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Abstract

High-risk human papillomavirus (HPV) infection is the primary risk factor for cervical cancer. HPVs
establish persistent infection by maintaining their genomes as extrachromosomal elements
(episomes) that replicate along with host DNA in infected cells. The productive life cycle of HPV is
intimately tied to the differentiation program of host squamous epithelium. This review examines
the involvement of host chromatin in multiple aspects of the papillomavirus life cycle and the
malignant progression of infected host cells. Papillomavirus utilizes host mitotic chromosomes as
vehicles for transmitting its genetic materials across the cell cycle. By hitchhiking on host mitotic
chromosomes, the virus ensures accurate segregation of the replicated viral episomes to the daughter
cells during host cell division. This strategy allows persistent maintenance of the viral episome in
the infected cells. In the meantime, the virus subverts the host chromatin-remodeling factors to
promote viral transcription and efficient propagation of viral genomes. By associating with the host
chromatin, papillomavirus redirects the normal cellular control of chromatin to create a cellular
environment conducive to both its own survival and malignant progression of host cells.
Comprehensive understanding of HPV-host chromatin interaction will offer new insights into the
HPV life cycle as well as chromatin regulation. This virus-host interaction will also provide a
paradigm for investigating other episomal DNA tumor viruses that share a similar mechanism for
interacting with host chromatin.

Papillomavirus and cancer

Papillomaviruses (PVs) are small DNA tumor viruses that induce a variety of benign and
malignant epithelial lesions in the infected hosts [1]. Over 140 HPV types have been identified
to date. Depending on the potential for inducing malignant transformation, these viruses are
further classified into high-risk and low-risk HPVs. High-risk HPVs are strongly associated
with the development of cervical cancer [2], which is the second most common cancer among
women worldwide and the leading cause of death from cancer among women in developing
countries; approximately 500,000 cases and 275,000 deaths are reported annually. Over 97%
of cervical cancers contain a high-risk HPV genome and express the viral oncogenes E6 and
E7, providing a direct link between HPV infection and carcinogenesis. Currently available
HPV vaccines protect against up to four major types of cancer causing strains. Alternative
approaches are needed for curing ongoing infections because HPV can establish latent
infections that persist for years or even decades in host cells. The deregulated expression of
high-risk HPV oncogenes is a critical event for the oncogenic progression of HPV-positive
lesions. In addition, substantial cytogenetic changes are needed for high-risk HPV-infected
cells to progress to invasive tumors. These cellular events do not occur until many years after
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the initial infection, supporting the concept that long-term infection with high-risk HPVs is
required for the malignant progression of HPV pathogenic lesions.

The differentiation-dependent papillomavirus life cycle

PVs contain circular double-stranded DNA genomes of approximately 8000 base pairs. The
viruses have a specific tropism for squamous epithelial cells and must infect cells within the
dividing basal layer. The productive life cycle of HPV is intimately tied to the differentiation
status of the host squamous epithelium [1]. Upon infecting basal cells, the viral genomes are
established as episomes that replicate along with host DNA. The various phases of the HPV
life cycle are controlled through tightly regulated activation of the early and late viral promoters
as the infected basal cell migrates towards the epithelial surface [3]. In the basal epithelium
where initial stages of the viral life cycle takes place, the early viral promoter is transcribed to
express the viral E1, E2, E6 and E7 genes [4,5]. The papillomavirus E2 is a regulatory protein
essential for creating favorable cellular conditions to establish infection and to properly
complete the viral life cycle. E2 is a sequence-specific DNA binding protein involved in viral
DNA replication, episome maintenance, and viral transcription [3]. It consists of an N-terminal
transcriptional activation domain linked to a C-terminal DNA binding/dimerization domain by
a flexible hinge [6]. The multiple functions of E2 rely on its sequence-specific recognition of
a number of E2 binding sites within papillomavirus genomes. E2 initiates viral genome
replication by loading the viral helicase E1 onto the origin of replication [7,8], allowing the
viral episome to be maintained at low copy numbers in the basal epithelium. During mitosis,
E2 ensures accurate partitioning of the replicated viral genomes to daughter cells by tethering
them to host mitotic chromosomes [9-13]. E2 binds to four E2-binding sites (E2BSs) in the
long control region (LCR) of the HPV genome in a cooperative manner that results in either
activation (at low levels of E2) or repression (at high concentrations of E2) of E6 and E7
expression from the early promoter [14,15]. E6 and E7 are the primary viral oncogenes, which
promote cell growth through a variety of mechanisms including inactivation of the p53 and
pRb tumor suppressors, respectively [16-19]. This strict control of the viral early promoter
allows the minimum expression of E6 and E7 that is needed to drive cells into S-phase for viral
genome replication, while preventing the inopportune over-expression of these viral
oncoproteins that leads to dysplasias and carcinomas. As discussed below, the cellular factors
that contribute to the tightly regulated viral transcription are not very well understood. As HPV-
positive cells differentiate, the late promoter is activated, leading to the production of the late
genes and the high-level amplification of the viral genome [3]. In the highly differentiated
suprabasal cells, viral DNA is packaged into newly formed capsids and progeny virions are
released from the cell [1].

During the malignant progression of high-risk HPV-positive lesions, the viral DNA often
integrates into the host genome, resulting in the disruption of the E2 gene [1,20,21]. The loss
of E2 expression de-represses the viral oncogene E6 and E7 expression, which in turn
stimulates cellular proliferation [18,22-25]. As such, the disruption of E2 gene has been
mechanistically linked to malignant progression of HPV-associated cancers [1].

Papillomavirus chromatin structure

Papillomavirus genomes are organized in the form of specifically positioned nucleosomes
packaged into chromatin [26-29]. The chromatin-like structures were first reported for full
particles of Bovine papillomavirus (BPV) and HPV purified from bovine cutaneous
fibropapillomas and human plantar warts respectively [29]. Under an electron microscope, the
BPV and HPV nucleoprotein complexes appear as circular structures composed of
nucleosomes interconnected by a naked DNA filament [29]. The further investigation of
papillomavirus chromatin was long hampered by the absence of a tissue culture system for
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vegetative growth of these viruses. BPV1-transformed hamster embryo fibroblasts (HEF),
containing 200 to 250 copies of episomal genome per cell, therefore offer a great source of the
episome. Using this system, episomal viral chromatin was isolated for the first time [30]. In
situ DNase digestion and restriction endonucleases cleavage has identified a major DNase-
hypersensitive region in the transcriptional regulatory elements of the BPV1 chromatin [30].
Further analysis of the episomal nucleoprotein complexes of BPV1 using DNase | treatment
localized hypersensitive regions to noncoding parts of the genome coinciding with the origin
of replication and the 5’ ends of most of the early mRNAs. Additionally, regions of
hypersensitivity were identified within the structural genes [31]. Similar to the episomal viral
chromatin, nucleosome organization analysis of integrated HPVV18 DNA in HeLa cells revealed
a nuclease-hypersensitive site within the viral noncoding regulatory region that harbors
transcriptional control sequences, which map to the 5’ ends of most of the early mRNAs [32].
Chromatin structure analysis of the nuclei of CaSki cells carrying 500 intrachromosomal copies
of HPV16 identified nucleosomes in specific positions within the LCR of HPV16 and the E6
and E7 genes [26]. These nucleosomes function to repress the activity of the E6 promoter
during in vitro transcription of HPV16 chromatin. The repression is relieved by the addition
of transcription factors AP-1 and Spl and it has been shown that the latter has the ability to
alter the nucleosomal structure in vitro. The chromatin organization of the HPV/16 genome
suggests important regulatory roles of nucleosomes in the viral oncogene transcription [26].
In vivo studies are needed to further understand how chromatin dynamics regulates viral
transcription during the differentiation-dependent viral life cycle.

Throughout the PV life cycle, the viral chromatin structure is tightly regulated at different
stages of epithelial differentiation to control the viral early and late gene expression. DNase |
hypersensitivity analysis of HPV 31 chromatin in cell lines that maintain viral genomes
extrachromosomally reveals a major shift in nuclease sensitivity upon differentiation [27]. In
undifferentiated cells, hypersensitive regions were detected in the upstream regulatory region
(URR) involved in the early gene transcription. Upon differentiation, the late transcript
initiation region becomes accessible to DNase I, indicating a differentiation-induced chromatin
remodeling around the late promoter [27]. The state of histone modifications as well as the
spectrum of transcription factors bound to the early and late HPV 31 viral promoters were
further examined in both undifferentiated and differentiated cells using chromatin
immunoprecipitation assays [33]. In undifferentiated cells, the chromatin surrounding both
early and late viral promoter regions reveals an open, transcriptionally active state with
dimethylated forms of histone H3 K4 as well as acetylated histone H3 and H4. Upon
differentiation, the levels of dimethylated H3K4 and acetylated H3 are increased around both
the early and late promoter regions, while the acetylated H4 is increased at the early promoter
[33]. This observation suggests that nucleosomes of both early and late promoter regions are
further activated through histone modifications to coordinate the HPV transcription during
differentiation [33].

Differentiation-associated regulation of viral transcription is also thought to involve changes
in the binding of host cell transcription factors to the viral promoter and regulatory regions. A
dynamic change in the binding of transcription factors to the keratinocyte enhancer (KE)/early
promoter region in the upstream regulatory region and to the late promoter sequences was
observed throughout differentiation [33]. It appears that the combinatorial binding of multiple
transcription factors to the early and late promoter region contributes to the viral gene
transcription during host epithelial differentiation [33]. Along this line, Carson and Khan used
Panomics TransSignal protein/DNA array to identify changes in the levels of cellular
transcription factors bound to the HPV16 promoter/regulatory sequences during the
differentiation of W12 cells which contain HPV16 episomes. They identified approximately
30 transcription factors that specifically bind to HPV16 sequences and may be involved in
regulating HPV16 transcription during differentiation [34]. In most of the cases, the
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transcription factor binding to HPV16 promoters is increased during epithelial differentiation
[34]. How these transcription factors contribute to regulation of the differentiation-dependent
viral transcription remained to be investigated.

Papillomavirus episome maintenance

During latent infection, HPVs maintain the viral genome as autonomous replicating episomes
in proliferating basal epithelial cells [1]. The functions of the high-risk HPV E6 and E7
oncoproteins are essential for the viral genome to be stably maintained as an episome in the
infected cells [35]. It was postulated that these oncoproteins may create a suitable cellular
environment for HPV maintenance through abrogating the cellular checkpoints that block the
long-term retention of viral episomes [36]. In addition, to establish persistence in host cells,
PVs have evolved a strategy for hitchhiking on cellular mitotic chromosomes (Fig. 1A). This
mechanism ensures that the replicated viral episomes are retained inside the nuclei of dividing
host cells and faithfully partition to the daughter cells during mitosis (Fig. 1A). For many
papillomaviruses, this non-covalent association of viral DNA with chromosomes is mediated
by the viral E2 protein (Fig. 1B). BPV1 genomes persist as stable episomes in transformed
rodent cells, and have been used as a model system to establish E2's role in viral genome
maintenance [9-11,13,37]. E2 and BPV1 episomes are closely associated with mitotic
chromatin in dividing cells [10,11,13]. Long-term maintenance of viral episomes requires E2
binding to the multiple E2 binding sites within a cis-minichromosome maintenance element
(MME) of the viral genome [12]. These studies demonstrate that E2 facilitates viral genome
segregation by interacting simultaneously with condensed mitotic chromatin and viral
genomes. However, the DNA binding function of E2 is not necessary for its association with
mitotic chromosomes [13]. A cellular protein was therefore postulated to link E2 to cellular
mitotic chromosomes.

Brd4 is a host chromatin adaptor for papillomavirus

Using proteomic tandem affinity purification (TAP) analysis of E2 functional partners in host
cells, the cellular bromodomain protein Brd4 was identified as a major binding protein for
BPV1E2 [38]. Brd4 isa member of the BET family proteins that harbor double bromodomains
for association with mitotic chromosomes [39]. It binds the N-terminal transactivation domain
of E2 and colocalizes with E2 on mitotic chromosomes [38]. E2 links Brd4 to viral episomes.
The E2 binding site was mapped to the C-terminal domain (CTD) of Brd4 [38]. The Brd4 CTD
functions as a dominant negative inhibitor to competitively bind to E2 and dissociate the E2/
viral episome complex from Brd4 on mitotic chromosomes (Fig. 2) [38]. Disruption of the E2-
Brd4 interaction by the Brd4 CTD abolishes viral episome maintenance in host cells (Fig. 1)
[40] and inhibits the transformation of rodent fibroblasts by BPV1 DNA [38]. These functional
studies establish that mitotic chromosome-associated Brd4 represents the previously
unidentified cellular receptor that tethers the BPV1 E2/viral episome complex to host mitotic
chromosomes (Fig. 1) [38,40], providing a molecular mechanism for BPV1 E2-mediated
papillomavirus maintenance in infected cells.

In host cells, Brd4 plays a central role in cellular growth control [41,42] and cell cycle
progression [39,41,43-45]. It binds to acetylated histone H3 and H4 through its bromodomains
[46]. The Brd4 knockout in mice results in early embryonic lethality. In humans, the Brd4 gene
is the target of translocation t(15;19) that defines a highly lethal carcinoma [47]. Brd4 activation
in human breast carcinomas induces a gene expression signature that efficiently predicts
survival, establishing that dysregulation of Brd4-associated pathways may play an important
role in breast cancer progression [48]. Brd4 knockdown in human cells leads to highly
decondensed chromatin structure, which results in mitotic catastrophe [49].
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The x-ray crystallography structure of the N-terminal domain of HPV16 E2 in complex with
the C-terminus of Brd4 shows that E2 interacts with only the last 25 amino acids of Brd4
through its N-terminal transactivation domain [50]. Sequence alignment of this section in Brd4
homologs from different species shows it to be highly conserved throughout evolution [50]. It
has been suggested that an important cellular factor(s) may bind to this region to contribute to
Brd4's cellular function [50]. Expression of HPV E2 in cells triggers similar chromosomal
structural defects and disrupted mitosis as observed in the Brd4 knockdown cells (You et al.,
unpublished data), indicating that E2 binding to the C-terminal domain of Brd4 may block
other important cellular factors from accessing this region, leading to abnormal Brd4 function.

The Brd4-E2 interaction bridges many of the animal and human PV episomes onto mitotic
chromosomes for viral genome maintenance [50-54], establishing this complex as a potential
therapeutic target for PV infections. The structure of the N-terminal domain of HPV16 E2 in
complex with the C-terminus of Brd4 has offered a molecular platform for developing antiviral
compounds to block HPV latent infection [50].

Brd4's function in papillomavirus transcriptional regulation

Besides tethering the viral episome to mitotic chromosomes, E2-Brd4 interaction also plays
important though as yet not well understood roles in E2-mediated transcriptional activation
and repression of the viral oncogenes. HPV E2 transactivates heterologous promoters
containing multimerized E2 binding sites [55]. On the other hand, E2 represses the promoter
directing the E6 and E7 viral oncogenes in the cancer-associated HPV16 and HPV18 genomes
[56-61]. In HPV-positive cells containing integrated viral DNA and a disrupted E2 gene, the
dysregulated expression of E6 and E7 results in reduced p53 and pRb expression and increased
cellular proliferation [22]. Re-expression of E2 in these cells represses the HPV18 E6/E7
promoter and reverses cellular immortality [62-66]. It has been suggested that E2 represses the
E6/E7 promoter by binding its cognate sites proximal to the promoter and displacing other
cellular transcription factors [67-69]. In addition, E2 could function as an active repressor by
preventing the assembly of a functional preinitiation complex on the viral chromatin template
[60].

By analyzing a series of alanine-scanning substitution mutants of the HPV16 E2 N-terminal
transactivation domain, it was discovered that the amino acids involved in Brd4 binding are
also required for both E2 transcriptional activation and repression of the viral EG/E7 promoter
[70-72]. This observation suggests that interaction with Brd4 is crucial for both E2
transactivation and repression functions. Functional studies subsequently demonstrate that
Brd4 also functions as a coactivator for E2-mediated transcription activation [70,73-75]. In
addition, Brd4 was identified as a component of the low-risk HPV11 E2 transcriptional
silencing complex implicated in repression of the E6/E7 promoter [76]. Brd4 recruits E2 to its
cognate binding sites within the viral promoter chromatin template in a bromodomain-
dependent manner [77]. Recent findings indicate that Brd4 accomplishes the co-repressor
function by recruiting E2 to block the assembly of functional preinitiation complex on the viral
promoter chromatin template [60,77]. On the other hand, Brd4-independent mechanism of E2-
mediated repression was also proposed [78].

In host cells, Brd4 recruits the positive transcription elongation factor b (P-TEFb) to stimulate
transcriptional elongation through phosphorylation of the C-terminal domain of the RNA
polymerase 11 (RNAPII) [79,80]. This complex thus contributes to cellular gene transcription
as well as expression of human immunodeficiency virus and human T-lymphotropic virus
genomes [81,82]. The P-TEFb binding site in Brd4 largely overlaps with the E2 binding site
[81]. In fact, E2 expressed in mammalian cells competitively inhibits the association between
P-TEFb and Brd4 (Yan et al., manuscript in revision). Our recent studies establish that E2
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actively represses viral E6/E7 transcription by blocking formation of the active P-TEFb-Brd4
complex on viral chromatin template (Yan et al., manuscript in revision).

Overall, Brd4 functions as a molecular adapter with its bromodomains targeting acetylated
chromatin, while the C-terminal domain recruits the viral E2 protein. The multiple functions
of E2 rely on its ability to interact with Brd4 and associate with cellular chromatin. Recent
studies have established Brd4 as a key chromatin receptor that contributes to multiple processes
of PV life cycle through interactions with E2 proteins [60,70,73,74,83]. In future studies, it
will be important to understand the roles of Brd4 in the differentiation-dependent viral life
cycle.

Different modes of papillomavirus anchoring on mitotic chromosomes

A wide range of papillomaviruses have adopted the strategy of tethering their genomes to host
chromosomes, but individual viruses appear to use different chromosomal targets. A recent
localization analysis of 13 different animal and human E2 proteins from seven papillomavirus
genera have shown that E2-mediated tethering of viral genomes to mitotic chromosomes is a
common strategy shared by these papillomaviruses. However, different viruses bind to
different regions of the host chromosomes during mitosis. Unlike BPV1 E2 that binds to all
mitotic chromosomes randomly as small speckles in complex with Brd4, several of the E2
proteins appear to localize to more specific regions of mitotic chromosomes [84]. For instance,
the alpha-papillomavirus E2 proteins only closely associate with prophase and telophase
chromosomes while binding to the pericentromeric region of metaphase chromosomes [84].
In contrast, the HPV8 E2 binds as large speckles at the pericentromeric regions of chromosomes
[84]. Further analysis indicates that the HPV8 E2 protein targets the short arms of acrocentric
mitotic chromosomes and interacts with the repeated ribosomal DNA loci of host mitotic
chromosomes. The novel HPV 8 E2 tethering protein that mediates its association with specific
regions of mitotic chromosomes remains to be identified [85]. In addition to mitotic
chromosomes, the HPV E2 proteins have been shown to associate with mitotic spindles to
enable the partitioning of HPV origin-containing plasmids as minichromosomes in transfected
cells [86,87].

The molecular mechanism involved in maintaining E2 and papillomavirus episome persistence
individing host cells appears complex. Using a yeast two-hybrid screen, a number of additional
mitotic cellular factors have been identified as interacting proteins for BPV1 E2. Among them,
ChIR1, a DNA helicase that functions in sister chromatid cohesion, has been postulated as
essential for loading E2 onto mitotic chromosomes [87]. Mutagenesis analysis indicates that
E2 interaction with ChIR1 is required for episome maintenance in cell culture. ChIR1 associates
with mitotic chromosomes during prophase; at this stage of mitosis, E2 colocalizes with ChIR1
on condensing chromatin. As cells progress to metaphase, ChlR1 dissociates from the
chromatid arms and relocates to the spindle poles, while the E2 protein remains associated with
the chromosomes until the completion of mitosis [87]. This temporal interaction of ChIR1 and
E2 on the prophase chromosome suggests that ChlR1 is required for loading the papillomavirus
E2 protein onto mitotic chromosomes during early mitosis but not for the maintenance of E2
attachment to mitotic chromosomes [87]. Since the E2 and Brd4 interaction persists throughout
mitosis, it may ensure the tethering of E2 to chromosomes until the completion of mitosis
[87]. Another protein identified in the BPV1 E2 yeast two-hybrid screen is MKIp2, a kinesin-
like motor protein of the central mitotic spindle required for completion of cytokinesis [88]. A
subpopulation of E2 was found to colocalize with MKIp2 in the midbody/midplate during late
mitosis. The viral genomes also associate with MKIp2 within this stage of cell cycle. It is
therefore likely that E2 interacts with this motor protein to ensure viral genome partitioning
during cytokinesis [88]. HPV16 E2 was found to colocalize with TopBP1, a cellular protein
essential for the initiation of cellular DNA replication, on the chromatin and centrosomes
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during late telophase, suggesting that TopBP1 could be the mitotic chromatin receptor for
HPV16 E2 at this stage of the cell cycle [89]. Since all of the tested E2s have been shown to
interact with the mitotic chromosome-associated Brd4 [60,70,73,74,83], it is conceivable that
Brd4 and the identified additional cellular receptors may interact either sequentially or
simultaneously with E2 and the viral episome to constitute a tethering cascade/complex for
viral genome maintenance and segregation in latently infected cells. The molecular
mechanisms by which HPVs adopt cellular machinery to maintain persistent infection in host
cells will be an interesting topic for future research.

Cellular factors involved in viral chromatin remodeling

Host cellular factors have been shown to regulate the papillomavirus chromatin conformation,
transcription and, consequently, the viral life cycle. The host cell protein nucleolin binds the
HPV18 enhancer and controls the opening of the chromatin structure at the HPV18 enhancer
[90]. Through this mechanism, nucleolin may function as a regulator of HPV18 oncogene
transcription in cervical cancer cells [90]. BRCAL, a breast and ovarian cancer-related tumor
suppressor that has been linked to chromatin remodeling, is another host factor that interacts
with the HPV18 E2 protein. Recruitment of BRCAL by E2 onto the E2 binding sites within
viral promoter enhances HPV18 E2-dependent transcription in vivo [91]. Within the HPV18
genome, a strong epithelial specific enhancer drives transcription of the viral oncogenes. A
higher-order nucleoprotein complex (enhanceosome) involving the sequence-specific JunB/
Fra2 transcription factor and the HMG-I(Y) chromatin remodeling factor has been shown to
stimulate the transcription activity of the HPV18 enhancer sequences [92]. The CBP/p300
chromatin modulator is further recruited by the HPV18 enhanceosome to stimulate the
promoter activity [92]. The activation of the HPV18 P105 promoter by the coactivator CBP
directly correlates with the induction of the nucleosomal histone H3 (K14) acetylation on the
HPV18 Early Promoter by CBP [93]. Brm is a chromatin remodeling protein associated with
SWI/SNF complexes, which are ATP-dependent chromatin remodeling enzymes. Brm
association with E2 enhances promoter occupancy by E2 and stimulates E2 transcriptional
activation in an episomal context [94].

Papillomavirus life cycle involves a variety of changes in the expression of the early and late
viral genes and the viral transcription regulation is tightly linked to the host epithelial
differentiation. During epithelial differentiation, different cellular factors have displayed
distinct roles in regulating the early and late promoters of the papillomavirus. For example,
CCAAT/enhancer-binding protein beta (C/EBPbeta), a key transcription factor that induces
chromatin opening and the terminal differentiation of keratinocytes, enhances the P670-driven
transcription of the HPV/16 late genes in the differentiating epithelium, whereas it inhibits the
transcription from the early P97 promoter [95].

Modulation of host chromosomal events by papillomavirus

Little is known about how the papillomavirus modulates the host chromatin structure. A
histopathological study was conducted to examine chromatin texture in cervical epithelium of
6000 biopsy specimens generated from 2000 patients [96]. The texture image analysis suggests
that chromatin condensation may correlate with HPV infection [96]. The overall impact of
HPV on the host chromatin texture may reflect the combined effects of individual viral proteins
by interacting with their cognate cellular targets. It has been demonstrated that E2 does not
simply passively hitchhike on the chromosomal Brd4 protein to segregate the papillomavirus
genomes; rather it plays an active role in relocalizing and/or stabilizing the association of Brd4
with both mitotic chromosomes and interphase chromatin [51]. Through interacting with Brd4,
E2 becomes associated with transcriptionally active cellular chromatin [97]. It has become
apparent that E2-mediated tethering of viral genomes to host chromatin not only drives the
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partition of the viral genomes to daughter cells but also retains the viral genomes in
transcriptionally active regions of the nucleus to escape silencing [97].

Studies on the viral oncogenes E6 and E7 have revealed more direct roles of the viral
oncoproteins in modulating host chromatin structure. In vitro studies establish that E6 inhibits
p300-mediated acetylation on both p53 and nucleosomal core histones, thereby converting
p53-p300 from an activating complex to a chromatin repressor [98]. This study thus provides
a mechanism for DNA tumor viruses to repress p53-dependent transcription from cellular
chromatin [98]. In human foreskin keratinocytes, HPV16 E7 has been shown to increase
histone acetylation in a manner that depends on its binding to both pRB and histone deacetylase.
This functional interaction may therefore indirectly create a transcriptionally active chromatin
structure to promote expression of genes vital for cell cycle progression [99]. During mitosis,
high-risk HPV16 E7 interacts with microtubule-associated nuclear mitotic apparatus protein
1 (NuMA) [100]. The interaction between HPV16 E7 and NuMA correlates with the induction
of chromosome alignment defects during prometaphase [100]. It has been proposed that this
abrogation of mitotic events by HPV E7 may contribute to viral maintenance and propagation
through disrupting the differentiation program of infected epithelia cells [100]. The high-risk
HPV E7 protein also interacts with BRG-1, a component of the human SWI/SNF complex that
either activates or represses cellular promoters by modulating chromatin structure [101]. This
protein-protein interaction deregulates the BRG-1 mediated transcriptional silencing,
contributing to the abolishment of host cell cycle control [101].

Perspective and Future Directions

Papillomavirus relies on the association with host chromatin for successful completion of its
life cycle. By hitchhiking on the host mitotic chromosomes, the virus ensures accurate
segregation of the viral genetic materials to the daughter cells during host cell division,
establishing persistent maintenance of viral episome in the infected cells. During this process,
the virus subverts host chromatin-remodeling factors to facilitate viral transcription and
replication. Through its association with the host chromatin, papillomavirus redirects the
normal cellular control of chromatin to benefit its own survival and to induce malignant
progression of host cells (Fig. 3).

Brd4 has emerged as a central player in bridging the papillomavirus interaction to cellular
chromatin. Brd4 tethers the viral genome to host chromosomes to ensure persistent infection.
It also plays an important role in regulating the viral oncogene transcription. The molecular
mechanism underlying the multiple functions of Brd4 in the papillomavirus life cycle remain
to be further investigated in future studies. Notably, all the studies of E2-Brd4 interactions so
far have been done using monolayer cell cultures. The functional impact of this virus-host
interaction in the context of the differentiation-dependent viral life cycle remains an important
question. Brd4 by itself plays an important role in host cellular growth control and cancer
development [44,48,102]. The important Brd4 activities uncovered in the viral life cycle will
serve as a starting point for unraveling the complex cellular functions of Brd4.

The virus-chromatin interaction throughout the papillomavirus life cycle provides an excellent
model system to study the HPV life cycle as well as chromatin structure regulation. The new
mechanisms identified in these studies will provide a point of departure for developing new
compounds to abrogate the virus-host interaction and cure HPV persistent infections. The viral
oncogenes E6 and E7 are the main arbitrators of HPV-induced oncogenesis. Insights into
mechanisms that repress the viral oncogenes will also offer new strategies to prevent
papillomavirus-induced human cancer.

Many other viruses share the same mechanism as papillomaviruses for interacting with host
chromatin. For instance, both the Kaposi's sarcoma-associated herpesvirus (KSHV) latency-

Biochim Biophys Acta. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

You

Page 9

associated nuclear antigen (LANA) and the Epstein-Barr virus EBNAL proteins functionally
interact with Brd4 [103] [104] [105]. Besides DNA tumor viruses, Brd4 has also been
implicated in the regulation of human immunodeficiency virus transcription [106] and the
human cytomegalovirus immediate-early (IE) transcription [107]. Hence, comprehensive
understanding of HPV-host chromatin interactions will provide a paradigm for investigating
molecular interplays between other pathogenic viruses and their host targets.
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Fig. 1.

Papillomaviruses establish persistent infection by maintaining viral genomes as episomes in
host cells. A. During persistent infection, some of the PVs hitchhike on cellular mitotic
chromosomes to ensure that the replicated viral episomes are retained inside the nuclei of
dividing host cells and faithfully partition to the daughter cells during mitosis. B. For many
papillomaviruses, this non-covalent association of viral DNA with chromosomes is mediated
by the viral E2 protein. The viral E2 facilitates viral genome segregation by interacting
simultaneously with condensed mitotic chromatin and viral genomes.
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Fig. 2.

Proposed molecular mechanism for E2/Brd4 mediated episome maintenance. Brd4 functions
as a receptor for PV E2/DNA complex on mitotic chromosomes. The exogenously expressed
Brd4 CTD prevents the association of Brd4 with E2, abrogating the tethering of the E2/viral
episome complex to mitotic chromosomes. The domain structures of Brd4 are also shown. The
Figure was modified from [38].
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Fig. 3.

Papillomavirus interaction with cellular chromatin. Through association with the host
chromatin, the virus ensures accurate segregation of the viral genetic materials to the daughter
cells during host cell division, establishing persistent maintenance of viral episome in the
infected cells. Meanwhile, the virus subverts host cellular factors to facilitate viral transcription
and replication. Papillomavirus and host chromatin interaction also redirects the normal
cellular control of chromatin to induce malignant progression of host cells.
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