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Abstract

The DNA genome of eukaryotic cells is compacted by histone proteins within the nucleus to form 

chromatin. Nuclear-replicating viruses such as adenovirus have evolved mechanisms of chromatin 

manipulation to promote infection and subvert host defenses. Epigenetic factors may also regulate 

persistent adenovirus infection and reactivation in lymphoid tissues. In this review, we discuss the 

viral proteins E1A and protein VII that interact with and alter host chromatin, as well as E4orf3, 

which separates host chromatin from sites of viral replication. We also highlight recent advances 

in chromatin technologies that offer new insights into virus-directed chromatin manipulation. 

Beyond the role of chromatin in the viral replication cycle, we discuss the nature of persistent viral 

genomes in lymphoid tissue and cell lines, and the potential contribution of epigenetic signals in 

maintaining adenovirus in a quiescent state. By understanding the mechanisms through which 

adenovirus manipulates host chromatin, we will understand new aspects of this ubiquitous virus 

and shed light on previously unknown aspects of chromatin biology.
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Adenovirus is a human pathogen of growing concern [1]. As the number of successful solid 

organ and hematopoietic stem cell transplants increases, the proportion of the population on 

immunosuppressive drug regimens also increases [2]. This immunocompromised population 

is more susceptible to adenovirus infections, and therefore, the incidence of infection 

continues to rise [2–5]. Recent adenovirus outbreaks in the United States illustrate that both 

healthy and immunocompromised individuals are vulnerable [6–8]. Efforts to limit the 
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increased morbidity and mortality caused by adenovirus infections in transplant patients are 

complicated by the poorly understood phenomenon of persistent adenovirus, in which 

extremely low levels of viral replication are maintained [9]. It is thought that, in the case of 

transplant patients, acquired immunodeficiency allows for reactivation of persistent 

adenovirus resulting in acute lytic infection. Evidence suggests that persistent adenovirus 

may be tied to chromatin state and epigenetic changes in the host cell [10,11]. Here, we 

provide a brief primer on chromatin structure and examine adenovirus infection through the 

lens of chromatin biology and epigenetics (Fig. 1).

Beginning with incoming viral genomes, we discuss the core protein VII and its role on 

incoming viral chromatin and in initiation of viral transcription, as well as its emerging 

effects on host chromatin. The early viral gene product E1A is essential to virus infection 

and causes global changes to host chromatin resulting in cellular reprogramming. We 

examine the state of the field of research on E1A and specifically its impact on host 

chromatin. Adenovirus infection also results in structural changes to the host nucleus to 

facilitate viral replication, many of which are induced by the early protein E4orf3. We 

dissect the current understanding of E4orf3 with respect to chromatin biology. Finally, we 

address the possible role of epigenetics in the understudied field of persistent adenovirus. 

We explore epigenetic signals, including cellular DNA methylation, that may regulate 

adenovirus persistence in lymphoid organs. Finally, we discuss pathologies that may be 

associated with persistent adenovirus infection.

Architecture and function of host chromatin

The repeating unit of chromatin, the nucleosome, consists of approximately 147 base pairs 

of DNA wrapped around an octamer of histone proteins. The octamer is primarily comprised 

of a heterotetramer of H3 and H4, and two H2A/H2B heterodimers [12]. The N-terminal 

tails of histones that protrude from core nucleosomes are modified post-translationally [13]. 

Modifications include phosphorylation, methylation, acetylation, and ubiquitination, which 

regulate access to surrounding DNA through binding partners and compaction [14]. 

Chromatin has been classified into many different sub-types: the two main groups being 

‘active’ euchromatin and ‘repressed’ heterochromatin. Active chromatin is associated with 

higher transcriptional activity and specific histone marks, for instance, histone H3 lysine 4 

trimethylation (H3K4me3); histone acetylation (ac), such as H3K18ac; and histone H2B 

ubiquitination, such as H2BK120Ub. Repressed chromatin varies in definition by species but 

is generally more transcriptionally silent. For example, in Schizosaccharomyces pombe, 

there are two main states of heterochromatin: facultative and constitutive [15]. As the names 

imply, one state is generally not reversible, whereas the other can be altered. In Drosophila 
melanogaster, a colored naming scheme distinguishes between multiple types of active and 

repressed chromatin, with two types of active and three of repressed [16]. Although these 

categories do not to translate simply to mammalian systems, types of heterochromatin are 

differentiated by description, such as H3K27me3- or H3K9me3-enriched. It remains to be 

determined whether these categories form a discernible ‘code’ that can easily be interpreted. 

The combinatorial nature of histone marks complicates their functional output. For example, 

H3K9me3 may result in an entirely different outcome on transcription when accompanied 

by a nearby mark such as H3S10ph [17,18]. In addition to histone modifications, DNA itself 
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can be modified by methylation of cytosine within CG sequences or CpG sites [19,20]. DNA 

methylation is an important component of gene silencing, especially during development 

and X inactivation in mammals [21]. Despite its importance in mammalian development, 

DNA methylation does not occur in many organisms including yeasts, Caenorhabditis 
elegans, and Drosophila melanogaster [22]. DNA methylation, together with H3K9 

trimethylation, contributes to heterochromatin formation [23,24], although DNA methylation 

is also found in activating contexts [25,26]. Like many epigenetic marks, the genomic 

context and neighboring histone marks are key factors in determining active or repressed 

transcriptional outcomes.

Incoming viral genomes are coated with protein VII

Viral genomes in the virion

Adenoviruses encode a unique histone-like protein called protein VII [27–29] that is 

packaged with the viral genome in what has been described as a ‘beads-on-a-string’ 

structure [29]. Protein VII is the most abundant core protein [30,31]. It is suggested that 

approximately 2–6 protein VII molecules form a multimer, around which 90–150 base pairs 

of DNA may be wrapped within virus particles [32,33]. The interaction of proteins within 

the adenovirus core was studied in the 1970s and 1980s [27–29,32–36], establishing that 

protein VII directly interacts with viral DNA. Through interactions with protein V, protein 

VII also stabilizes the genome within the capsid. Recent structural studies propose that 

protein VII is integral to the virion assembly process [37]; however, the formation of 

adenovirus particles in the complete absence of protein VII [38] implies that the viral 

genome conformation may have multiple states that are amenable to virion formation. It has 

been suggested recently that one conformation may resemble a more ancient structure 

similar to archaeal chromatin [39,40], although without further structural insight into protein 

VII–DNA complexes, the conformation of viral genomes within virions remains unclear. 

Virus particles lacking protein VII are noninfectious [38], suggesting protein VII has a role 

in uncoating of the viral genome from the capsid and may have further functions outside of 

viral packaging.

DNA entry into the nucleus and the activation of viral transcription

Upon nuclear entry, it is thought that protein VII must be removed from incoming viral DNA 

to allow transcription initiation [41] (Fig. 2) although the evidence for transcriptional 

repression by protein VII is not consistent across experimental systems. When Xenopus 
laevis eggs are injected with mRNA to synthesize protein VII, protein VII binds and 

condenses Xenopus chromatin as well as represses the formation of R-loops, a marker of 

active transcription [42]. These data, together with the observation that virion cores are 

highly compact, have led to the description of protein VII as a ‘repressor’ although it does 

not fit the canonical definition of a transcriptional repressor with affinity to a specific DNA 

sequence [43]. It is likely that protein VII bound to DNA alone, without histones, prevents 

transcription due to its extremely high affinity for DNA. Conversely, precoating plasmids 

with protein VII prior to transfection into HeLa cells results in greater transgene expression 

compared to transfection of plasmid alone [44]. Likewise, the transfection of adenovirus 

cores generated by pre-incubating viral genomes with protein VII results in greater 
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association of histones with viral DNA and increased transcription compared to cores 

transfected without protein VII bound [44]. These observations suggest that the inherent 

differences between human and frog cells are important in the function of protein VII on 

DNA. Given that virus particles lacking protein VII are unable to initiate transcription [38], 

it is likely that protein VII functions to activate, rather than repress, initiation of viral 

transcription in human cells. It is also thought that protein VII functions cooperatively with 

the early-transcribed E1A gene to promote transcription from the viral genome [42] (see the 

section titled E1A: The first viral protein produced attacks host chromatin below). 

Furthermore, protein VII may function differently on viral and host genomes, where the 

chromatin landscape is vastly different. The presence of histones on viral genomes also 

depends on histone chaperones such as HIRA and SET [45,46] (see Weitzman review [47]) 

where the interaction of SET and protein VII may also facilitate transcription from the 

incoming viral genomes [44,45].

SET, also known as template activating factor 1 (TAF-1β), was first identified as an 

oncoprotein [48]. SET is implicated in diverse cellular pathways, including membrane 

protein localization [49], inhibition of histone acetylation [50], DNA damage responses 

(DDRs) [51], regulation of p53 acetylation [52], and histone chaperone activity [53,54]. In 

the context of adenovirus infection, the histone chaperone activity of SET is its best 

characterized function. SET binds to protein VII on the incoming viral genomes [55–57], 

which protects the viral genome from the cellular DDR [57,58] and facilitates the deposition 

of histones on viral DNA, potentially to replace protein VII. This histone deposition then 

promotes the initiation of transcription from the early viral gene promoters, before the 

transcriptional activator E1A is expressed. siRNA-mediated knockdown of SET results in 

decreased initial viral transcription [44,45], which is thought to depend on the deposition of 

histones on incoming viral genomes. Developing technologies to visualize viral genomes 

immediately after nuclear entry has been challenging, but detection of protein VII together 

with SET by immunofluorescence microscopy allows for tracking incoming viral DNA [56]. 

Live-imaging of incoming adenoviral genomes is also possible using eGFP-labeled SET [56] 

or direct labeling of incoming viral DNA [59]. In these direct labeling experiments, known 

as ANCHOR3, the deletion of E1A and E3 allows infected cells to enter mitosis during 

which viral genomes associate tightly with the condensed host chromosomes [59]. This 

observation suggests that incoming viral genomes are physically linked to host chromatin 

and may have implications in the context of persistent virus.

It is not clear how protein VII is removed from incoming viral DNA. Sequence analysis of 

protein VII reveals stretches of arginine residues that are similar to protamine arginine 

domains [60,61], suggesting properties similar to protamines that compact sperm DNA [62]. 

It is currently unclear whether the removal of protein VII occurs via a similar mechanism to 

protamine removal whereby post-translational modifications alter the protamine–DNA 

interaction and allow for histone replacement of protamines [46,62–65]. Within virus 

particles, protein VII is phosphorylated at three sites, while two acetylation sites are present 

only during infection [66,67], suggesting these moieties are relevant for protein VII removal 

from incoming viral genomes. Interestingly, replacing the protein VII acetylation site on 

lysine 2 or lysine 3 with alanine (K2A or K3A) is sufficient to alter protein VII nuclear 

localization from dispersed throughout chromatin to primarily localizing to the nucleolus 
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[66]. This modification-dependent change in localization suggests that post-translational 

modifications of VII have important but uncharacterized functions in protein VII’s 

interaction with viral genomes both during initial infection and during packaging. However, 

K2A or K3A substitutions of the precursor protein VII, which has an additional 24 amino 

acids at the N terminus, result in the opposite effect on nuclear localization, with precursor 

VII unable to localize to the nucleolus and found throughout the nucleus [68]. This 

observation suggests that the regulation of protein VII localization through post-translational 

modification is complex and not yet fully understood.

Protein VII expressed late during infection localizes to host chromatin

Protein VII also associates with host chromatin during infection and is necessary and 

sufficient to alter chromatin composition [66]. Purified recombinant protein VII binds DNA 

and cellular nucleosomes. Protein VII can also limit DNA accessibility in vitro, suggesting a 

novel mechanism for host chromatin disruption [66]. Mass spectrometry analysis of 

fractionated chromatin from cells ectopically expressing protein VII [69] demonstrates that 

several proteins are significantly enriched in the chromatin fraction upon expression of 

protein VII, including the previously identified interacting partner SET [45,53,70] and the 

family of high-mobility group box (HMGB) proteins [71,72]. The functional consequence of 

VII-induced enrichment of SET on host chromatin is not known, but retention of HMGB 

may benefit viral infection by altering inflammatory responses. HMGB1 is a prototypic 

danger signal involved in orchestrating inflammatory responses and acts both within and 

outside the cell [73,74]. Extracellular HMGB1 binds to key receptors to amplify and sustain 

inflammation, making HMGB1 the focus of many anti-inflammatory therapeutic efforts 

[75]. HMGB1 also functions in the nucleus where it is thought to facilitate transcription 

factor binding [76,77]. In vitro purified protein VII and HMGB1 interact directly, and this 

interaction is sufficient to downregulate the cell’s ability to mount HMGB1-dependent 

immune responses in cells and in vivo [66] (Fig. 2). To date, it is unclear how these diverse 

binding partners contribute to the multiple functions of protein VII both on viral and host 

genomes. It is possible that post-translational modifications of protein VII determine its 

binding partners during different phases of the infectious cycle. On the host genome, protein 

VII localization also downregulates the DDR, likely due to limited DNA access by repair 

proteins [57], which is similar to protein VII’s protection of the viral genome from the DDR 

early during infection [58]. The protein VII amino acid sequence is strongly conserved 

across human adenovirus serotypes [78]. Protein VII is among the 16 genes common to all 

adenoviruses [79], both human and nonhuman serotypes, which suggests that its function in 

viral genome compaction is conserved. However, the amino acid sequence of protein VII has 

diverged significantly depending on the host species [79], which implies that protein VII is 

under positive evolutionary selection, likely reflecting the divergence in host immune 

responses. These observations taken together show that protein VII is typical of other 

multifunctional adenoviral proteins in that it compacts viral genomes, manipulates host 

chromatin composition, and modulates host immune responses.
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E1A: The first viral protein produced attacks host chromatin

Protein VII recruits E1A to viral genomes to initiate viral transcription

The first viral protein produced during adenovirus infection, E1A [80,81], consists of two 

main isoforms during early infection via splicing – small and large E1A [82]. E1A, while 

not itself a DNA-binding protein, interacts with myriad chromatin-associated proteins such 

as transcriptional regulators to initiate viral transcription and overhaul host processes (see 

review [83]). Small E1A is considered a viral oncogene that can contribute to cellular 

transformation (see reviews [84,85]). Upon nuclear entry, the adenovirus genome is bound 

by the small, highly charged histone-like protein VII [27–33]. Upon co-expression of large 

E1A with protein VII in the X. laevis oocyte system, protein VII recruits large E1A to 

chromosomal DNA [42] and presumably facilitates the same interaction on viral genomes 

(Fig. 2). In support of this claim, the purified N terminus of large E1A and purified protein 

VII interact directly in vitro [42]. Additional studies show that expression of E1A along with 

transcription from the viral genome allows for release of protein VII from adenovirus DNA 

early in infection, although E1A-independent transcription from viral DNA is also sufficient 

for protein VII release [86]. Taken together, these observations suggest that protein VII 

directly interacts with and recruits E1A to viral genomes in order to facilitate viral 

transcription and release a subpopulation of protein VII from viral DNA [55,86]. Since this 

model is derived from population-scope experiments in which asynchrony of infection 

cycles is inherent [55,86], it does not explain how E1A itself is first expressed from the viral 

genome. How the earliest transcriptional activity from the viral genome is coordinated is 

unknown, although the recent advent of single-cell genomics [87,88], in which RNA-seq and 

ChIP-seq are performed on a single cell, may soon offer insights into the earliest stages of 

adenovirus infection.

E1A localizes to host chromatin, alters host histone modifications, and overhauls 
transcription

Small E1A has profound effects on host chromatin that are enacted through redistribution of 

histone post-translational modifications (Fig. 2). These effects were first identified by 

genome-wide assays of small E1A’s binding of host chromatin in diploid human lung 

fibroblast (IMR-90) cells [89] infected with adenovirus that expresses small E1A but does 

not result in a complete viral infection cycle [90]. Use of the replication-incompetent virus 

allows characterization of the effects of E1A expression for a much longer timeframe (6, 12, 

and 24 hpi) than E1A is active during wild-type infection [89]. Over time, E1A localizes to 

three different sets of host gene promoters, defined by similarities in E1A binding pattern. 

The first cluster, which is enriched for genes related to host response to pathogen infection 

and the inflammatory response, has high E1A occupancy at 6 hpi that does not persist into 

the later timepoints, and transcription of these genes is rapidly downregulated. E1A 

occupancy is also highly enriched at the promoters of a second cluster, which mainly 

consists of cell cycle-regulated genes that are quickly upregulated. The association of E1A 

with the second cluster is observed immediately after initial E1A expression and persists up 

to 24 hpi. The third cluster of E1A-bound genes are implicated in differentiation and 

development and are bound by E1A between 12 and 24 hpi correlating with reduced gene 
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expression throughout. These changes in transcription imply dramatic changes to host 

chromatin that are converted to large-scale alterations in transcriptional regulation.

It is notable that E1A binding can either upregulate or downregulate gene expression 

depending on the genomic context. Twenty-four hours of E1A expression results in a global 

reduction in histone acetylation [91], a potent regulator of transcription [92]. Acetylation of 

the N-terminal H3 histone tail generates a more open, relaxed chromatin state that is 

permissive to transcription, while deacetylated H3 chromatin is more compact and therefore 

refractory to transcription [93]. Though H3 can be post-translationally modified on a number 

of different amino acid residues, acetylation marks on K9, K18, or K27 are enriched in the 

regulatory regions such as enhancers and promoters of active genes [94]. In response to E1A 

expression, loss of H3K18 acetylation is the most significant change in histone post-

translational modifications, as determined by mass spectrometry [91]. E1A interacts directly 

with two closely related lysine acetyltransferases, CBP and p300 [95–99], both of which are 

required to establish H3K18ac in uninfected cells [91]. E1A mutants unable to bind 

p300/CBP do not localize to the promoters of gene clusters 1, 2, and 3, nor are H3K18ac 

marks reduced at those loci [89]. The implication of this observation is that E1A binds CBP/

p300 in order to locate E1A-targeted genes and alter their regulation through aberrant 

histone acetylation.

While E1A expression causes an overall loss of H3 acetylation on the host genome, mostly 

of H3K18ac [89,91], genome-wide chromatin profiling of both H3K9ac and H3K18ac 

demonstrates that these histone marks are depleted from specific loci [100,101]. While most 

sites of H3K18ac are lost, a new set of H3K18ac peaks form, primarily in the regulatory 

regions of genes that increase in expression such as cell cycle genes [100,101]. These 

changes in H3K18ac distribution are largely abrogated if E1A is unable to interact with its 

lysine acetyltransferase partners, p300 and CBP, suggesting that p300/CBP is the main 

effector of E1A-induced changes to histone acetylation [101]. Intriguingly, E1A can inhibit 

H3 acetylation via its interaction with p300/CBP at some genomic loci, while in other 

contexts, E1A stimulates acetylation via p300/CBP. How E1A differentiates between these 

different regions remains mysterious.

Given that p300 is an important transcriptional coactivator [102], it is not surprising that the 

interaction of E1A with p300 is required to alter transcription [101]. The E1A-p300-

repressed genes are enriched for secreted extracellular matrix proteins, which are normally 

highly expressed in fibroblast cells. This down-regulation of highly expressed genes may 

benefit viral infection both by liberating transcriptional resources that are redirected to viral 

transcription and by facilitating the cellular dedifferentiation orchestrated by E1A that will 

be discussed in greater detail below (see next section E1A-induced epigenetic 

reprogramming promotes cellular transformation).

E1A epigenetic reprogramming also subverts the transcriptional regulation of interferon-

directed innate immune response to adenovirus [103]. E1A blocks the formation of a 

functional hBRe1 ubiquitin ligase complex that is required to upregulate interferon-

stimulated genes (ISGs) in response to adenovirus infection [103]. Without E1A, the hBre1 

complex monoubiquitinates histone H2B at ISGs, which allows for efficient upregulation of 
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transcription. The interaction of E1A and hBre1 also regulates transcription from the viral 

genome albeit through a different mechanism [104]. On the viral genome, the interaction of 

hBre1 and its complex partner RNF20 recruits the human RNA polymerase II-associated 

factor 1 (hPaf1) complex to the viral DNA. Since the hPaf1 complex promotes transcription 

elongation and histone modifications associated with active transcription [105], E1A 

recruitment of the complex allows for efficient transcription of viral genes [104,106]. The 

targeting of hBre by E1A, which both downregulates the host viral defense mechanism and 

upregulates viral transcription, illustrates the economy of E1A’s epigenetic dysregulation via 
host factors.

There are important caveats to these studies of E1A. First, in using replication-incompetent 

adenovirus to study E1A-induced epigenetic alterations, the timeframe of E1A expression is 

prolonged compared to wild-type infection. As a result, many of the changes to histone 

acetylation observed at 24 hpi [89,91] may not occur during wild-type infection. Mass 

spectrometry of all histone modifications during adenovirus infection of the same cell type, 

IMR-90, demonstrates that most alterations to histone modifications are not statistically 

significant [107]. In fact, by mass spectrometry, H3K18ac is increased 24 hpi during wild-

type infection [107] in contrast to the decrease in H3K18ac induced by 24 h of E1A 

expression [89,91]. Exactly how the viral replication cycle and expression of other viral 

proteins account for the difference in these observations remains to be uncovered. A second 

consideration is that when expressed in host cells, E1A establishes a complex network of 

interactions with the host proteome; E1A is known to directly bind and modulate the 

function of more than 30 host proteins and therefore may have secondary impact on the 

function of up to 2000 host proteins [83]. This high degree of E1A linkage is thought to be 

coordinated by E1A’s preponderance of short linear interaction motifs (SLiMs), which are 

short peptide sequences that facilitate protein–protein interactions [83]. Since the mutant 

versions of E1A employed to study the impact of individual E1A binding partners 

[89,101,103] may change the affinity of E1A for other proteins besides the protein of 

interest, it is challenging to differentiate between direct and indirect effects of E1A 

expression as well as how other viral proteins may contribute to these effects.

E1A-induced epigenetic reprogramming promotes cellular transformation

Oncogenes are dysregulated cellular genes that allow for cancerous proliferation of cells 

[108]. Viral oncogenes are virally delivered genes that can also lead to oncogenesis [109]. 

Adenovirus E1A, when expressed alone in human cells does not initiate transformation, but 

in conjunction with other processes can contribute to cellular transformation [84]. In fact, 

the commonly used transformed cell line HEK293 was created through the integration and 

expression of adenovirus E1A, along with E1B, in aneuploid cells isolated from human 

embryonic kidney [110]. The transformation enacted by E1A occurs through global 

epigenetic alterations, primarily of histone acetylation resulting in altered cell cycle gene 

expression (detailed above). E1A may also effect changes to host chromatin by increasing 

chromatin condensation [101], although the evidence for this observation is derived from a 

fluorescent reporter system in Chinese hamster ovary cells, and the same may not occur in 

human cells. Cell cycle reprogramming by E1A also requires the interaction of E1A with Rb 

proteins, which prompts infected cells to initiate a program of gene expression typical of S 
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phase [111]. Rb proteins bind and inhibit E2F transcription factors at the promoters of cell 

cycle-regulated genes [112,113]. When Rb suppression is lifted, transcription from E2F-

responsive promoters increases, leading to S phase gene expression [112,113]. By binding to 

and inactivating Rb, E1A can promote the aberrant initiation of the S phase gene expression 

program [114] and contribute to cellular transformation [110]. This upregulation of S phase-

specific genes is thought to enhance viral infection since the same resources required to 

support cellular DNA replication can be redirected to support viral replication.

Remarkably, cell cycle perturbations and redistribution of histone acetylation at gene 

regulatory regions can be reversed upon E1A inactivation [115]. siRNA-mediated 

knockdown of E1A in HEK293 cells increases H3K18ac and H3K27ac especially at 

enhancers. Loss of E1A causes shifts in gene expression with cell cycle and mitosis genes 

among the most highly repressed and differentiation-associated genes among the most 

highly upregulated. These shifts in expression are essentially a reversal of the changes in 

gene expression caused by E1A [89,100]. Unexpectedly, the reversal of the effects of E1A 

suggests that viral chromatin-binding proteins can act as exogenous switches to manipulate 

cell fate. The E1A knockdown approach also illuminated the role of the Hippo pathway, an 

important regulator of development, in the E1A transformation process. The Hippo pathway, 

in addition to being essential for the earliest stages of development, is dysregulated in a 

number of cancers [116]. In response to extracellular cues, inactivation of the Hippo 

pathway stabilizes the effector proteins YAP and TAZ resulting in their accumulation in the 

nucleus [116]. In the nucleus, YAP and TAZ function as transcriptional coactivators binding 

the TEAD (TEA domain) family transcription factors that regulate apoptotic and cell 

proliferation genes [117]. Knockdown of E1A in HEK293 cells results in nuclear 

relocalization of YAP and TAZ and increased YAP occupancy at new sites of open, highly 

acetylated chromatin that correlates with increased TEAD transcription factor binding and 

increased transcription from those loci [115]. YAP and TAZ relocalization to the nucleus is 

required in order for E1A knockdown-induced changes in H3 acetylation and upregulation 

of gene expression [115]. Further studies will be needed to determine whether relocalization 

of YAP and TAZ is required for E1A-induced epigenetic reprogramming and whether Hippo 

pathway signaling is altered during adenovirus infection.

Current approaches to understand chromatin changes during adenovirus infection

Adenovirus E1A reprograms infected cells and induces shifts in their epigenetic identity that 

are not unlike the changes that contribute to oncogenesis. Historically, DNA viruses have 

provided valuable insights into cancer biology, such as the discovery of the tumor suppressor 

p53 via its interaction with SV40 T antigen [118]. Emergent technologies such as next-

generation sequencing, chromosome conformation capture, high-throughput chromatin 

profiling methods, and highly sensitive mass spectrometry will allow for further exploration 

of fundamental nuclear processes through the lens of adenovirus infection. To date, global 

histone mass spectrometry has identified gross changes to histone modifications in a more 

unbiased way than traditional western blot approaches [119]; however, further work is 

needed to determine the genomic localization of these histone modifications in addition to 

their contribution to gene expression and the progression of infection. Furthermore, as 

chromosome capture technologies increase in their precision [120] and other approaches 
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such as CUT&RUN [121] allow for smaller and smaller populations of cells to be used per 

assay, it is conceivable that in the near future, more precise detail of the dynamics of 

chromatin changes during adenovirus infection will be attainable.

E4orf3 separates host chromatin from viral replication centers

In addition to adenoviral proteins that interact directly with host chromatin, viral proteins 

that interact with host nuclear factors, such as the E4 proteins, also impact chromatin. The 

E4 transcriptional unit produces eight proteins [122–125] and deletion of the entire unit is 

deleterious to viral replication and late gene expression [124]. Paradoxically, disrupting 

single E4 ORFs by point mutation has moderate-to-no effect on viral fitness [124], 

suggesting that there is functional redundancy among E4 proteins. Disrupting both E4orf3 

and E4orf6 significantly compromises viral replication and progeny production to nearly the 

same degree as complete deletion of E4 [125]. Loss of both E4orf3 and E4orf6 function 

leads to concatemerization of postreplicative viral genomes [126] that are presumably too 

large to be packaged and explains the defects in progeny production observed [125]. While 

these genetic analyses suggest significant functional overlap between E4orf3 and E4orf6, the 

two proteins promote the viral replication cycle through distinct mechanisms. For example, 

E4orf6, a highly multifunctional protein (reviewed more extensively by [127,128]), forms a 

ubiquitin ligase complex with the early adenovirus E1B-55K protein, which then binds and 

degrades multiple proteins including the tumor suppressor and cell cycle regulator p53 [129–

131]. The degradation of p53 by E4orf6/E1B-55K allows for adenoviral reprogramming of 

the cell cycle and more productive viral infection (see E1A section for more details). In 

contrast, E4orf3 seems to primarily disrupt nuclear structure to benefit viral replication.

E4orf3 forms polymers and sequesters host proteins during infection

Like all nuclear-replicating viruses, adenovirus disrupts host nuclear structure, enabling 

formation of replication centers (see Gonzalez review [132]) and progeny production. The 

role of E4orf3 in the adenovirus replication program was initially identified through one 

class of nuclear body, promyelocytic leukemia (PML) bodies. PML bodies are an aggregate 

of nuclear proteins surrounded by a shell of PML protein (reviewed by [133]). PML bodies 

were first identified because they are disrupted in acute PML although their exact function 

remains enigmatic [133]. Two independent studies of PML body structure during adenovirus 

infection found that infection causes a striking conversion of PML protein from a circular 

conformation at several PML bodies per nucleus into numerous ‘tracks’ of PML distributed 

throughout the nucleus [134,135] (see Weitzman review [47]). Deletion of E4orf3 prevents 

the formation of PML tracks because E4orf3 itself polymerizes to form a twisting ribbon-

like ultrastructure with which PML and SP100, another PML body component, colocalize 

forming distinctive tracks throughout the nucleus [134,135]. Transfection of E4orf3 into 

cells is sufficient for PML body disruption and for E4orf3 tracks to form [134,135]. 

Intriguingly, E4orf3 tracks are able to form outside the nucleus when the protein is 

expressed in plant cells, implying that the polymers assemble without the need for human-

specific proteins [136]. The functional implications of E4orf3-based protein targeting extend 

beyond PML bodies.
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E4orf3 tracks also target host DNA repair machinery [137]. The concatemerization of viral 

genomes observed during E4orf3Δ/E4orf6Δ virus infection relies on the host DNA repair 

proteins Mre11 and NBS1 [137]. Mre11, Rad50, and NBS1 together form the MRN 

complex that senses DNA double-stranded breaks, activates the cell cycle checkpoint, and 

initiates repair (reviewed by [138]). All three complex proteins are relocalized from being 

dispersed throughout the nucleus to forming small foci that are excluded from sites of viral 

replication as determined by immunofluorescent microscopy during wild-type infection 

[137]. The abundance of all three proteins also decreases in a proteasome-dependent manner 

during infection [137]. Adenoviruses lacking both E4orf3 and E4orf6 are unable to 

relocalize or degrade MRN complex proteins. Ectopic expression of E4orf3 alone is 

sufficient to relocalize MRN proteins [137], much as it is sufficient to relocalize PML 

protein [134,135]. Degradation of MRN complex proteins, however, is dependent upon the 

interaction of E4orf6 and E1B-55K [137]. These observations, coupled with the fact that 

both E4orf3 and E4orf6 must be inactivated to reduce viral fitness and observe genome 

concatemers, demonstrate that adenovirus type 5 has evolved redundant strategies to inhibit 

host DNA repair – one based on sequestration of host factors and the other on active 

degradation of host proteins. This dual targeting of MRN proteins is not universally 

conserved across other human adenovirus serotypes [139,140]. A comparison of MRN 

complex degradation among Ad12, Ad35, Ad2, Ad5, Ad9, and Ad4 human adenovirus 

serotypes demonstrates that degradation of some or all MRN proteins is a conserved effect, 

except for the case of Ad9 [139,140]. The relocalization of MRN complex proteins is 

somewhat less conserved with Ad12 and Ad35 infection failing to produce characteristic 

Mre11 puncta [140], while expression of E4orf3 from Ad4 fails to mislocalize NBS1 [139]. 

As a consequence, Ad9 and Ad12 viral DNA replication is restricted by the MRN complex 

[140]. The Ad4- and Ad12-E4orf3 protein tracks reorganize PML protein into tracks [139] 

reinforcing the notion that E4orf3 has serotype specificity for its target proteins.

Despite targeting PML protein, E4orf3 does not target all PML body-associated proteins. 

While E4orf3 reorganizes PML protein, SP100, SUMO-1, and DAXX into nuclear tracks, it 

fails to do so in the case of BLM and TopBP1, which are DNA repair-associated PML body 

proteins [134,135,139]. An important function of E4orf3’s specific interaction with host 

factors seems to be selective sequestration of some host factors away from sites of viral 

replication or viral replication centers (VRCs). In the case of E4orf3-driven sequestration of 

the MRN complex, repair complex proteins are directed away from VRCs to prevent the 

host DSB repair machinery from ligating linear viral genomes. Mass spectrometry analysis 

of proteins associated with nascent viral DNA during adenovirus replication has provided a 

comprehensive view of which host factors are selectively excluded or enriched at VRCs 

[141]. E4orf3 sequesters other host factors besides PML body proteins and DNA repair 

factors. For example, the transcriptional regulator TFII-I is underrepresented on replicated 

viral genomes compared to host DNA and forms foci that are similar to MRN complex foci 

formed during adenovirus infection. TFII-I relocalization and its degradation by the 

proteasome are dependent upon E4orf3 expression. Likewise, ectopic E4orf3 expression is 

sufficient to reorganize TFII-I into nuclear tracks. Exclusion of TFII-I from replicated viral 

genomes may be significant during the viral replication cycle as a regulator of viral 

transcription, although the connection between TFII-I and viral transcription has not been 
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well-established. These studies indicate that E4orf3 acts directly on specific host factors to 

promote viral fitness (see Weitzman review [47]).

E4orf3 polymers divide replication compartments from host chromatin

A comparison of E4orf3-PML tracks with sites of viral replication using BrdU incorporation 

and sites of active viral transcription, visualized by costaining for a splicing-related snRNP, 

suggests that E4orf3 tracks physically separate sites of viral replication and transcription 

from the rest of the nucleus [134]. A more thorough structural and 3D-imaging study of 

E4orf3 polymers in a nucleus infected with E1B-55KΔ Ad5 supports this model [136]. The 

integration of a photo-oxidative domain between two E4orf3 β-sheets is necessary to 

increase the electron density of E4orf3 polymers in order to detect E4orf3 by electron 

microscopy. This modified protein forms tracks throughout the nucleus and allows for 

imaging sections of the nucleus to generate 3D nuclear structures. Consistent with earlier 

observations [134], E4orf3 tracks wind throughout the nucleus but do not colocalize with 

VRCs or nucleoli [136]. In addition, the E4orf3 polymerization mutant (N82A), which 

cannot form nuclear tracks, is unable to disrupt PML bodies or sequester the MRN complex 

member NBS1 [136]. This observation suggests that the assembly of the E4orf3 

ultrastructure is required for PML dysregulation, inhibition of DNA repair pathways, and 

therefore productive infection. Together, these observations indicate that E4orf3 facilitates 

compartmentalization of the host nucleus to favor efficient viral replication. However, it 

remains to be determined how the assembled E4orf3 ultrastructure is able to wind 

throughout the nucleus while avoiding and excluding VRCs as well as the nuclear periphery 

(see also Gonzalez review [132]). This elegant and striking mechanism thus far appears 

specific to adenovirus; however, other viruses may have evolved similar 

compartmentalization mechanisms that have yet to be uncovered.

Impact of E4orf3 on host chromatin and chromatinization of viral genomes

E4orf3 may regulate gene expression both on the host and viral genomes. On the host 

genome, E4orf3 causes broad changes to host chromatin that alters gene expression, 

including p53 targets [142]. In a study of the dynamics of p53 and its downstream effectors 

during infection with an E1B-55KΔ virus, in which p53 is not degraded, unexpectedly 

downstream DNA damage genes cannot be upregulated. Upon additional deletion of E4orf3, 

the p53 target genes are induced in response to viral infection. Since a p53-regulated 

reporter gene can still be activated on a plasmid in this context, the authors conclude that 

changes occur on host chromatin that does not take place on the plasmid. ChIP-PCR 

demonstrates that there is less p53 occupancy at select p53-regulated gene promoters on the 

host genome. While the amount of H3K9me3 is not changed overall, there is more 

H3K9me3 at p53-regulated promoters compared to infection lacking E4orf3. As in many 

chromatin studies, it can be difficult to determine whether a change to a histone modification 

level is a cause or an effect of the phenomenon under scrutiny. The case of increased 

H3K9me3 at specific p53-bound promoters in the absence of E4orf3 is no exception. It is 

unclear whether the decrease in transcription is a result of the change in histone 

modification, or the histone modification is deposited as a consequence of decreased 

transcription. Additionally, the mutant viruses used in this study lack expression of late viral 

proteins, which excludes the possibility that chromatin-bound late proteins, such as protein 
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VII, may also impact the outcome of transcription at p53 target genes. Future work including 

ectopic expression of E4orf3 alone will clarify this point.

A recent study suggests that E4orf3 may have a similarly repressive effect on transcription 

from viral genomes that is mediated through a heretofore unreported interaction between 

E4orf3 and E1A [143]. E1A co-immunoprecipitates with E4orf3 from cells that ectopically 

express an epitope-tagged copy of E4orf3 and are infected with E3Δ Ad5 demonstrating that 

E1A and E4orf3 interact during infection. The interaction between E4orf3 and E1A is likely 

direct since purified E1A co-immunoprecipitates with GST-tagged and purified E4orf3 in 
vitro. Deletion analysis of E1A demonstrates that the N-terminal amino acid residues 11–13 

are responsible for E1A’s interaction with E4orf3. During E1AΔ11–13 virus infection, 

histone occupancy is higher, E1A occupancy reduced, and transcription is lower at specific 

early-transcribed adenovirus genes as well as at the late gene promoter, suggesting that 

E4orf3 represses transcription from the viral genome. Since E1A is known to interact with 

and modulate the activity of many host factors (see a comprehensive review by [83]), it is 

possible that the deletion of E1A residues 11–13 impacts more than its interaction with 

E4orf3. On viral genomes, transcription is reduced, histone occupancy increases, and E1A 

occupancy decreases only when E4orf3 is expressed in the presence of E1A compared to a 

control vector [143]. Based on these observations, E4orf3 seems to facilitate the association 

of host histone proteins with viral genomes and therefore modulate transcription. Given that 

both E1A and E4orf3 have previously been associated with regulators of host genome 

transcription (see E1A section of this review and [83,141]), it is plausible that the interaction 

of E1A and E4orf3 may impact transcription from viral DNA. While many mechanistic 

details of this process remain unknown, these recent studies of E4orf3 make it clear that 

there is still much to be learned about E4orf3 and its interaction with host factors.

In addition to viral proteins interacting with host chromatin, host factors also interact with 

incoming viral genomes as a defense mechanism. Recent evidence demonstrates that the 

host cell broadly restricts chromatinization of the incoming viral genome during the earliest 

stages of infection. It is proposed that this restriction occurs via PML-associated proteins 

Daxx, ATRX, and Sp100 [144–146] as well as the chromatin regulator SPOC1 [147]. 

Outside of viral infection, the Daxx/ATRX histone chaperone complex is thought to promote 

chromatin silencing via deposition of the H3.3 histone variant. This deposition is proposed 

to maintain the silencing marker H3K9me3 at specific heterochromatic loci [148]. To 

combat this restriction, adenovirus targets Daxx/ATRX for proteasomal degradation via the 

E1B-55K and E4orf6 ubiquitin ligase complex [144,145]. In the absence of Daxx/ATRX 

degradation, adenovirus early gene transcription is reduced and fewer viral progeny are 

produced [145]. Daxx may also mediate latency of other viruses, suggesting that histone 

incorporation onto viral genomes is a common host defense strategy [149]. Furthermore, it is 

possible that Daxx-mediated regulation of adenovirus transcription and subsequent reduction 

of viral progeny may play a role in persistent adenovirus infection.

Epigenetic alterations in persistently infected cells

Although rarely detected in peripheral blood lymphocytes [150–152], adenovirus is 

frequently found in lymphocytes residing in lymphoid organs of the oropharynx [153–155] 
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and intestine [156–158]. Adenovirus may persist as a smoldering infection in the intestine 

from which it can be shed in the feces of asymptomatic individuals [150,159]. The 

smoldering nature of the infection in the gut may reflect a balance between viral replication 

and an active antiviral response because immune suppressive treatments such as those 

required for allogeneic hematopoietic stem cell transplant often lead to an explosive degree 

of adenovirus replication with an increased risk of disease and death for the stem cell 

recipient [6,157,160]. Given that adenovirus infection can cause significant morbidity and 

mortality in immunocompromised transplant patients, it is important to better characterize 

persistent adenovirus infection. The studies of persistent infection summarized here suggest 

that epigenetic regulation plays a role in establishment and maintenance of persistent 

adenovirus.

Viral and cellular determinants of persistence

Although the determinants of adenovirus persistence are poorly characterized, some 

evidence suggests that both host and viral factors contribute to persistence. For example, in 

the case of latent infection of mucosal T cells from the adenoids and tonsils [153,154], when 

purified lymphocytes containing viral DNA but not replication-competent virions were 

cultured in the presence of signals that activate T cells, nearly 90% (13 of 15) of the isolates 

released infectious species C viruses [154]. When passaged, these viruses replicate at a 

slower rate than laboratory-adapted strains, suggesting that new viruses produced by 

reactivation of a persistent infection may be subject to heritable changes in viral gene 

expression. Furthermore, studies performed with HAdV-A12 in nonpermissive baby hamster 

kidney (BHK) cells point to DNA methylation as a consequence of viral infection and a 

regulator of viral gene expression (reviewed by [161]). Although the limited studies 

performed in a nonpermissive cell line may not reflect the state in humans, together these 

studies suggest that epigenetic factors such as DNA methylation may influence persistent 

infection.

One challenge to understanding persistent infection has been the dearth of model systems 

although human lymphocytic cell lines that sustain noncytolytic adenovirus infection now 

permit the study of persistence. In this model, T- and B-cell lines grow at the same rate as 

noninfected cells over multiple months of culture when persistently infected with HAdV-C5 

even though viral DNA levels exceed 50 000 genomes per cell [10]. The model provides 

some insights into the potential role of the viral factor adenovirus death protein (ADP) in 

persistent infection. ADP expression is repressed in cells that sustain a persistent infection 

but is not repressed in Jurkat T cells, which support a transient and lytic infection [162]. 

Jurkat cells infected with a virus deleted for the ADP gene retain viral DNA and survive for 

over a month. A separate study of the same persistently infected B and T cells shows that 

virus-associated RNAs I and II are expressed at a high level in persistently infected BJAB 

cells [163], which suggests that viral miRNAs play a role in facilitating a persistent 

infection. Together, these studies suggest that a program of repression is required to maintain 

persistent infection although further work is undoubtedly needed to elucidate the details.

Lynch et al. Page 14

FEBS Lett. Author manuscript; available in PMC 2019 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Adenovirus can elicit persistent changes in chromatin and DNA methylation

Persistent infection may also alter host gene expression possibly through epigenetic 

mechanisms. In the B- and T-cell lines used to model adenovirus persistence, cellular gene 

expression is modified during persistent infection [10]. Following infection, expression of 

the adenovirus receptor CAR is transcriptionally repressed and repression persists in cells 

that no longer retain the viral genome. CAR expression is restored by treating cells with the 

histone deacetylase inhibitor trichostatin A and DNA methylase inhibitor 5′azacytidine, 

suggesting that CAR repression is epigenetic. Remarkably, CAR is one of only six host 

genes identified in chronically infected B cells and T cells as being repressed using 

microarray analysis of gene expression [164]. The repression of these genes is released by 

the inhibition of DNA methyltransferases with 5′azacytidine. Furthermore, it is thought that 

transient expression of viral factors can induce long-lasting heritable changes to host gene 

expression based on the observation that expression of the E1A gene and E4 oncogenes 

[165–167] transforms primary baby rat kidney cells and elicits mutations at the 

hypoxanthine phosphoribosyltransferase locus [168]. Because the majority of transformed 

cells do not retain E1A or E4 DNA sequences, this mechanism has been termed ‘hit-and-

run’ transformation [168]. The capacity of these proteins to suppress the sensing and repair 

of damaged DNA is postulated to be the basis for the mutagenic nature of these viral 

oncoproteins. However, adenovirus may also elicit heritable and transforming changes in the 

epigenetic landscape following transient expression of viral genes during infection [169]. 

Further work is required to determine the epigenetic mechanisms behind these changes in 

host and viral gene expression.

One possible mechanism by which host and viral gene expression could be modulated is 

DNA methylation. The incorporation of foreign DNA into a mammalian cell, whether 

through mechanical delivery or viral infection, alters the pattern of CpG methylation on 

cellular DNA to a greater extent than on viral DNA. For example, there is 50- to 100-fold 

more methylated cytosine in host DNA than in HAdV-C2 or HAdV-A12 DNA [170]. 

Additional studies have shown that integration of HAdV-A12 DNA into the genome of BHK 

cells leads to extensive changes in DNA methylation [171]. Notably, high levels of DNA 

methylation persist in cell lines that ostensibly have lost all of the detectable HAdV-A12 

genome [171,172], reminiscent of B lymphocytes infected with Epstein–Barr virus that 

shows widespread and increased levels of DNA methylation [173,174]. These observations 

suggest that the introduction of foreign DNA may have consequences on gene expression 

through epigenetic means [175].

One example of DNA methylation-based modulation of viral gene expression is the 

observation that methylation of one of three CCGG sites in the HAdV-C2 E2A gene 

promoter, one of three viral genes required for viral DNA replication, prevents its 

transcription in a X. laevis oocyte [176]. In contrast, methylation at eleven sites in the 

remainder of the E2A gene has little effect on expression. Methylation of the HAdV-A12 

E1A promoter also prevents transcription in this model system [177]. These findings suggest 

potential points of control for viral gene expression during latency and reactivation from 

latency. Methylation at both E1A and E2A promoters could silence all viral gene expression 

that depends on E1A expression and viral DNA replication. By contrast, methylation at only 
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the E2A promoter would enable expression of E1A-dependent early genes with no viral 

DNA replication and consequently no late gene expression. Such control would permit 

adenovirus to remain latent and emerge if an appropriate signal impinges on the relevant 

promoters. As noted above, lymphoid cells from individuals harboring a latent adenovirus 

infection have no measurable levels of viral mRNA, consistent with the complete silencing 

of RNA Pol II-dependent promoters [153,154]. However, viral gene expression and viral 

replication are restored following exposure to T-cell-activating stimuli [154]. In a transgenic 

mouse model, T-cell-activating stimuli lead to rapid demethylation of the interleukin 2 gene 

promoter with a concomitant increase in transcription [178]. In the immune-competent 

organism, successful emergence from latency may require not only activation of replicative 

viral genes but activation of viral genes that defeat immune surveillance. The E3 region 

encodes many of the activities that defeat immune surveillance [179,180]. Remarkably, the 

E3A promoter is nearly 20-fold more responsive to T-cell-activating signals than to E1A 

expression [181]. The E3 promoter may be exquisitely configured to respond to T-cell 

stimulation in order to avoid immune surveillance during a persistent infection, and to 

facilitate successful viral replication in the face of an activated immune response. To 

reiterate, the molecular mechanisms underlying adenovirus persistence and reactivation of 

infection are largely unknown, but based on the studies discussed here, it is thought that 

epigenetic regulation plays a role.

Pathologies associated with adenovirus reactivation

Tissue harboring cells that are latently or persistently infected with adenovirus may 

contribute to disease in a variety of settings. Persistently infected lymphocytes in the 

gastrointestinal tract are the primary source of disseminated adenoviral infections after 

pediatric allogeneic stem cell transplants (see Lion review [182]). The systemic 

immunosuppression required to prevent graft-versus-host disease in this setting most likely 

contributes to the emergence of actively replicating viruses. A greater understanding of the 

signals that govern latency and persistence would aid in the prevention of the emergence of 

this life-threatening infection when immunosuppression cannot be avoided. Intussusception, 

in which a segment of intestine ‘telescopes’ into another segment causing intestinal 

blockage, is the most common abdominal crisis in young children [183]. Adenovirus DNA 

was associated with nearly one-third of the cases of intussusception lacking anatomical 

irregularities associated with this disease [184]. Both molecular and epidemiological 

analyses identified nonenteric adenoviruses as a risk factor for intussusception [185]. 

Another pathology associated with adenovirus infection is otitis media, an inflammatory 

disease associated with the ascension of bacteria from the nasopharynx to the middle ear. An 

experimental animal model demonstrated that adenovirus infection can promote the 

ascension of Streptococcus pneumoniae [186] and nontypeable Haemophilus influenzae into 

the middle ear [187,188]. Adenovirus was detected more frequently in the adenoids of 

children that developed otitis media with effusion [189], and children infected with 

adenovirus are more likely to develop acute otitis media [190]. Finally, adenovirus is among 

the most frequently detected viruses in amniotic fluid (reviewed in [191]) and is found in the 

cord blood lymphocytes of approximately 4% of all newborns [191]. Although the nature of 

the viral infection in neonatal cord blood is not known, the capacity of adenovirus to elicit 
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epigenetic and even genetic modifications in this population of cells enriched in stem and 

progenitor cells warrants further study. Broadly, new work is needed to identify, understand, 

and combat complications associated with the persistent form of adenovirus infection.

Conclusions and perspectives

Understanding how virus replication compartments develop to recruit selectively or exclude 

chromatin modifiers will provide insights into chromatin regulation and nuclear architecture. 

Recent work in chromatin biology has focused on phase separation as a means to segregate 

non-organelle-bound regions within the nuclear compartment [192]. For example, 

heterochromatin may be separated from actively transcribing genes through a liquid–liquid 

separation akin to oil and water [193,194]. This separation is an attractive idea to explain 

how viral compartments are separated from the host chromatin during infection and future 

work will determine how biophysical properties define viral genome segregation. As 

chromatin technologies continue to advance, the mechanisms by which viruses take 

advantage of every aspect of genome organization to benefit viral infection will continue to 

be elucidated. By understanding viral manipulation at an epigenetic level, future work will 

identify mechanisms of perturbation of genome architecture.

The three-dimensional (3D) context of the genome within the nucleus must also be 

considered when examining the outcome of infection. Recent advances in chromatin 

technologies have resulted in a leap from one-dimensional sequencing approaches to 3D 

chromosome capture [195,196]. In parallel, microscopy techniques have also developed 

allowing visualization down to individual nucleosomes [197]. These advances represent 

significant progress in understanding chromatin in the context of the 3D nucleus. A few 

groups have begun to apply these cutting-edge techniques to the study of virus infection. For 

example, studies examining how the architectural CTCF protein, which generates chromatin 

loops to maintain the 3D structure of the genome [198], is co-opted during infection [199] 

have demonstrated that CTCF controls viral gene expression among many DNA viruses, 

including adenovirus [200]. We are only beginning to understand how viruses evolved to 

take advantage of all features of genome architecture. Reconciling complex datasets with 

biological outcomes remains a challenge with these emerging technologies [120]. It will be 

interesting to follow how virus infection both informs and directs the evolution of 

technologies to probe chromatin structure.

Probing the interactions between adenovirus and chromatin architecture will also provide 

new targets that can be used for development of antiviral therapies. Expanding the repertoire 

of adenovirus antiviral therapies will be extremely important for improving transplant 

outcomes. Currently, the treatment for acute adenovirus infection, the nucleoside analogue 

cidofovir, is neither specific for adenovirus nor efficacious and poses the risk of kidney 

damage for patients [2,6]. Prophylactic antiviral therapy has been of limited success in 

transplant patients [6]. Drugs capable of targeting chromatin modifiers exploited by 

reactivated viruses may prove to be useful in preventing viral spread especially in the 

immunocompromised. Following the battle between epigenomes during viral infection may 

also reveal key vulnerabilities in chromatin architecture that can be exploited for therapies of 

other diseases such as cancer and autoimmune conditions. The examples of intussusception 
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and otitis media illustrate that persistent adenovirus likely has an underappreciated role in 

myriad human diseases and that more work is needed to fully comprehend adenovirus as an 

etiologic agent.

Adenoviruses, while a threat to human health, have also unlocked key biological insights 

into the inner workings of the cell. Chromatin biology is a burgeoning field that is still in its 

infancy by some measures. While recent efforts such as the ENCODE project have painted a 

highly descriptive picture of the human genome, how the vast chromatin landscape functions 

dynamically and in concert largely remains unknown. By tracing how adenoviruses co-opt 

and undermine host chromatin processes, we will gain valuable insights into chromosome 

biology and expand the currently limited options for adenovirus treatment.
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Abbreviations

ADP adenovirus death protein

Ad5 or Ad 12 human adenovirus type 5 or 12, or other type referenced

BHK baby hamster kidney

BrdU bromodeoxyuridine

CTCF CCCTC binding factor

DBS double stranded break

DDR DNA damage response

E1A early 1 A

E4orf3 or E4orf6 early 4 open reading frame 3 or 6

HAdV-A12 human adenovirus subgroup A type 12, or different 

subgroup or type referenced

HMGB high-mobility group box

hPaf1 human RNA polymerase II-associated factor 1

ISGs interferon-stimulated genes

PML promyelocytic leukemia

snRNP small nuclear ribonuclear protein

SET or TAF-1 SE translocation or template activating factor
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VRCs viral replication centers
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Fig. 1. 
Schematic overview of the content of this review. Host chromatin and epigenetics are central 

to the adenovirus replication cycle. We focus on core protein VII because it interacts both 

with the viral genome and with host chromatin. We also address the effects of early viral 

proteins E1A and E4orf3 on host chromatin and nuclear organization. Although the nature of 

persistent adenovirus infection is not well-characterized, epigenetic state and chromatin may 

be important for maintaining adenovirus in lymphoid tissues. Adenovirus infection also 

impacts host DNA methylation, an important inherited DNA modification. Historically, 

adenoviruses have provided key insights into chromatin biology, and developing chromatin 

technologies will reveal new facets of the intersection of adenoviruses and chromatin.

Lynch et al. Page 29

FEBS Lett. Author manuscript; available in PMC 2019 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Impact of E1A and protein VII on host chromatin. Adenovirus E1A and protein VII 

significantly affect both viral genomes and host chromatin. Viral DNA is bound by the 

histone-like protein VII as it enters the nucleus. E1A is the first protein produced during 

infection and has been implicated in initiating transcription and displacing protein VII from 

incoming viral genomes. E1A binds the host acetyltransferase proteins p300/CBP to disrupt 

acetylation of histones and alter host transcription to promote viral replication. Late-

expressed protein VII binds host chromatin and sequesters the danger signaling HMGB 

proteins in chromatin. For more details on viral entry, see reference [39].
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