chronic
infection can be established. In addition, saliva has been shown as a primary route of person-toperson transmission for many viruses. From a clinical perspective, viral infection can lead to several
oral manifestations, ranging from common intraoral lesions to tumors. Despite the clinical and
biological relevance of initial oral infection, little is known about the mechanism of regulation of the
viral life cycle in the oral cavity. Several viruses utilize host epigenetic machinery to promote their
own life cycle. Importantly, viral hijacking of host chromatin-modifying enzymes can also lead to
the dysregulation of host factors and in the case of oncogenic viruses may ultimately play a role in
promoting tumorigenesis. Given the known roles of epigenetic regulation of viral infection, epigenetictargeted antiviral therapy has been recently explored as a therapeutic option for chronic viral infection.
In this review, we highlight three herpesviruses with known roles in oral infection, including herpes
simplex virus type 1, Epstein–Barr virus and Kaposi’s sarcoma-associated herpesvirus. We focus
on the respective oral clinical manifestations of these viruses and their epigenetic regulation, with a
specific emphasis on the viral life cycle in the oral epithelium.
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1. Introduction
The oral cavity is the initial site of contact for many viruses, permitting viral replication
in the oral epithelium and subsequent spread to other cell types in the adjacent soft tissue
(Figure 1). While the oral stratified squamous epithelium and deeper connective tissue
layers serve as potent mechanical barriers against infection, breaches in this barrier can
allow access to cellular receptors for viral fusion and entry [1]. The pathologic inflammation
initiated by periodontal pathogens in the oral cavity also facilitates the breakdown of tight
epithelial barriers, which may promote viral entry [2]. In addition to their roles as mechanical barriers, cells of the oral mucosa release cytokines, chemokines and antimicrobial
peptides, which protect against viral challenge [3,4]. Along with the cells of the oral mucosa,
saliva forms an essential component of the innate immune system, and antibacterial and
antiviral factors are readily detected in saliva [5].
Advances in viral detection through highly sensitive PCR technologies have led to the
identification of many different viruses in the saliva, gingival crevicular fluid and throat
wash samples, indicating that infectious viruses may be present in the oral cavity at a
greater rate than previously recognized [6]. The presence of infectious viruses in the oral
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cavity is of epidemiologic significance, as resulting viral shed via saliva is often the major
route of virus transmission between individuals, such as in the case of herpesviruses [7–9].
Clinically, increasing evidence supports a key role for viral pathogens in the development
of oral pathologies, including intraoral lesions, periodontal disease and oral tumor development [10,11]. These oral diseases are usually the outcome of virus-induced direct
cytotoxic effect or damage from the host’s antiviral immune response [12]. Additionally,
systemic immunosuppression, as in the case of HIV infection, can elicit the development of
secondary oral manifestations, including reactivation of secondary oral viral infections [13].
The oral effects of HIV infection are numerous and will only be discussed in this review
in the context of co-infection with other oral viruses, as the oral clinical manifestations
of
Viruses 2021, 13, x FOR PEER REVIEW
2 of 18
HIV have been reviewed extensively [14,15]. Despite the biological and clinical relevance
of oral viral infection, mechanistic studies on viral infections of the oral cavity are lacking.
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the biological and clinical relevance of oral viral infection, mechanistic studies on viral infections
of the oral cavity are lacking.
An emerging field of research has focused on the importance of epigenetic regulation of the viral life cycle and on the influence of epigenetics on the outcomes of viral in-
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HSV-2), varicella-zoster virus (VZV), human cytomegalovirus (HCMV), Epstein–Barr virus
(EBV), human herpesvirus-6 and human herpesvirus-7 (HHV-6, HHV-7) and Kaposi’s
sarcoma-associated herpesvirus (KSHV). Herpesviruses are large double-stranded DNA
viruses that are highly prevalent pathogens, causing lifelong persistent infection. After
initial lytic infection, herpesviruses establish latency in specific cell types of the infected
host. The importance of latency is that it allows herpesvirus evasion of the host immune
defenses and permits lifelong infection [18]. Importantly, herpesviruses can intermittently
undergo lytic reactivation in latently infected cells upon immunosuppression or various
external stimuli and stress factors resulting in virus replication and transmission [19]. Some
studies have also implicated dental procedures as potential sources of increased shedding
of HSV-1 into saliva and sometimes in extensive recurrence of herpes labialis [20,21]. However, it is still unclear what specific dental or anesthetic procedures trigger the increase in
HSV-1 replication in the oral cavity.
Herpesviruses can be detected in oropharyngeal swabs, saliva samples, and have been
isolated from gingival crevicular fluid samples from patients with periodontitis, indicating
both a reservoir for herpesviruses in the oral cavity and a route for viral transmission
between individuals [22–24]. Recently, herpesviruses have been implicated in the progression of periodontal disease in concert with bacterial pathogens, prompting a potential
paradigm shift in periodontitis pathogenesis, which has been reviewed extensively elsewhere [25–27]. All human herpesviruses have been implicated in oral disease to an extent,
but the prevalence of these oral clinical manifestations varies among virus families. Here,
we focus on the three herpesviruses which are most commonly connected to the oral cavity
in terms of cellular tropism, route of viral transmission and ability to produce significant
oral pathologies. Information about the specific roles for other viruses in oral disease has
been outlined in other reviews [11,28].
2.1. Herpes Simplex Virus Type 1 (HSV-1)
Primary infection with HSV-1 generally occurs during childhood, in which inoculation occurs through salivary spread or contact with an active lesion [29]. Initial exposure
to HSV-1 may be asymptomatic or present clinically as herpetic gingivostomatitis, with
possible concurrent fever, lymphadenopathy and other constitutional signs and symptoms [30]. Primary infection with HSV-1 is commonly coupled with the appearance of oral
lesions, which can affect both keratinized and non-keratinized tissues in the oral cavity
and are often localized on the gingiva, buccal mucosa and hard and soft palate [31]. After
primary infection, which typically resolves within a week, the virus maintains latency in
sensory neurons of the trigeminal ganglion, in the case of orofacial HSV-1 infection [32].
HSV-1 can be subsequently reactivated from latency in response to a variety of stimuli,
including stress, trauma, immunosuppression and UV light [20,33]. Clinically, reactivation
can result in the symptomatic recurrence of lesions in the region supplied by the portion
of the trigeminal nerve implicated in reactivation [34]. Secondary lesions often occur on
the vermillion border of the lip, termed herpes labialis. Unlike primary intraoral herpetic
lesions, secondary herpetic lesions generally occur on the keratinized mucosa, such as the
hard palate and attached gingiva [34]. While most cases of HSV-1 primary and recurrent
infections are mild, serious complications can include erythema multiforme [35], encephalitis [36] and blindness [37]. Treatment of oral herpes infections is generally palliative, but
viral nucleoside analogs such as acyclovir and its prodrug derivative, valacyclovir, can be
used to prevent recurrent lesions if taken before active blister formation [38]. However,
acyclovir resistance is a rising issue in immunocompromised individuals, who often suffer
from more frequent and severe episodes of HSV-1 reactivation [38].
2.2. Epstein–Barr Virus (EBV)
Epstein–Barr virus primarily infects B cells and epithelial cells, and infection of the
oral epithelium leads to several clinical manifestations in the oral cavity [39–41]. Infection
with EBV is ubiquitous, with over 90% of the adult population affected [42]. Once a person
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is infected by EBV, asymptomatic shedding via saliva occurs throughout the lifetime, and
viral replication in epithelial cells provides a continuous source of viral shed [7,43]. EBV
infection of B-lymphocytes results in chronic latent infection, and the close association
of lymphoid tissue with the oral epithelium may provide a source of EBV transfer and
sustained replication in oral epithelial cells [7,44]. While primary infection with EBV during
childhood is generally asymptomatic, EBV infection in young adults can lead to the development of infectious mononucleosis [41]. Throat wash samples from infected individuals
have led to the identification of EBV in oropharyngeal cells [45]. Treatment for infectious
mononucleosis is symptomatic, and specific antiviral therapy is not recommended [11].
EBV has also been associated with a number of epithelial and non-epithelial lesions in
the oral cavity as well as oral inflammatory disease, including oral lichen planus and
Sjogren’s syndrome, though a direct link is still unclear [41,46]. In addition to illness in
immunocompetent hosts, EBV infection can result in further complications in immunocompromised hosts. Oral hairy leukoplakia (OHL) is a white, hyperkeratotic patch on the
lateral border of the tongue common in HIV-positive individuals, and EBV lytic replication
has been detected in samples from OHL lesions [47]. Importantly, EBV is also a known
human oncovirus, and is linked to malignancies including nasopharyngeal carcinoma and
Burkitt’s lymphoma, a non-Hodgkin’s lymphoma that is prevalent in the African continent, particularly among children [48,49]. Oral involvement is highly common in endemic
Burkitt’s lymphoma, accompanied by bony expansion of the maxilla [50]. Recently, EBV
co-infection with human papilloma virus (HPV) has been described in oropharyngeal
carcinoma samples. This finding, along with the observation that HPV can mediate lytic
reactivation of EBV in oral epithelial cells, suggests an additional role for EBV involvement
in tumorigenesis in the oral cavity [51,52].
2.3. Kaposi’s Sarcoma-Associated Herpesvirus (KSHV)
KSHV is the most recently identified member of the human herpesvirus family, and is
the etiologic agent of Kaposi’s sarcoma (KS) [53], primary effusion lymphoma [54], and
multicentric Castleman’s disease [55]. KS is a neoplasm of endothelial origin and is one
of the most prevalent AIDS-associated malignancies. KS lesions can be present on both
cutaneous and mucosal surfaces [56]. Oral KS mainly develops on the palate, the attached
gingiva, and on the dorsum of the tongue, and can be observed in up to 60% of AIDS
patients [57–59]. Testing the survival of 138 patients with HIV-1-associated KS revealed that
patients with oral KS had a 3.4-fold higher death rate than those with cutaneous KS [60].
For AIDS-associated KS lesions, combined antiretroviral therapy is currently the standard
treatment [56]. KSHV is primarily transmitted orally, and viral shed in the saliva is both
frequent and recurrent in infected individuals [8,24,61,62]. KSHV can infect oral epithelial
cells to produce progeny virus in vitro, providing additional evidence for productive oral
KSHV infection [40,63]. Additionally, studies in oral epithelial organotypic raft cultures
demonstrated that epithelial differentiation induces KSHV productive infection, indicating
a mechanism for viral shed from the superficial layers of the oral epithelium [64]. The
abundant lymphoid tissue in the oral cavity provides a population of B cells, such as
tonsillar B cells, where KSHV can establish a latent infection [65,66]. KSHV can also latently
infect oral fibroblasts, which enhances the secretion of KS-promoting cytokines from
infected oral fibroblasts and increases their invasiveness, highlighting the potential role
for KSHV-infected oral fibroblasts in facilitating oral KS [67,68]. Moreover, the oral cavity
provides a unique site of interaction between KSHV and common periodontal pathogens,
such as Porphyromonas gingivalis and Staphylococcus aureus, which have been shown to be
able to reactivate the virus from latency in infected oral cells [69–71], indicating a complex
interplay between KSHV infection and the oral microbiome.
3. Impact of Host Epigenetic Machinery on the Viral Life Cycle
The fundamental building block of chromatin is the nucleosome, which consists of
147 base pairs of DNA wrapped around a histone octamer, containing two copies of each
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of the four histone proteins, H2A, H2B, H3 and H4. The expression of genes in eukaryotes
is regulated by the state of their chromatin structures, which can be either transcriptionally
active (euchromatin) or repressed (heterochromatin). The regulation of the chromatin structure associated with gene regulatory DNA sequences, such as promoters and enhancers,
determines the expression level of genes. Chromatin dynamics are controlled by a large
variety of epigenetic factors including ATP-dependent chromatin-remodeling complexes,
enzymes regulating DNA methylation and histone modifying enzymes that regulate posttranslational modifications (PTMs) of histones [72,73]. Presently, more than 130 different
posttranslational modifications have been identified on histones (histone marks), of which
only a few have been studied so far for their role in the regulation of cellular genes and
even less in the regulation of viral infections [74].
Viruses can hijack host chromatin-modifying enzymes to modulate their own gene
expression and promote viral infection [16]. Additionally, viral-mediated dysregulation
of cellular epigenetic enzymes can specifically target host genes, including those related
to the DNA damage and innate immune response pathways [16]. As a result, epigenetic
regulation is an important driver of tumorigenesis during oncoviral infections. While
the specific mechanisms vary between oncogenic viruses, epigenetic regulation is crucial
to the expression of viral oncogenes and viral deregulation of host gene expression [75].
Additionally, viruses may encode specific factors which can enhance, inhibit or redirect host
chromatin modifying enzymes [16]. Since epigenetic gene regulation has been shown to be
crucial for controlling many viral infections, epigenetic-targeted antiviral therapies have
been increasingly explored, indicating an increased need for research into the epigenetic
mechanisms that regulate viral infections [17,76].
Herpesviruses have two distinct life cycles: latency and lytic. While only a few viral
genes are expressed during latency, the lytic cycle is characterized by the temporally
ordered induction of immediate early (IE), early (E) and late (L) lytic genes as well as
viral DNA replication and virus production. Upon entry into the host cell nucleus, the
herpesvirus DNA genome undergoes circularization and chromatinization within the
first hours of infection [77]. One of the hallmarks of the herpesviruses is the ability to
establish chronic infections, which is accomplished by the establishment of latency. In
this dormant state, the viral DNA has a stable chromatin structure, similar to that of the
cellular genome, and persists in the nucleus of infected cells as a non-integrated, circular
mini-chromosome (episome), while the lytic gene expression is repressed through various
chromatin and DNA modifications [78,79]. Diverse external and internal stimuli can evoke
herpesvirus reactivation from latency, leading to chromatin changes on the viral episome,
which promote the de-repression and full expression of lytic viral genes [78]. Here, we
specifically focus on the epigenetic regulation of HSV-1, EBV, and KSHV during infection
of oral epithelial cells, which results in detectable virus load in the oral cavity of infected
individuals (Figure 2).
3.1. Transcriptional and Epigenetic Control of HSV-1 Infection
Following the initial lytic replication in epithelial cells, HSV-1 establishes latent infection in sensory neurons. During lytic infection the viral DNA is associated with histones
enriched with activating histone marks such as H3K4me3 and histone acetylation that
support lytic viral gene expression [80,81]. Lytic viral factors are also crucial to circumvent
host epigenetic repression of lytic viral genes to promote viral replication. The VP16 viral
protein is part of the HSV-1 virion and is therefore delivered into cells during infection. Importantly, VP16 interacts with Oct-1 and host cell factor 1 (HCF-1), forming a transcriptional
regulatory complex, which is essential for inducing lytic viral genes following primary
infection of epithelial cells [82,83]. Nuclear localization of the VP16 and HCF-1 complex in
epithelial cells is a critical step in initiating the lytic gene cascade, whereas the cytoplasmic
localization of these factors in neuronal cells can promote viral latency [79,84,85]. In the
nucleus, VP16/HCF-1 associates with octamer binding transcription factor (Oct-1) to form
enhancer core complexes at viral immediate early (IE) genes. HCF-1 in turn recruits several

Viruses 2021, 13, 681

6 of 17

histone-modifying complexes, including H3K9 demethylases (e.g., LSD1, JMJD2), H3K4
methyltransferases (e.g., Set1/MLL) as well as histone acetyltransferases (e.g., CBP/p300)
(Figure 2) [79,86]. This step in the HSV-1 productive infection is a potential target for
Viruses 2021, 13, x FOR PEER REVIEW
6 of 18
epigenetic-directed therapy, as it has been shown that inhibition of H3K9 demethylase
LSD1 or JMJD2 can inhibit lytic viral gene expression and reactivation from latency [87,88].
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Bmi1, a member of the polycomb repressive complex 1 (PRC1) has also been demonstrated
to bind to specific sites in the HSV-1 genome, which can contribute to viral gene silencing
during latency. Interestingly, treatment of human foreskin fibroblasts with small molecule
inhibitors of EZH1/2 induced a cellular antiviral immune response, thereby suppressing
HSV-1 lytic infection, indicating another possible epigenetic drug target for herpesvirus
infections [98]. Further details about the regulation of viral latency and reactivation in
neurons both in vitro and in mouse and rabbit models can be found in recent publications [99–102].
3.2. Epigenetic and Transcriptional Principles Governing EBV Infection
EBV infection of oral epithelial cells provides a primary source of viral shed, and as
a member of the gammaherpesvirus family, EBV then establishes a chronic infection of B
cells [7]. While we know little about how EBV DNA acquires chromatin and its different
epigenetic modifications following de novo infection, we know much more about the
chromatin state of EBV DNA in infected B cells. During latent infection, several copies of
the EBV episome are maintained in the host nucleus with lytic gene expression repressed by
multiple different mechanisms [103–105]. EBV demonstrates four distinct levels of latency,
classified as latency 0-III, in which promoter switching dictates latent gene expression,
including subsets of the six Epstein–Barr nuclear antigens (EBNA) and three latency membrane proteins (LMP) [106]. Diversity in repressive versus active chromatin mark deposition
on individual classes of latency genes contributes to differential gene expression during
respective latency stages, with genome-wide correlation between repressive H3K9me3
marks and DNA methylation [107].
During latency, actively transcribed latent gene promoters are enriched in the activating H3K4me3 histone mark, while repressive H3K9me3 and H3K27me3 marks limit the
expression of lytic viral genes [103,108–110]. Host factor CCCTC-binding factor (CTCF)
insulates segments from the EBV genome to separate repressive and activating histone
modifications to regulate the various stages of EBV latency [108,111]. De novo CpG methylation by host DNA methyltransferases is a slower process, with gradual increases in DNA
methylation marks in the weeks following initial infection, suggesting that DNA methylation plays a role in stabilizing the latent genome [112]. Latent viral proteins can also modify
host chromatin, such as in the case of latent factors EBNA3A- and EBNA3C-dependent
recruitment of PRC2 to deposit repressive H3K27me3 marks on host tumor suppressor
genes [107,113]. In nasopharyngeal carcinoma cells, EBV infection has also been shown
to be associated with loss of H3K4me3/H3K27me3 bivalency in the promoter regions of
crucial DNA damage response genes, demonstrating a viral mechanism of host chromatin
regulation that may drive tumorigenesis in the epithelium [114].
B cell activation triggers EBV reactivation from latency, whereby the viral switch
protein Zta is expressed along with immediate-early protein Rta, which together drive the
ordered expression of the EBV lytic gene cascade [115]. Zta acts as a pioneer factor, binding
preferentially to methylated viral promoters co-localizing with repressive H3K9me3 marks
to recruit chromatin remodelers [110,116,117]. Interestingly, DNA methylation is required
for Zta-driven lytic gene expression, and EBV must first establish a latent infection before
it is able to complete its lytic cycle [118]. During reactivation, PRC2 is released from the
viral genome, leading to a decrease in H3K27me3 marks [117]. Zta also recruits CBP
acetyltransferase to deposit activating histone marks, and this Zta-dependent release from
epigenetic repression allows for the progression of the viral lytic cycle (Figure 2) [119].
While EBV latency programs have been widely characterized in the context of B-cell
infection, EBV is generally thought to establish a lytic infection in the oral epithelium,
with lytic gene expression detected in tonsillar epithelium and oral hairy leukoplakia
epithelial lesions [120–124]. However, latent EBV gene expression has also been detected
in oral epithelial dysplasia and oral squamous cell carcinoma samples, with an enhanced
expression of latent genes in more dysplastic tissue [123,125]. To study latent epithelial
infection that may drive carcinogenesis, a human telomerase-immortalized normal oral
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keratinocyte (NOK) cell line has been developed as a model of latent EBV infection [126].
Transient infection of NOKs results in a shift in host CpG methylation patterns and a
resultant modulation in host cell gene expression, with impaired differentiation ability of
the oral keratinocytes upon external differentiation stimuli [127]. In NOK cells, many lytic
gene promoters exist in an unmethylated state, and therefore EBV Rta, rather than EBV
Zta, is necessary to reactivate these cells from latency, indicating a divergent mechanism of
latent gene regulation in an oral cell line [128]. Moreover, specific differentiation-dependent
cellular transcription factors in the oral keratinocytes are key to expression of Zta and Rta
factors and induction of the lytic cycle [129–131]. Enhanced cell motility and invasiveness
upon transient EBV infection of NOKs is maintained after loss of the virus, indicating the
ability of viral infection to confer lasting epigenetic changes in oral cells [132].
3.3. Epigenetic Regulation of the Biphasic Life Cycle of KSHV
There is no well-established animal model to study KSHV infection in vivo, although
oral infection of common marmoset was shown to be able to recapitulate some aspects of
KS development in a non-human primate model [133]. Thus, the vast majority of studies
on the regulation of KSHV infection and viral transmission rely on studying infection of
various cell culture models. In contrast to HSV-1, the default pathway for KSHV infection
is the establishment of latency in most cell types, while oral epithelial cells and dermal
lymphatic microvascular endothelial cells have been demonstrated to support lytic primary
KSHV infection to some degree [63,134–137]. Importantly, the expression of IE gene ORF50
encoding the replication and transcription activator protein RTA is necessary and sufficient
to induce the lytic cycle of KSHV both in latently infected cells and following de novo
infection [138,139]. RTA can induce lytic genes by binding to their promoters and recruiting
epigenetic factors such as CBP/p300, SWI/SNF, mediator, and histone demethylases that
can alter the viral chromatin to favor viral gene expression (Figure 2) [140–143]. Since RTA
has an E3 ubiquitin ligase activity, it can also promote lytic gene expression by inducing
the degradation of host proteins repressing KSHV gene transcription [144–146].
Most of the information on the epigenetic regulation of the KSHV genome comes
from studies using latently infected primary effusion B cell lymphoma (PEL) cell lines that
were originally isolated from KSHV+ patients. In latently infected PEL cells, the latencyassociated locus of the KSHV genome is enriched only in activating histone marks (AcH3
and H3K4me3), whereas there is a mutually exclusive distribution of both activating (AcH3
and H3K4me3) and repressive (H3K9me3 and H3K27me3) histone marks throughout the
rest of KSHV genome [147,148]. EZH2, the histone methyltransferase subunit of PRC2, is
responsible for the global deposition of repressive H3K27me3 marks on the viral genome,
and shRNA depletion or chemical inhibition of EZH2 can lead to the upregulation of lytic
genes [148]. Importantly, the histone mark patterns and many of the other epigenetic regulations of the latent KSHV genome in PEL cells have been confirmed in a number of different
KSHV-infected adherent cell types and in Kaposi’s sarcoma tissues as well [139,147,149].
Strikingly, prior to the establishment of KSHV latency, a number of lytic viral genes
that possess immunomodulatory and antiapoptotic functions were shown to be transiently
expressed following de novo infection [150]. This burst of lytic gene expression can be
explained by the viral genome’s association with euchromatin in the first 24 h of primary
infection and lacking of the PRC2-regulated heterochromatin [139]. However, by 72 h
post-infection, the enrichment of activating histone marks such as H3K27ac and H3K4me3
declines and they are restricted to specific genomic regions, while the binding of PRC1
and PRC2 factors and their corresponding histone marks H2AK119ub and H3K27me3
increase genome-wide on the KSHV genome [139,151,152]. These chromatin changes are
accompanied by the suppression of lytic gene transcription while latent genes are continuously expressed. The observed temporal and spatial distribution of histone marks along
the viral genome during establishment and maintenance of latency have been linked to the
controlled recruitment of histone modifying enzymes to the viral episomes [139,152,153].
The mechanism of the specific spatial and temporal targeting of epigenetic factors to the
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KSHV genome is still largely unknown. However, in some cases, specific KSHV proteins,
the viral long non-coding PAN RNA, and the unmethylated CpG motifs in the viral DNA
have been implicated in the regulation of the recruitment of host epigenetic factors to
the viral episome [152,154,155]. A recent siRNA screen of host epigenetic factors during
de novo KSHV infection identified several new players in the formation of the KSHV
epigenome and establishment of latency beyond PRC1 and PRC2, which includes the
histone demethlyase KDM2B, NuRD and Tip60 repressive complexes among many others [156]. It is likely that the binding of all of these host epigenetic factors contribute to the
different epigenetic layers of the KSHV episome, which can support the establishment and
maintenance of the chromatin structure of latent viral episomes.
KSHV lytic gene expression and replication in oral epithelial cells after primary
infection raises the question of how these cells are different from other cell types that
do not support de novo lytic infection. Investigation of KSHV-infected immortalized
gingival epithelial cells revealed that while there was an increased amount of H3K4me3 and
H3K27ac on both latent and lytic viral promoters, deposition of the repressive H3K27me3
and H2AK119ub histone marks was very low [139]. Interestingly, lower expression of
polycomb group proteins was detected in oral epithelial cells supporting KSHV lytic
infection than in cells that did not support lytic viral infection, indicating a potential
rationale for the ability of the virus to establish productive infection in the oral cavity [139].
Moreover, a recent siRNA epigenetic screen identified histone demethylase KDM2B as
a key restriction factor of lytic gene transcription not only in latent infection but also in the
lytic infection of primary gingival epithelial cells [156]. KDM2B is a histone demethylase
associated with the removal of activating H3K4me3, H3K36me2 and H3K79me2 marks,
and has also been shown to play a role in PRC1 recruitment to specific regions in the host
genome [157–160]. The viral gene expression inhibitory function of KDM2B was linked
to its histone demethylase and DNA-binding activity [156]. KDM2B protein levels can be
dysregulated by different environmental stimuli such as hypoxia, which increases KDM2B
expression, and this can affect the outcome of KSHV infection [161,162]. Interestingly,
Naik et al. recently showed that while KDM2B normally acts as a suppressor of KSHV
lytic gene expression, overexpressed KDM2B promotes lytic gene expression during de
novo KSHV infection through interaction with the E3 ubiquitin ligase SCF complex [162].
It was demonstrated that the SCFKDM2B complex increases the half-life of c-Jun protein
during KSHV infection leading to elevated AP-1 activity, which supports lytic viral gene
expression [162]. Collectively, these studies indicate that the same host epigenetic factor
can both inhibit and promote lytic KSHV infection in a context dependent manner by either
directly altering the viral chromatin or modulating host signaling pathways that affect
viral gene expression. In fact, several histone-modifying enzymes have been described to
regulate biological processes other than chromatin-based gene regulation [163–167]. Thus,
the effects of host epigenetic enzymes on KSHV infection have to be interpreted cautiously
and in the context of the circumstances of viral infection.
Both the expression and activity of histone modifying enzymes can be influenced
by various environmental stimuli, which can affect viral pathogenesis. Recent studies
have shown that the oral microbiome can leave its imprint on oral cells through secreting
metabolic byproducts which dysregulates host epigenetic factors. It was demonstrated that
short-chain fatty acids produced by periodontal pathogens (e.g., P. gingivalis, F. nucleatum)
can either inhibit the enzymatic activity or downregulate the expression of host epigenetic
factors (e.g., EZH2) that repress KSHV gene expression thereby promoting KSHV replication in the oral cavity [71,168]. Moreover, exosomes from saliva of HIV+ individuals have
been shown to enhance lytic KSHV infection of human oral epithelial cells. This effect
was linked to HIV TAR RNA enriched in the exosomes, but the mechanism of how the
viral TAR RNA induces KSHV gene expression remains unresolved [169]. Nevertheless,
these studies indicate that KSHV replication can benefit from both bacterial and other
viral infections in the oral cavity, which can increase shedding of KSHV into saliva and
KSHV transmission.
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4. Outlook for Epigenetic-Directed Therapeutic Interventions for Viral Infections
Oral transmission and infection of oral epithelial cells is conserved among many
viruses, and a range of oral pathologies associated with viral infections include but are not
limited to the herpesvirus family [6,11,13,29,170]. Epigenetic drugs have gained increasing
interest in the field of cancer research, and many of these drugs have been approved for
the treatment of select cancers [171]. Given the significance of epigenetic regulation of oral
viral infection, many of the cancer epigenetic drugs can also provide a promising avenue
for therapeutic intervention of viral infections [17]. HIV has served as the hallmark for the
study of epigenetic manipulation in antiviral therapeutics. Two paradigms, deemed the
“shock and kill” and “block and lock” strategies, have been developed. In the “shock and
kill” paradigm, HIV-infected cells are treated with histone deacetylase, DNA methyltransferase and/or histone methyltransferase inhibitors to induce reactivation of the virus from
latency, which makes the infected cells and the virus visible for the immune system to
eliminate the latent viral pools [17,172,173]. Alternatively, the “block and lock” paradigm
aims to push latent HIV reservoirs into tight latency through inhibition of Tat-dependent
transcription [17,174]. Epigenetic drugs have also been tested in the context of other
chronic viral infections, such as in the use of bromodomain and extra-terminal domain
(BET) inhibitors to target HPV and herpesvirus infections [175,176]. Similarly, inhibitors of
lysine-specific histone demethylase 1 (LSD1) and PRC2 enzymatic subunit EZH2 have been
shown to blunt HSV-1 reactivation [98,177,178]. However, the specific in vivo applications
of epigenetic drugs in the context of oral viral infection have yet to be explored.
5. Conclusions
The impact of epigenetic regulation on viral infection has been a field of increasing
interest, leading to an enhanced understanding of the interplay between key virus and host
factors in the progression of the viral life cycle. The reversibility of epigenetic modifications
creates an opportunity to use epigenetic-targeted therapies to both treat and prevent viral
infections. The oral cavity plays a crucial role as a viral entry site and as a site that is
permissive to productive herpesvirus infection. As a unique site of host–virus interaction,
the epidemiologic relevance of oral transmission as a major source of viral spread warrants
further study into the regulation of the viral life cycle in the oral cavity.
Author Contributions: Writing–original draft preparation, N.A. and M.D.R.; writing—review and
editing, N.A., B.P. and Z.T. All authors have read and agreed to the published version of the manuscript.
Funding: This work was funded by American Cancer Society Research Scholar Grant (RSG-18-22101-MPC) and the National Institute of Health (R01DE028331, R03DE028029, R01AI132554). NA was
supported by NIH/NIDCR Training Grant T90DE021990.
Acknowledgments: We thank the members of the Papp laboratory and the Toth laboratory for
helpful discussions.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.

Bomsel, M.; Alfsen, A. Entry of viruses through the epithelial barrier: Pathogenic trickery. Nat. Rev. Mol. Cell Biol. 2003, 4, 57–68.
[CrossRef]
Groeger, S.E.; Meyle, J. Epithelial barrier and oral bacterial infection. Periodontology 2000 2015, 69, 46–67. [CrossRef]
Groeger, S.; Meyle, J. Oral mucosal epithelial cells. Front. Immunol. 2019, 10, 208. [CrossRef]
Dommisch, H.; Jepsen, S. Diverse functions of defensins and other antimicrobial peptides in periodontal tissues. Periodontol. 2000
2015, 69, 96–110. [CrossRef]
Malamud, D.; Abrams, W.R.; Barber, C.A.; Weissman, D.; Rehtanz, M.; Golub, E. Antiviral activities in human saliva. Adv. Dent.
Res. 2011, 23, 34–37. [CrossRef]
Corstjens, P.L.; Abrams, W.R.; Malamud, D. Saliva and viral infections. Periodontology 2000 2016, 70, 93–110. [CrossRef] [PubMed]
Hadinoto, V.; Shapiro, M.; Sun, C.C.; Thorley-Lawson, D.A. The dynamics of EBV shedding implicate a central role for epithelial
cells in amplifying viral output. PLoS Pathog. 2009, 5, e1000496. [CrossRef] [PubMed]

Viruses 2021, 13, 681

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

11 of 17

Minhas, V.; Wood, C. Epidemiology and transmission of Kaposi’s sarcoma-associated herpesvirus. Viruses 2014, 6, 4178–4194.
[CrossRef] [PubMed]
Sacks, S.L.; Griffiths, P.D.; Corey, L.; Cohen, C.; Cunningham, A.; Dusheiko, G.M.; Self, S.; Spruance, S.; Stanberry, L.R.; Wald, A.; et al.
HSV shedding. Antiviral. Res. 2004, 63 (Suppl. 1), S19–S26. [CrossRef] [PubMed]
Grinde, B.; Olsen, I. The role of viruses in oral disease. J. Oral. Microbiol. 2010, 2. [CrossRef] [PubMed]
Clarkson, E.; Mashkoor, F.; Abdulateef, S. Oral viral infections: Diagnosis and management. Dent. Clin. N. Am. 2017, 61, 351–363.
[CrossRef] [PubMed]
Rouse, B.T.; Sehrawat, S. Immunity and immunopathology to viruses: What decides the outcome? Nat. Rev. Immunol. 2010, 10,
514–526. [CrossRef] [PubMed]
Asai, D.; Nakashima, H. Pathogenic viruses commonly present in the oral cavity and relevant antiviral compounds derived from
natural products. Medicines (Basel) 2018, 5, 120. [CrossRef] [PubMed]
Tappuni, A.R. The global changing pattern of the oral manifestations of HIV. Oral Dis. 2020, 26 (Suppl. 1), 22–27. [CrossRef]
Heron, S.E.; Elahi, S. HIV infection and compromised mucosal immunity: Oral manifestations and systemic inflammation. Front.
Immunol. 2017, 8, 241. [CrossRef]
Li, S.; Kong, L.; Yu, X.; Zheng, Y. Host-virus interactions: From the perspectives of epigenetics. Rev. Med. Virol. 2014, 24, 223–241.
[CrossRef]
Nehme, Z.; Pasquereau, S.; Herbein, G. Control of viral infections by epigenetic-targeted therapy. Clin. Epigenet. 2019, 11, 55.
[CrossRef]
Cohen, J.I. Herpesvirus latency. J. Clin. Investig. 2020, 130, 3361–3369. [CrossRef] [PubMed]
Stoeger, T.; Adler, H. “Novel” triggers of herpesvirus reactivation and their potential health relevance. Front. Microbiol. 2018,
9, 3207. [CrossRef]
El Hayderi, L.; Raty, L.; Failla, V.; Caucanas, M.; Paurobally, D.; Nikkels, A.F. Severe herpes simplex virus type-I infections after
dental procedures. Medicina Oral Patología Oral y Cirugia Bucal 2011, 16, e15–e18. [CrossRef]
El Hayderi, L.; Delvenne, P.; Rompen, E.; Senterre, J.M.; Nikkels, A.F. Herpes simplex virus reactivation and dental procedures.
Clin. Oral Investig. 2013, 17, 1961–1964. [CrossRef] [PubMed]
Grenier, G.; Gagnon, G.; Grenier, D. Detection of herpetic viruses in gingival crevicular fluid of patients suffering from periodontal
diseases: Prevalence and effect of treatment. Oral Microbiol. Immunol. 2009, 24, 506–509. [CrossRef] [PubMed]
Victória, J.M.; Guimarães, A.L.; da Silva, L.M.; Kalapothakis, E.; Gomez, R.S. Polymerase chain reaction for identification of
herpes simplex virus (HSV-1), cytomegalovirus (CMV) and human herpes virus-type 6 (HHV-6) in oral swabs. Microbiol. Res.
2005, 160, 61–65. [CrossRef]
Casper, C.; Krantz, E.; Selke, S.; Kuntz, S.R.; Wang, J.; Huang, M.L.; Pauk, J.S.; Corey, L.; Wald, A. Frequent and asymptomatic
oropharyngeal shedding of human herpesvirus 8 among immunocompetent men. J. Infect. Dis. 2007, 195, 30–36. [CrossRef]
Slots, J. Herpesviral-bacterial synergy in the pathogenesis of human periodontitis. Curr. Opin. Infect. Dis. 2007, 20, 278–283.
[CrossRef]
Zhu, C.; Li, F.; Wong, M.C.; Feng, X.P.; Lu, H.X.; Xu, W. Association between herpesviruses and chronic periodontitis: A
meta-analysis based on case-control studies. PLoS ONE 2015, 10, e0144319. [CrossRef]
Emecen-Huja, P.; Danaher, R.J.; Dawson, D.R.; Wang, C.; Kryscio, R.J.; Ebersole, J.L.; Miller, C.S. Relationship between herpesviruses and periodontal disease progression. J. Clin. Periodontol. 2020, 47, 442–450. [CrossRef]
Doumas, S.; Vladikas, A.; Papagianni, M.; Kolokotronis, A. Human cytomegalovirus-associated oral and maxillo-facial disease.
Clin. Microbiol. Infect. 2007, 13, 557–559. [CrossRef] [PubMed]
Sällberg, M. Oral viral infections of children. Periodontol. 2000 2009, 49, 87–95. [CrossRef]
Petti, S.; Lodi, G. The controversial natural history of oral herpes simplex virus type 1 infection. Oral Dis. 2019, 25, 1850–1865.
[CrossRef]
Arduino, P.G.; Porter, S.R. Herpes Simplex Virus Type 1 infection: Overview on relevant clinico-pathological features. J. Oral
Pathol. Med. 2008, 37, 107–121. [CrossRef]
Kumar, S.; Chandy, M.; Shanavas, M.; Khan, S.; Suresh, K. Pathogenesis and life cycle of herpes simplex virus infection-stages of
primary, latency and recurrence. J. Oral Maxillofac. Surg. Med. Pathol. 2016, 28, 350–353. [CrossRef]
Yan, C.; Luo, Z.; Li, W.; Li, X.; Dallmann, R.; Kurihara, H.; Li, Y.F.; He, R.R. Disturbed Yin-Yang balance: Stress increases the
susceptibility to primary and recurrent infections of herpes simplex virus type 1. Acta Pharm. Sin. B 2020, 10, 383–398. [CrossRef]
Tovaru, S.; Parlatescu, I.; Tovaru, M.; Cionca, L.; Arduino, P.G. Recurrent intraoral HSV-1 infection: A retrospective study of
58 immunocompetent patients from Eastern Europe. Medicina Oral Patología Oral y Cirugia Bucal 2011, 16, e163–e169. [CrossRef]
Lerch, M.; Mainetti, C.; Beretta-Piccoli, B.; Harr, T. Current perspectives on erythema multiforme. Clin. Rev. Allergy Immunol.
2018, 54, 177–184. [CrossRef]
Bradshaw, M.J.; Venkatesan, A. Herpes Simplex Virus-1 encephalitis in adults: Pathophysiology, diagnosis, and management.
Neurotherapeutics 2016, 13, 493–508. [CrossRef]
Farooq, A.V.; Shukla, D. Herpes simplex epithelial and stromal keratitis: An epidemiologic update. Surv. Ophthalmol. 2012, 57,
448–462. [CrossRef] [PubMed]
Birkmann, A.; Zimmermann, H. HSV antivirals—Current and future treatment options. Curr. Opin. Virol. 2016, 18, 9–13.
[CrossRef] [PubMed]

Viruses 2021, 13, 681

39.
40.
41.
42.
43.
44.
45.
46.
47.

48.
49.
50.
51.

52.

53.
54.
55.

56.
57.
58.
59.
60.
61.
62.
63.

64.
65.
66.

12 of 17

Chen, J.; Longnecker, R. Epithelial cell infection by Epstein-Barr virus. FEMS Microbiol. Rev. 2019, 43, 674–683. [CrossRef]
[PubMed]
Webster-Cyriaque, J.; Duus, K.; Cooper, C.; Duncan, M. Oral EBV and KSHV infection in HIV. Adv. Dent. Res. 2006, 19, 91–95.
[CrossRef] [PubMed]
Kikuchi, K.; Inoue, H.; Miyazaki, Y.; Ide, F.; Kojima, M.; Kusama, K. Epstein-Barr virus (EBV)-associated epithelial and nonepithelial lesions of the oral cavity. Jpn. Dent. Sci. Rev. 2017, 53, 95–109. [CrossRef]
Smatti, M.K.; Al-Sadeq, D.W.; Ali, N.H.; Pintus, G.; Abou-Saleh, H.; Nasrallah, G.K. Epstein-Barr virus epidemiology, serology,
and genetic variability of LMP-1 oncogene among healthy population: An update. Front. Oncol. 2018, 8. [CrossRef]
Walling, D.M.; Flaitz, C.M.; Nichols, C.M.; Hudnall, S.D.; Adler-Storthz, K. Persistent productive Epstein-Barr virus replication in
normal epithelial cells in vivo. J. Infect. Dis. 2001, 184, 1499–1507. [CrossRef] [PubMed]
Shannon-Lowe, C.D.; Neuhierl, B.; Baldwin, G.; Rickinson, A.B.; Delecluse, H.J. Resting B cells as a transfer vehicle for Epstein-Barr
virus infection of epithelial cells. Proc. Natl. Acad. Sci. USA 2006, 103, 7065–7070. [CrossRef] [PubMed]
Sixbey, J.W.; Nedrud, J.G.; Raab-Traub, N.; Hanes, R.A.; Pagano, J.S. Epstein-Barr virus replication in oropharyngeal epithelial
cells. N. Engl. J. Med. 1984, 310, 1225–1230. [CrossRef] [PubMed]
Tonoyan, L.; Vincent-Bugnas, S.; Olivieri, C.V.; Doglio, A. New viral facets in oral diseases: The EBV paradox. Int. J. Mol. Sci.
2019, 20, 5861. [CrossRef]
Greenspan, J.S.; Greenspan, D.; Lennette, E.T.; Abrams, D.I.; Conant, M.A.; Petersen, V.; Freese, U.K. Replication of Epstein-Barr
virus within the epithelial cells of oral “hairy” leukoplakia, an AIDS-associated lesion. N. Engl. J. Med. 1985, 313, 1564–1571.
[CrossRef]
Henle, W.; Henle, G. Evidence for a relation of Epstein-Barr virus to Burkitt’s lymphoma and nasopharyngeal carcinoma. Bibl.
Haematol. 1970, 706–713. [CrossRef]
Guidry, J.T.; Birdwell, C.E.; Scott, R.S. Epstein-Barr virus in the pathogenesis of oral cancers. Oral Dis. 2018, 24, 497–508. [CrossRef]
Silva, T.D.; Ferreira, C.B.; Leite, G.B.; de Menezes Pontes, J.R.; Antunes, H.S. Oral manifestations of lymphoma: A systematic
review. Ecancermedicalscience 2016, 10, 665. [CrossRef]
Jiang, R.; Ekshyyan, O.; Moore-Medlin, T.; Rong, X.; Nathan, S.; Gu, X.; Abreo, F.; Rosenthal, E.L.; Shi, M.; Guidry, J.T.; et al.
Association between human papilloma virus/Epstein-Barr virus coinfection and oral carcinogenesis. J. Oral Pathol. Med. 2015, 44,
28–36. [CrossRef] [PubMed]
Makielski, K.R.; Lee, D.; Lorenz, L.D.; Nawandar, D.M.; Chiu, Y.F.; Kenney, S.C.; Lambert, P.F. Human papillomavirus promotes
Epstein-Barr virus maintenance and lytic reactivation in immortalized oral keratinocytes. Virology 2016, 495, 52–62. [CrossRef]
[PubMed]
Chang, Y.; Cesarman, E.; Pessin, M.S.; Lee, F.; Culpepper, J.; Knowles, D.M.; Moore, P.S. Identification of herpesvirus-like DNA
sequences in AIDS-associated Kaposi’s sarcoma. Science 1994, 266, 1865–1869. [CrossRef]
Cesarman, E.; Chang, Y.; Moore, P.S.; Said, J.W.; Knowles, D.M. Kaposi’s sarcoma-associated herpesvirus-like DNA sequences in
AIDS-related body-cavity-based lymphomas. N. Engl. J. Med. 1995, 332, 1186–1191. [CrossRef]
Soulier, J.; Grollet, L.; Oksenhendler, E.; Cacoub, P.; Cazals-Hatem, D.; Babinet, P.; d’Agay, M.F.; Clauvel, J.P.; Raphael, M.; Degos, L.
Kaposi’s sarcoma-associated herpesvirus-like DNA sequences in multicentric Castleman’s disease. Blood 1995, 86, 1276–1280.
[CrossRef]
Etemad, S.A.; Dewan, A.K. Kaposi sarcoma updates. Dermatol. Clin. 2019, 37, 505–517. [CrossRef]
Pantanowitz, L.; Khammissa, R.A.; Lemmer, J.; Feller, L. Oral HIV-associated Kaposi sarcoma. J. Oral Pathol. Med. 2013, 42,
201–207. [CrossRef]
Kalpidis, C.D.; Lysitsa, S.N.; Lombardi, T.; Kolokotronis, A.E.; Antoniades, D.Z.; Samson, J. Gingival involvement in a case series
of patients with acquired immunodeficiency syndrome-related Kaposi sarcoma. J. Periodontol. 2006, 77, 523–533. [CrossRef]
Fatahzadeh, M.; Schwartz, R.A. Oral Kaposi’s sarcoma: A review and update. Int. J. Dermatol. 2013, 52, 666–672. [CrossRef]
Rohrmus, B.; Thoma-Greber, E.M.; Bogner, J.R.; Rocken, M. Outlook in oral and cutaneous Kaposi’s sarcoma. Lancet 2000,
356, 2160. [CrossRef]
Vieira, J.; Huang, M.L.; Koelle, D.M.; Corey, L. Transmissible Kaposi’s sarcoma-associated herpesvirus (human herpesvirus 8) in
saliva of men with a history of Kaposi’s sarcoma. J. Virol. 1997, 71, 7083–7087. [CrossRef]
Pauk, J.; Huang, M.L.; Brodie, S.J.; Wald, A.; Koelle, D.M.; Schacker, T.; Celum, C.; Selke, S.; Corey, L. Mucosal shedding of human
herpesvirus 8 in men. N. Engl. J. Med. 2000, 343, 1369–1377. [CrossRef]
Duus, K.M.; Lentchitsky, V.; Wagenaar, T.; Grose, C.; Webster-Cyriaque, J. Wild-type Kaposi’s sarcoma-associated herpesvirus
isolated from the oropharynx of immune-competent individuals has tropism for cultured oral epithelial cells. J. Virol. 2004, 78,
4074–4084. [CrossRef] [PubMed]
Johnson, A.S.; Maronian, N.; Vieira, J. Activation of Kaposi’s sarcoma-associated herpesvirus lytic gene expression during
epithelial differentiation. J. Virol. 2005, 79, 13769–13777. [CrossRef]
Hassman, L.M.; Ellison, T.J.; Kedes, D.H. KSHV infects a subset of human tonsillar B cells, driving proliferation and plasmablast
differentiation. J. Clin. Investig. 2011, 121, 752–768. [CrossRef]
Myoung, J.; Ganem, D. Infection of lymphoblastoid cell lines by Kaposi’s sarcoma-associated herpesvirus: Critical role of
cell-associated virus. J. Virol. 2011, 85, 9767–9777. [CrossRef]

Viruses 2021, 13, 681

67.
68.

69.
70.

71.

72.
73.
74.

75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.

88.
89.
90.
91.
92.
93.

94.

13 of 17

Dai, L.; Qin, Z.Q.; Defee, M.; Toole, B.P.; Kirkwood, K.L.; Parsons, C. Kaposi sarcoma-associated herpesvirus (KSHV) induces a
functional tumor-associated phenotype for oral fibroblasts. Cancer Lett. 2012, 318, 214–220. [CrossRef]
Dai, L.; Bai, L.H.; Lin, Z.; Qiao, J.; Yang, L.; Flemington, E.K.; Zabaleta, J.; Qin, Z.Q. Transcriptomic analysis of KSHV-infected
primary oral fibroblasts: The role of interferon-induced genes in the latency of oncogenic virus. Oncotarget 2016, 7, 47052–47060.
[CrossRef] [PubMed]
Dai, L.; Barrett, L.; Plaisance-Bonstaff, K.; Post, S.R.; Qin, Z.Q. Porphyromonas gingivalis coinfects with KSHV in oral cavities of
HIV plus patients and induces viral lytic reactivation. J. Med. Virol. 2020, 6. [CrossRef]
Dai, L.; Qiao, J.; Yin, J.; Goldstein, A.; Lin, H.-Y.; Post, S.R.; Qin, Z. Kaposi sarcoma–associated herpesvirus and Staphylococcus
aureus coinfection in oral cavities of HIV-positive patients: A unique niche for oncogenic virus lytic reactivation. J. Infect. Dis.
2019, 221, 1331–1341. [CrossRef] [PubMed]
Yu, X.L.; Shahir, A.M.; Sha, J.F.; Feng, Z.M.; Eapen, B.; Nithianantham, S.; Das, B.; Karn, J.; Weinberg, A.; Bissada, N.F.; et al.
Short-chain fatty acids from periodontal pathogens suppress histone deacetylases, EZH2, and SUV39H1 to promote Kaposi’s
sarcoma-associated herpesvirus replication. J. Virol. 2014, 88, 4466–4479. [CrossRef] [PubMed]
Deaton, A.M.; Bird, A. CpG islands and the regulation of transcription. Genes Dev. 2011, 25, 1010–1022. [CrossRef] [PubMed]
Zentner, G.E.; Henikoff, S. Regulation of nucleosome dynamics by histone modifications. Nat. Struct. Mol. Biol. 2013, 20, 259–266.
[CrossRef] [PubMed]
Tan, M.; Luo, H.; Lee, S.; Jin, F.; Yang, J.S.; Montellier, E.; Buchou, T.; Cheng, Z.; Rousseaux, S.; Rajagopal, N.; et al. Identification
of 67 histone marks and histone lysine crotonylation as a new type of histone modification. Cell 2011, 146, 1016–1028. [CrossRef]
[PubMed]
Milavetz, B.I.; Balakrishnan, L. Viral epigenetics. Methods Mol. Biol. 2015, 1238, 569–596. [CrossRef] [PubMed]
Crimi, E.; Benincasa, G.; Figueroa-Marrero, N.; Galdiero, M.; Napoli, C. Epigenetic susceptibility to severe respiratory viral
infections: Pathogenic and therapeutic implications: A narrative review. Br. J. Anaesth. 2020. [CrossRef]
Strang, B.L.; Stow, N.D. Circularization of the herpes simplex virus type 1 genome upon lytic infection. J. Virol. 2005, 79,
12487–12494. [CrossRef]
Lieberman, P.M. Epigenetics and genetics of viral latency. Cell Host Microbe 2016, 19, 619–628. [CrossRef]
Knipe, D.M.; Lieberman, P.M.; Jung, J.U.; McBride, A.A.; Morris, K.V.; Ott, M.; Margolis, D.; Nieto, A.; Nevels, M.; Parks, R.J.; et al.
Snapshots: Chromatin control of viral infection. Virology 2013, 435, 141–156. [CrossRef]
Kent, J.R.; Zeng, P.Y.; Atanasiu, D.; Gardner, J.; Fraser, N.W.; Berger, S.L. During lytic infection herpes simplex virus type 1 is
associated with histones bearing modifications that correlate with active transcription. J. Virol. 2004, 78, 10178–10186. [CrossRef]
Huang, J.; Kent, J.R.; Placek, B.; Whelan, K.A.; Hollow, C.A.; Zeng, P.Y.; Fraser, N.W.; Berger, S.L. Trimethylation of histone H3
lysine 4 by Set1 in the lytic infection of human herpes simplex virus 1. J. Virol. 2006, 80, 5740–5746. [CrossRef] [PubMed]
Kristie, T.M.; Sharp, P.A. Interactions of the Oct-1 POU subdomains with specific DNA sequences and with the HSV alpha-transactivator protein. Genes Dev. 1990, 4, 2383–2396. [CrossRef] [PubMed]
Gerster, T.; Roeder, R.G. A herpesvirus t rans-activating protein interacts with transcription factor OTF-1 and other cellular
proteins. Proc. Natl. Acad. Sci. USA 1988, 85, 6347–6351. [CrossRef] [PubMed]
Knipe, D.M.; Cliffe, A. Chromatin control of herpes simplex virus lytic and latent infection. Nat. Rev. Microbiol. 2008, 6, 211–221.
[CrossRef] [PubMed]
Kristie, T.M.; Vogel, J.L.; Sears, A.E. Nuclear localization of the C1 factor (host cell factor) in sensory neurons correlates with
reactivation of herpes simplex virus from latency. Proc. Natl. Acad. Sci. USA 1999, 96, 1229–1233. [CrossRef] [PubMed]
Kristie, T.M. Dynamic modulation of HSV chromatin drives initiation of infection and provides targets for epigenetic therapies.
Virology 2015, 479–480, 555–561. [CrossRef]
Hill, J.M.; Quenelle, D.C.; Cardin, R.D.; Vogel, J.L.; Clement, C.; Bravo, F.J.; Foster, T.P.; Bosch-Marce, M.; Raja, P.; Lee, J.S.; et al.
Inhibition of LSD1 reduces herpesvirus infection, shedding, and recurrence by promoting epigenetic suppression of viral genomes.
Sci. Transl. Med. 2014, 6. [CrossRef]
Liang, Y.; Vogel, J.L.; Arbuckle, J.H.; Rai, G.; Jadhav, A.; Simeonov, A.; Maloney, D.J.; Kristie, T.M. Targeting the JMJD2 histone
demethylases to epigenetically control herpesvirus infection and reactivation from latency. Sci. Transl. Med. 2013, 5. [CrossRef]
Tavalai, N.; Stamminger, T. Interplay between herpesvirus infection and host defense by PML nuclear bodies. Viruses 2009, 1,
1240–1264. [CrossRef]
Gu, H.; Zheng, Y. Role of ND10 nuclear bodies in the chromatin repression of HSV-1. Virol. J. 2016, 13, 62. [CrossRef]
Gu, H.D.; 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. USA 2005, 102, 7571–7576. [CrossRef]
Gibeault, R.L.; Conn, K.L.; Bildersheim, M.D.; Schang, L.M. An essential viral transcription activator modulates chromatin
dynamics. PLoS Pathog. 2016, 12, e1005842. [CrossRef]
Johnson, K.E.; Bottero, V.; Flaherty, S.; Dutta, S.; Singh, V.V.; 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. [CrossRef]
Orzalli, M.H.; Broekema, N.M.; Diner, B.A.; Hancks, D.C.; Elde, N.C.; Cristea, I.M.; Knipe, D.M. cGAS-mediated stabilization
of IFI16 promotes innate signaling during herpes simplex virus infection. Proc. Natl. Acad. Sci. USA 2015, 112, E1773–E1781.
[CrossRef]

Viruses 2021, 13, 681

95.
96.
97.
98.

99.
100.
101.

102.

103.
104.
105.

106.
107.
108.
109.
110.
111.
112.
113.
114.

115.
116.
117.
118.
119.
120.

14 of 17

Orzalli, M.H.; Broekema, N.M.; Knipe, D.M. Relative contributions of herpes simplex virus 1 ICP0 and vhs to loss of cellular IFI16
vary in different human cell types. J. Virol. 2016, 90, 8351–8359. [CrossRef] [PubMed]
Knipe, D.M. Nuclear sensing of viral DNA, epigenetic regulation of herpes simplex virus infection, and innate immunity. Virology
2015, 479, 153–159. [CrossRef] [PubMed]
Watson, Z.; Dhummakupt, A.; Messer, H.; Phelan, D.; Bloom, D. Role of polycomb proteins in regulating HSV-1 latency. Viruses
2013, 5, 1740–1757. [CrossRef]
Arbuckle, J.H.; Gardina, P.J.; Gordon, D.N.; Hickman, H.D.; Yewdell, J.W.; Pierson, T.C.; Myers, T.G.; Kristie, T.M. Inhibitors of
the histone methyltransferases EZH2/1 induce a potent antiviral state and suppress infection by diverse viral pathogens. mBio
2017, 8. [CrossRef]
Edwards, T.G.; Bloom, D.C. Lund human mesencephalic (LUHMES) neuronal cell line supports herpes simplex virus 1 latency
in vitro. J. Virol. 2019, 93. [CrossRef] [PubMed]
Washington, S.D.; Edenfield, S.I.; Lieux, C.; Watson, Z.L.; Taasan, S.M.; Dhummakupt, A.; Bloom, D.C.; Neumann, D.M. Depletion
of the insulator protein CTCF results in herpes simplex virus 1 reactivation. J. Virol. 2018, 92. [CrossRef]
Watson, Z.L.; Washington, S.D.; Phelan, D.M.; Lewin, A.S.; Tuli, S.S.; Schultz, G.S.; Neumann, D.M.; Bloom, D.C. In vivo
knockdown of the herpes simplex virus 1 latency-associated transcript reduces reactivation from Latency. J. Virol. 2018, 92.
[CrossRef] [PubMed]
Cliffe, A.R.; Arbuckle, J.H.; Vogel, J.L.; Geden, M.J.; Rothbart, S.B.; Cusack, C.L.; Strahl, B.D.; Kristie, T.M.; Deshmukh, M.
Neuronal stress pathway mediating a histone methyl/phospho switch is required for herpes simplex virus reactivation. Cell Host
Microbe 2015, 18, 649–658. [CrossRef]
Day, L.; Chau, C.M.; Nebozhyn, M.; Rennekamp, A.J.; Showe, M.; Lieberman, P.M. Chromatin profiling of Epstein-Barr virus
latency control region. J. Virol. 2007, 81, 6389–6401. [CrossRef] [PubMed]
Lieberman, P.M. Chromatin structure of Epstein-Barr virus latent episomes. Curr. Top. Microbiol. Immunol. 2015, 390, 71–102.
[CrossRef]
Arvey, A.; Tempera, I.; Tsai, K.; Chen, H.S.; Tikhmyanova, N.; Klichinsky, M.; Leslie, C.; Lieberman, P.M. An atlas of the
Epstein-Barr virus transcriptome and epigenome reveals host-virus regulatory interactions. Cell Host Microbe 2012, 12, 233–245.
[CrossRef]
Scott, R.S. Epstein-Barr virus: A master epigenetic manipulator. Curr. Opin. Virol. 2017, 26, 74–80. [CrossRef] [PubMed]
Tempera, I.; Lieberman, P.M. Epigenetic regulation of EBV persistence and oncogenesis. Semin. Cancer Biol. 2014, 26, 22–29.
[CrossRef] [PubMed]
Lieberman, P.M. Keeping it quiet: Chromatin control of gammaherpesvirus latency. Nat. Rev. Microbiol. 2013, 11, 863–875.
[CrossRef]
Holdorf, M.M.; Cooper, S.B.; Yamamoto, K.R.; Miranda, J.J. Occupancy of chromatin organizers in the Epstein-Barr virus genome.
Virology 2011, 415, 1–5. [CrossRef]
Ramasubramanyan, S.; Osborn, K.; Flower, K.; Sinclair, A.J. Dynamic chromatin environment of key lytic cycle regulatory regions
of the Epstein-Barr virus genome. J. Virol. 2012, 86, 1809–1819. [CrossRef]
Tempera, I.; Wiedmer, A.; Dheekollu, J.; Lieberman, P.M. CTCF prevents the epigenetic drift of EBV latency promoter Qp. PLoS
Pathog. 2010, 6, e1001048. [CrossRef] [PubMed]
Ambinder, R.F.; Robertson, K.D.; Tao, Q. DNA methylation and the Epstein-Barr virus. Semin. Cancer Biol. 1999, 9, 369–375.
[CrossRef] [PubMed]
Paschos, K.; Parker, G.A.; Watanatanasup, E.; White, R.E.; Allday, M.J. BIM promoter directly targeted by EBNA3C in polycombmediated repression by EBV. Nucleic Acids Res. 2012, 40, 7233–7246. [CrossRef] [PubMed]
Leong, M.M.L.; Cheung, A.K.L.; Dai, W.; Tsao, S.W.; Tsang, C.M.; Dawson, C.W.; Mun Yee Ko, J.; Lung, M.L. EBV infection
is associated with histone bivalent switch modifications in squamous epithelial cells. Proc. Natl. Acad. Sci. USA 2019, 116,
14144–14153. [CrossRef] [PubMed]
Miller, G.; El-Guindy, A.; Countryman, J.; Ye, J.; Gradoville, L. Lytic cycle switches of oncogenic human gammaherpesviruses.
Adv. Cancer Res. 2007, 97, 81–109. [CrossRef]
Kalla, M.; Schmeinck, A.; Bergbauer, M.; Pich, D.; Hammerschmidt, W. AP-1 homolog BZLF1 of Epstein-Barr virus has two
essential functions dependent on the epigenetic state of the viral genome. Proc. Natl. Acad. Sci. USA 2010, 107, 850–855. [CrossRef]
Woellmer, A.; Arteaga-Salas, J.M.; Hammerschmidt, W. BZLF1 governs CpG-methylated chromatin of Epstein-Barr Virus
reversing epigenetic repression. PLoS Pathog. 2012, 8, e1002902. [CrossRef]
Kalla, M.; Göbel, C.; Hammerschmidt, W. The lytic phase of epstein-barr virus requires a viral genome with 5-methylcytosine
residues in CpG sites. J. Virol. 2012, 86, 447–458. [CrossRef]
Zerby, D.; Chen, C.J.; Poon, E.; Lee, D.; Shiekhattar, R.; Lieberman, P.M. The amino-terminal C/H1 domain of CREB binding
protein mediates zta transcriptional activation of latent Epstein-Barr virus. Mol. Cell. Biol. 1999, 19, 1617–1626. [CrossRef]
Young, L.S.; Lau, R.; Rowe, M.; Niedobitek, G.; Packham, G.; Shanahan, F.; Rowe, D.T.; Greenspan, D.; Greenspan, J.S.; Rickinson, A.B.
Differentiation-associated expression of the Epstein-Barr virus BZLF1 transactivator protein in oral hairy leukoplakia. J. Virol.
1991, 65, 2868–2874. [CrossRef]

Viruses 2021, 13, 681

15 of 17

121. Becker, J.; Leser, U.; Marschall, M.; Langford, A.; Jilg, W.; Gelderblom, H.; Reichart, P.; Wolf, H. Expression of proteins encoded by
Epstein-Barr virus trans-activator genes depends on the differentiation of epithelial cells in oral hairy leukoplakia. Proc. Natl.
Acad. Sci. USA 1991, 88, 8332–8336. [CrossRef] [PubMed]
122. Niedobitek, G.; Young, L.S.; Lau, R.; Brooks, L.; Greenspan, D.; Greenspan, J.S.; Rickinson, A.B. Epstein-Barr virus infection in oral
hairy leukoplakia: Virus replication in the absence of a detectable latent phase. J. Gen. Virol. 1991, 72 Pt 12, 3035–3046. [CrossRef]
123. Feederle, R.; Neuhierl, B.; Bannert, H.; Geletneky, K.; Shannon-Lowe, C.; Delecluse, H.J. Epstein-Barr virus B95.8 produced in 293
cells shows marked tropism for differentiated primary epithelial cells and reveals interindividual variation in susceptibility to
viral infection. Int. J. Cancer 2007, 121, 588–594. [CrossRef] [PubMed]
124. Sandvej, K.; Krenács, L.; Hamilton-Dutoit, S.J.; Rindum, J.L.; Pindborg, J.J.; Pallesen, G. Epstein-Barr virus latent and replicative
gene expression in oral hairy leukoplakia. Histopathology 1992, 20, 387–395. [CrossRef]
125. Kikuchi, K.; Noguchi, Y.; de Rivera, M.W.; Hoshino, M.; Sakashita, H.; Yamada, T.; Inoue, H.; Miyazaki, Y.; Nozaki, T.;
González-López, B.S.; et al. Detection of Epstein-Barr virus genome and latent infection gene expression in normal epithelia,
epithelial dysplasia, and squamous cell carcinoma of the oral cavity. Tumour Biol. 2016, 37, 3389–3404. [CrossRef] [PubMed]
126. Eichelberg, M.R.; Welch, R.; Guidry, J.T.; Ali, A.; Ohashi, M.; Makielski, K.R.; McChesney, K.; Van Sciver, N.; Lambert, P.F.; Keles, , S.; et al.
Epstein-Barr virus infection promotes epithelial cell growth by attenuating differentiation-dependent exit from the cell cycle.
mBio 2019, 10. [CrossRef]
127. Birdwell, C.E.; Queen, K.J.; Kilgore, P.; Rollyson, P.; Trutschl, M.; Cvek, U.; Scott, R.S. Genome-wide DNA methylation as an
epigenetic consequence of Epstein-Barr virus infection of immortalized keratinocytes. J. Virol. 2014, 88, 11442–11458. [CrossRef]
128. Wille, C.K.; Nawandar, D.M.; Panfil, A.R.; Ko, M.M.; Hagemeier, S.R.; Kenney, S.C. Viral genome methylation differentially affects
the ability of BZLF1 versus BRLF1 to activate Epstein-Barr virus lytic gene expression and viral replication. J. Virol. 2013, 87,
935–950. [CrossRef]
129. Nawandar, D.M.; Wang, A.; Makielski, K.; Lee, D.; Ma, S.; Barlow, E.; Reusch, J.; Jiang, R.; Wille, C.K.; Greenspan, D.; et al.
Differentiation-dependent KLF4 expression promotes lytic Epstein-Barr virus infection in epithelial cells. PLoS Pathog. 2015,
11, e1005195. [CrossRef]
130. Nawandar, D.M.; Ohashi, M.; Djavadian, R.; Barlow, E.; Makielski, K.; Ali, A.; Lee, D.; Lambert, P.F.; Johannsen, E.; Kenney, S.C.
Differentiation-dependent LMP1 expression is required for efficient lytic Epstein-Barr virus reactivation in epithelial cells. J. Virol.
2017, 91. [CrossRef]
131. Reusch, J.A.; Nawandar, D.M.; Wright, K.L.; Kenney, S.C.; Mertz, J.E. Cellular differentiation regulator BLIMP1 induces EpsteinBarr virus lytic reactivation in epithelial and B cells by activating transcription from both the R and Z promoters. J. Virol. 2015, 89,
1731–1743. [CrossRef]
132. Birdwell, C.E.; Prasai, K.; Dykes, S.; Jia, Y.; Munroe, T.G.C.; Bienkowska-Haba, M.; Scott, R.S. Epstein-Barr virus stably confers an
invasive phenotype to epithelial cells through reprogramming of the WNT pathway. Oncotarget 2018, 9, 10417–10435. [CrossRef]
133. Chang, H.; Wachtman, L.M.; Pearson, C.B.; Lee, J.S.; Lee, H.R.; Lee, S.H.; Vieira, J.; Mansfield, K.G.; Jung, J.U. Non-human primate
model of Kaposi’s sarcoma-associated herpesvirus infection. PLoS Pathog. 2009, 5, e1000606. [CrossRef]
134. Bechtel, J.T.; Liang, Y.; Hvidding, J.; Ganem, D. Host range of Kaposi’s sarcoma-associated herpesvirus in cultured cells. J. Virol.
2003, 77, 6474–6481. [CrossRef] [PubMed]
135. Chang, H.H.; Ganem, D. A unique herpesviral transcriptional program in KSHV-infected lymphatic endothelial cells leads to
mTORC1 activation and rapamycin sensitivity. Cell Host Microbe 2013, 13, 429–440. [CrossRef]
136. Golas, G.; Alonso, J.D.; Toth, Z. Characterization of de novo lytic infection of dermal lymphatic microvascular endothelial cells by
Kaposi’s sarcoma-associated herpesvirus. Virology 2019, 536, 27–31. [CrossRef] [PubMed]
137. Gong, D.; Wu, N.C.; Xie, Y.F.; Feng, J.; Tong, L.M.; Brulois, K.F.; Luan, H.D.; Du, Y.S.; Jung, J.U.; Wang, C.Y.; et al. Kaposi’s
sarcoma-associated herpesvirus ORF18 and ORF30 are essential for late gene expression during lytic replication. J. Virol. 2014, 88,
11369–11382. [CrossRef] [PubMed]
138. Sun, R.; Lin, S.F.; Gradoville, L.; Yuan, Y.; Zhu, F.X.; Miller, G. A viral gene that activates lytic cycle expression of Kaposi’s
sarcoma-associated herpesvirus. Proc. Natl. Acad. Sci. USA 1998, 95, 10866–10871. [CrossRef]
139. Toth, Z.; Brulois, K.; Lee, H.R.; Izumiya, Y.; Tepper, C.; Kung, H.J.; Jung, J.U. Biphasic euchromatin-to-heterochromatin transition
on the KSHV genome following de novo infection. PLoS Pathog. 2013, 9, e1003813. [CrossRef]
140. Gwack, Y.; Baek, H.J.; Nakamura, H.; Lee, S.H.; Meisterernst, M.; Roeder, R.G.; Jung, J.U. Principal role of TRAP/mediator and
SWI/SNF complexes in Kaposi’s sarcoma-associated herpesvirus RTA-mediated lytic reactivation. Mol. Cell. Biol. 2003, 23,
2055–2067. [CrossRef]
141. Papp, B.; Motlagh, N.; Smindak, R.J.; Jang, S.J.; Sharma, A.; Alonso, J.D.; Toth, Z. Genome-wide identification of direct RTA
targets reveals key host factors for Kaposi’s sarcoma-associated herpesvirus lytic reactivation. J. Virol. 2019, 93. [CrossRef]
142. Gonzalez-Lopez, O.; DeCotiis, J.; Goyeneche, C.; Mello, H.; Vicente-Ortiz, B.A.; Shin, H.J.; Driscoll, K.E.; Du, P.C.; Palmeri, D.;
Lukac, D.M. A herpesvirus transactivator and cellular POU proteins extensively regulate DNA binding of the host Notch
signaling protein RBP-J kappa to the virus genome. J. Biol. Chem. 2019, 294, 13073–13092. [CrossRef] [PubMed]
143. Aneja, K.K.; Yuan, Y. Reactivation and lytic replication of Kaposi’s sarcoma-associated herpesvirus: An update. Front. Microbiol.
2017, 8, 613. [CrossRef] [PubMed]
144. Yu, Y.X.; Wang, S.Z.E.; Hayward, G.S. The KSHV immediate-early transcription factor RTA encodes ubiquitin E3 ligase activity
that targets IRF7 for proteosome-mediated degradation. Immunity 2005, 22, 59–70. [CrossRef] [PubMed]

Viruses 2021, 13, 681

16 of 17

145. Gould, F.; Harrison, S.M.; Hewitt, E.W.; Whitehouse, A. Kaposi’s sarcoma-associated herpesvirus RTA promotes degradation of
the Hey1 repressor protein through the ubiquitin proteasome pathway. J. Virol. 2009, 83, 6727–6738. [CrossRef] [PubMed]
146. Izumiya, Y.; Kobayashi, K.; Kim, K.Y.; Pochampalli, M.; Izumiya, C.; Shevchenko, B.; Wang, D.H.; Huerta, S.B.; Martinez, A.;
Campbell, M.; et al. Kaposi’s sarcoma-associated herpesvirus K-Rta exhibits SUMO-targeting ubiquitin ligase (STUbL) like
activity and is essential for viral reactivation. PLoS Pathog. 2013, 9, e1003506. [CrossRef]
147. Gunther, T.; Grundhoff, A. The epigenetic landscape of latent Kaposi sarcoma-associated herpesvirus genomes. PLoS Pathog.
2010, 6, e1000935. [CrossRef]
148. Toth, Z.; Maglinte, D.T.; Lee, S.H.; Lee, H.R.; Wong, L.Y.; Brulois, K.F.; Lee, S.; Buckley, J.D.; Laird, P.W.; Marquez, V.E.; et al.
Epigenetic analysis of KSHV latent and lytic genomes. PLoS Pathog. 2010, 6, e1001013. [CrossRef]
149. Sun, R.; Tan, X.H.; Wang, X.; Wang, X.D.; Yang, L.; Robertson, E.S.; Lan, K. Epigenetic landscape of Kaposi’s sarcoma-associated
herpesvirus genome in classic Kaposi’s sarcoma tissues. PLoS Pathog. 2017, 13, e1006167. [CrossRef]
150. Krishnan, H.H.; Naranatt, P.P.; Smith, M.S.; Zeng, L.; Bloomer, C.; Chandran, B. Concurrent expression of latent and a limited
number of lytic genes with immune modulation and antiapoptotic function by Kaposi’s sarcoma-associated herpesvirus early
during infection of primary endothelial and fibroblast cells and subsequent decline of lytic gene expression. J. Virol. 2004, 78,
3601–3620. [CrossRef]
151. Gunther, T.; Schreiner, S.; Dobner, T.; Tessmer, U.; Grundhoff, A. Influence of ND10 components on epigenetic determinants of
early KSHV latency establishment. PLoS Pathog. 2014, 10, e1004274. [CrossRef] [PubMed]
152. Toth, Z.; Papp, B.; Brulois, K.; Choi, Y.J.; Gao, S.J.; Jung, J.U. LANA-mediated recruitment of host Polycomb Repressive Complexes
onto the KSHV genome during denovo Infection. PLoS Pathog. 2016, 12, e1005878. [CrossRef] [PubMed]
153. Chang, P.C.; Fitzgerald, L.D.; Hsia, D.A.; Izumiya, Y.; Wu, C.Y.; Hsieh, W.P.; Lin, S.F.; Campbell, M.; Lam, K.S.; Luciw, P.A.; et al. Histone demethylase JMJD2A regulates Kaposi’s sarcoma-associated herpesvirus replication and is targeted by a viral transcriptional
factor. J. Virol. 2011, 85, 3283–3293. [CrossRef] [PubMed]
154. Rossetto, C.C.; Pari, G. KSHV PAN RNA associates with demethylases UTX and JMJD3 to activate lytic replication through a
physical interaction with the virus genome. PLoS Pathog. 2012, 8, e1002680. [CrossRef]
155. Gunther, T.; Frohlich, J.; Herrde, C.; Ohno, S.; Burkhardt, L.; Adler, H.; Grundhoff, A. A comparative epigenome analysis of
gammaherpesviruses suggests cis-acting sequence features as critical mediators of rapid polycomb recruitment. PLoS Pathog.
2019, 15, e1007838. [CrossRef] [PubMed]
156. Naik, N.G.; Nguyen, T.H.; Roberts, L.; Fischer, L.T.; Glickman, K.; Golas, G.; Papp, B.; Toth, Z. Epigenetic factor siRNA screen
during primary KSHV infection identifies novel host restriction factors for the lytic cycle of KSHV. PLoS Pathog. 2020, 16, e1008268.
[CrossRef]
157. Janzer, A.; Stamm, K.; Becker, A.; Zimmer, A.; Buettner, R.; Kirfel, J. The H3K4me3 histone demethylase Fbxl10 is a regulator of
chemokine expression, cellular morphology, and the metabolome of fibroblasts. J. Biol. Chem. 2012, 287, 30984–30992. [CrossRef]
158. He, J.; Anh, T.N.; Zhang, Y. KDM2b/JHDM1b, an H3K36me2-specific demethylase, is required for initiation and maintenance of
acute myeloid leukemia. Blood 2011, 117, 3869–3880. [CrossRef]
159. Kang, J.Y.; Kim, J.Y.; Kim, K.B.; Park, J.W.; Cho, H.; Hahm, J.Y.; Chae, Y.C.; Kim, D.; Kook, H.; Rhee, S.; et al. KDM2B is a
histone H3K79 demethylase and induces transcriptional repression via sirtuin-1-mediated chromatin silencing. FASEB J. 2018, 32,
5737–5750. [CrossRef]
160. Farcas, A.M.; Blackledge, N.P.; Sudbery, I.; Long, H.K.; McGouran, J.F.; Rose, N.R.; Lee, S.; Sims, D.; Cerase, A.; Sheahan, T.W.; et al.
KDM2B links the Polycomb Repressive Complex 1 (PRC1) to recognition of CpG islands. eLife 2012, 1. [CrossRef]
161. Batie, M.; Druker, J.; D’Ignazio, L.; Rocha, S. KDM2 family members are regulated by HIF-1 in hypoxia. Cells 2017, 6, 8. [CrossRef]
162. Naik, N.G.; Lee, S.C.; Alonso, J.D.; Toth, Z. KDM2B overexpression facilitates lytic de novo KSHV infection by inducing AP-1
activity through interaction with the SCF E3 ubiquitin ligase complex. J. Virol. 2021. [CrossRef]
163. Aubert, Y.; Egolf, S.; Capell, B.C. The unexpected noncatalytic roles of histone modifiers in development and disease. Trends
Genet. 2019, 35, 645–657. [CrossRef]
164. Lu, L.; Gao, Y.; Zhang, Z.; Cao, Q.; Zhang, X.N.; Zou, J.H.; Cao, Y. Kdm2a/b lysine demethylases regulate canonical wnt signaling
by modulating the stability of nuclear beta-catenin. Dev. Cell 2015, 33, 660–674. [CrossRef]
165. Han, X.R.; Zha, Z.; Yuan, H.X.; Feng, X.; Xia, Y.K.; Lei, Q.Y.; Guan, K.L.; Xiong, Y. KDM2B/FBXL10 targets c-Fos for ubiquitylation
and degradation in response to mitogenic stimulation. Oncogene 2016, 35, 4179–4190. [CrossRef] [PubMed]
166. Lan, H.Y.; Tan, M.J.; Zhang, Q.; Yang, F.; Wang, S.Y.; Li, H.; Xiong, X.F.; Sun, Y. LSD1 destabilizes FBXW7 and abrogates FBXW7
functions independent of its demethylase activity. Proc. Natl. Acad. Sci. USA 2019, 116, 12311–12320. [CrossRef] [PubMed]
167. Yang, Y.; Yin, X.T.; Yang, H.R.; Xu, Y.H. Histone demethylase LSD2 acts as an E3 biquitin ligase and inhibits cancer cell growth
through promoting proteasomal degradation of OGT. Mol. Cell 2015, 58, 47–59. [CrossRef] [PubMed]
168. Morris, T.L.; Arnold, R.R.; Webster-Cyriaque, J. Signaling cascades triggered by bacterial metabolic end products during
reactivation of Kaposi’s sarcoma-associated herpesvirus. J. Virol. 2007, 81, 6032–6042. [CrossRef] [PubMed]
169. Chen, L.C.; Feng, Z.M.; Yuan, G.X.; Emerson, C.C.; Stewart, P.L.; Ye, F.C.; Jin, G. Human immunodeficiency virus-associated
exosomes promote Kaposi’s sarcoma-associated herpesvirus infection via the epidermal growth factor receptor. J. Virol. 2020, 94.
[CrossRef]
170. Slots, J. Oral viral infections of adults. Periodontology 2000 2009, 49, 60–86. [CrossRef] [PubMed]

Viruses 2021, 13, 681

17 of 17

171. Li, J.; Hao, D.; Wang, L.; Wang, H.; Wang, Y.; Zhao, Z.; Li, P.; Deng, C.; Di, L.J. Epigenetic targeting drugs potentiate chemotherapeutic effects in solid tumor therapy. Sci. Rep. 2017, 7, 4035. [CrossRef]
172. Archin, N.M.; Margolis, D.M. Emerging strategies to deplete the HIV reservoir. Curr. Opin. Infect. Dis. 2014, 27, 29–35. [CrossRef]
173. Lichterfeld, M. Reactivation of latent HIV moves shock-and-kill treatments forward. Nature 2020, 578, 42–43. [CrossRef]
174. Ahlenstiel, C.L.; Symonds, G.; Kent, S.J.; Kelleher, A.D. Block and lock HIV cure strategies to control the latent reservoir. Front.
Cell. Infect. Microbiol. 2020, 10, 424. [CrossRef] [PubMed]
175. Morse, M.A.; Balogh, K.K.; Brendle, S.A.; Campbell, C.A.; Chen, M.X.; Furze, R.C.; Harada, I.L.; Holyer, I.D.; Kumar, U.; Lee, K.; et al.
BET bromodomain inhibitors show anti-papillomavirus activity in vitro and block CRPV wart growth in vivo. Antiviral. Res.
2018, 154, 158–165. [CrossRef] [PubMed]
176. Groves, I.J.; Sinclair, J.H.; Wills, M.R. Bromodomain inhibitors as therapeutics for herpesvirus-related disease: All BETs are off?
Front. Cell. Infect. Microbiol. 2020, 10, 329. [CrossRef] [PubMed]
177. Liang, Y.; Quenelle, D.; Vogel, J.L.; Mascaro, C.; Ortega, A.; Kristie, T.M. A novel selective LSD1/KDM1A inhibitor epigenetically
blocks herpes simplex virus lytic replication and reactivation from latency. mBio 2013, 4. [CrossRef]
178. Liang, Y.; Vogel, J.L.; Narayanan, A.; Peng, H.; Kristie, T.M. Inhibition of the histone demethylase LSD1 blocks alpha-herpesvirus
lytic replication and reactivation from latency. Nat. Med. 2009, 15, 1312–1317. [CrossRef] [PubMed]

