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Abstract: Vectors based on adenovirus (Ad) are one of the most commonly utilized
platforms for gene delivery to cells in molecular biology studies and in gene therapy
applications. Ad is also the most popular vector system in human clinical gene therapy
trials, largely due to its advantageous characteristics such as high cloning capacity (up
to 36 kb), ability to infect a wide variety of cell types and tissues, and relative safety
due to it remaining episomal in transduced cells. The latest generation of Ad vectors,
helper-dependent Ad (hdAd), which are devoid of all viral protein coding sequences, can
mediate high-level expression of a transgene for years in a variety of species ranging from
rodents to non-human primates. Given the importance of histones and chromatin in
modulating gene expression within the host cell, it is not surprising that Ad, a nuclear
virus, also utilizes these proteins to protect the genome and modulate virus- or
vector-encoded genes. In this review, we will discuss our current understanding of the

contribution of chromatin to Ad vector function.
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1. Introduction

The biology of human adenovirus (Ad) has been studied in great detail for over 60 years, making
Ad one of the best characterized human DNA viruses. These studies, while giving us a great deal of
information about DNA replication, control of gene expression, and tumorigenesis, also laid the
foundations for the later development of Ads as gene transfer vectors. The first suggestion that Ad
could be used as a vector system for expression of foreign genes came in the late 1970s with the
identification of spontaneous recombinants between Ad and SV40 which expressed T antigen fused to
an Ad structural protein [1,2]. Use of this vector allowed for the purification of large quantities of a T
antigen-related protein that retained biological activity and set the stage for further development of Ad
as a gene delivery vehicle. A crucial development occurred when cell lines that could complement
viruses deleted of the essential early region 1 (E1) were created [3]. This cell line allowed for the
development of Ad-based vectors that could not replicate in most cell lines or tissues, but could
provide high level expression of an exogenous transgene. Ad vectors now come in a variety of
“generations” that differ in their degree of attenuation, from loss of one gene to deletion of all viral
protein coding sequences. These vectors can serve a variety of functions ranging from short-term,
high-level expression of a transgene in tissue culture to long-term therapeutic gene expression in
animal models of human disease.

One common feature of all Ad vectors is that they remain episomal in the transduced cell and, in
some animal models, the vector can persist and express a transgene for several years. This finding
suggests that the vector may be able to “hide” in the nucleus through adopting a structure similar to the
genomic DNA. Thus, the chromatinized viral DNA is likely impacted and influenced by all of the
same factors as the native cellular DNA, such as epigenetic regulation. Indeed, recent studies have
shown this to be the case, as Ad-based vector DNA associates with histones and is wrapped in
nucleosomes within the host cell nucleus. This chromatinized structure strongly influences the level
and duration of expression from a vector-encoded transgene. This review will discuss our current
understanding of Ad vector chromatinization. For a more detailed review of the dynamic changes in
nucleoprotein structure during wildtype Ad (AdWT) infection, please see [4].

2. Ad Vector Design

Although there are many different generations of Ad vectors which differ in the extent to which the
genome is attenuated (reviewed by [5]), the vast majority of studies involving Ad vectors use the
simple E1-deleted, first-generation Ad vector (Figure 1). Most first-generation vectors are also deleted
of the E3 region, which is not required for virus replication in culture, and its removal increases the
cloning capacity for foreign DNA to ~8 kb [6]. Since E1 is absolutely required for virus replication,
these vectors do not replicate to any appreciable degree in most cell lines, but can be easily propagated
in El-complementing cell lines such as 293 cells [3]. However, it is important to note that the
El-deleted Ad vectors can undergo limited replication in a number of tissue culture cell lines if they
are delivered at a high multiplicity of infection (MOI) [7]. Moreover, first generation Ad delivery to
animals and humans is typically accompanied by the induction of very strong innate and adaptive
immune responses [8,9]. These immunogenic responses are at least in part due to leaky expression of
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viral genes retained in the El-deleted vectors [10], which ultimately limits the duration of transgene
expression to a few days or weeks. First generation Ad vectors are usually ideal for short-term
expression in tissue culture or animals, but not ideal for applications requiring long-term (months to
years) expression. Second generation Ad vectors have further deletions in the E2 or E4 coding
sequences. E2 encodes proteins involved in Ad DNA replication [11], so its removal will prevent
replication and reduce the expression of late genes [12]. E4 encodes several proteins involved in a
variety of functions that impact on both viral and cellular gene expression and signal transduction [11];
thus, removal of some or all of E4 should significantly attenuate the vector. Deletions of E2 and E4
have been shown in some studies to have beneficial effects in reducing the expression of viral proteins
and vector-directed immune responses, thereby extending transgene expression [5]. However, second
generation vectors are no longer in common use due to limited evidence of enhanced efficacy over first
generation vectors.

Figure 1. Schematic of the adenovirus genome and adenovirus-based vectors. Top panel:
A simplified map of the adenovirus (Ad) serotype 5 genome showing the early genes
(E1-E4) and the region from which the major late transcript is produced (the L1-L5
transcripts produced from alternative splicing of the major late transcript are not shown).
The relative position of pIX, VA RNA I and II and IVa2 are indicated. Also shown are the
viral inverted terminal repeats (ITR) located at each end of the genome, the viral packaging
element (W) located adjacent to the left ITR, and the position of the major late promoter
(MLP). Please note that these features are not drawn to scale. Middle panel: General
structure of an early region 1 (El)-deleted Ad vector. Most El-deleted vectors are also
deleted of the E3 region, which is not required for replication in tissue culture and
increases the cloning capacity to approximately 8 kb of foreign DNA. The gene of interest
(GOI) is usually introduced to replace the El region and is placed under control by a
heterologous promoter (dark arrow). Bottom panel: General structure of a helper-dependent
Ad vector. hdAd are devoid of all protein coding sequences, and need contain only the
viral inverted terminal repeats and packaging element. hdAd also frequently contain
non-coding stuffer DNA (shown in gray) to ensure optimal genome size.
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Deletion of all viral protein coding sequences results in third-generation Ad vectors, also known as
fully-deleted, gutted, or helper-dependent Ad (hdAd) vectors (Figure 1). This latter term arose from the
fact that these vectors must be propagated in the presence of a second virus that provides all of the
replication and packaging functions in trans for growth of the hdAd vector [13]. The hdAd vector
needs only the cis activating elements required for virus DNA replication (the inverted terminal repeats
[ITR], ~100 bp located at both ends) and the packaging sequence (~150 bp, located immediately
adjacent to the left ITR). Selection against packaging of the helper virus genome is important to ensure
efficient hdAd propagation. Selective packaging can be accomplished using loxP or FRT sites flanking
the helper virus DNA packaging element and 293-based cell lines expressing the Cre or FLP
recombinase, respectively [13—17]. Such helper viruses can replicate and produce all viral proteins
necessary for replication and packaging of the hdAd, but cannot package their own genomes due to
loss of the packaging element in the Cre- or FLP-expressing cells. These methods result in relatively
pure stocks of hdAd. In numerous studies, we and others showed that hdAd have many desirable
characteristics for gene therapy applications, including long term therapeutic gene expression
(>2 years) in mice [18-20], rats [21], dogs [22] and baboons [23], and reduced toxicity relative to
traditional Ad vectors [24,25]. For a more comprehensive review of hdAd vector function, please
see [5,26-28].

3. Ad Virion Structure

Although these Ad vectors lack some (or all) viral coding sequences, the overall virion structure
appears identical to AWT [29,30]. The Ad virion has an icosohedral, non-enveloped capsid structure
(~70 to 100 nm in diameter) surrounding a nucleoprotein core containing a linear double-stranded
genome that for wildtype Ads is ~30—40 kb. The Ad capsid is composed of 8 polypeptides, named in
order of decreasing size [31-34]. Hexon (a trimer of protein II) assemble into a sheet-like structure
called the “group-of-nine”, which forms the 20 facets of the icosahedon. Protein III clusters into
groups of five (known as pentons) at the vertices of the icosahedron, from which extend trimers of
protein IV, known as fibre. These three polypeptides are the major capsid proteins. This general
structure is supported by five minor capsid proteins (Illa, IVa2, VI, VIII, and IX). Within the viral
capsid, the viral DNA associates with three basic proteins, VII, V and Mu (n), which function to
neutralize the charge on the DNA, permitting tight packing of the DNA within the virion. Protein VII
is similar to cellular protamines, and is the main protein responsible for wrapping and condensing the
viral DNA [35]. A shell of protein V is postulated to coat the protein VII-DNA complex [36,37].
Pre-Mu is thought to aid in wrapping and condensing the viral DNA [38]. It is believed that cleavage
of pre-Mu by the Ad-encoded protease may function to relax the viral DNA nucleoprotein structure
before it enters the nucleus [39]. Since the tightly packed DNA structure is refractory to viral
transcription [40,41], the nucleoprotein structure of the Ad DNA must be remodeled to achieve
efficient gene expression.

Even though the viral DNA does not directly interact with the outer capsid proteins, it still
contributes to the physical stability of the virion, as packaging of subgenomic sized DNA results in
decreased Ad virion stability [30,42]. There seems to be a direct relationship: the smaller the genome,
the less stable the virion. This observation has significant consequences for the design of Ad-based
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vectors. In the case of hdAd, which lacks all viral protein coding sequences, the viral genome must be
replaced with alternative DNA simply to provide the necessary structural stability to support the
mature capsid structure. For hdAd, reducing the genome size to less than ~27 kb causes the DNA to
multimerize or rearrange to increase the genome size to between 27 and 36 kb [43]. Thus, if the
transgene is large enough (e.g., a genomic loci), it may be sufficient to provide the needed support;
however, a small transgene cassette may require the use of a non-coding “stuffer” element to bring the
overall genome to an appropriate size. However, the nature of the stuffer DNA can significantly
influence the function of the hdAd vector due to different epigenetic modifications, as discussed
below [44,45].

4. Ad Infection of a Cell

The most commonly used Ad vectors are based on human Ad serotypes 2 or 5, and many of the
details of the infection process have been worked out in great detail. Initially, the Ad fibre protein
binds to the Coxsackie-Adenovirus receptor (CAR—a common receptor for Ad5 and Coxsackie B
virus) [46,47]. AdS5 can also enter cells using heparin sulfate proteoglycans as an alternative receptor,
either through direct binding to the Ad fibre shaft [48], or bridged through interaction of Ad with blood
factors such as factor IX, factor X or complement component C4-binding protein [49-51]. Binding is
followed by interaction between Ad penton and o,f3; or a,fs integrins [52]. Ad is internalized by
receptor-mediated endocytosis and escapes from the early endosome [53,54]. The virion is then
transported through the cytoplasm to the nucleus along the microtubule network [53], and the capsid is
slowly disassembled en route [55]. Upon reaching the nuclear pore, the Ad DNA complexed with
protein VII is released into the nucleus [55-57], while the rest of the capsid proteins are ultimately
degraded. For a more comprehensive discussion of viral entry, please see [58].

5. Ad Vector DNA Remains Primarily Episomal within the Infected Cell Nucleus

All vector systems have at least some ability to integrate into the genome of the host cell.
Obviously, retrovirus- and lentivirus-based vectors integrate at very high frequencies in the target cell
genome, making them ideal for studies involving rapidly dividing cell types (e.g., stem cells), but this
does raise the risk of insertional activation or inactivation of cellular genes [59-61]. For Ad, the
spontaneous integration rate is very low. In tissue culture studies, infection of several different
cell lines with El-deleted or hdAd vectors containing a selectable marker led to an integration
frequency of 10 to 10> per cell (using an initial MOI of 10), and integration appeared to be due to
non-homologous recombination [62,63]. A similar frequency was observed for hdAd in mouse
hepatocytes in vivo [64], suggesting the vast majority of expression from hdAd in animals is due to
expression from episomal vectors. Furthermore, in infected mouse hepatocytes in vivo, the vectors do
not replicate with the cellular DNA and remain monomeric [65]. Traditional wisdom has held that in
dividing tissues, non-integrated Ad DNA would be “lost” from the nucleus of transduced cells during
cell division, as the virus has no known means of segregating with the host chromosomes. However,
in vivo studies in which hdAd-transduced mouse hepatocytes were induced to divide through partial
hepatectomy showed that Ad has a surprising ability to be retained in daughter cell nuclei after
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division, suggesting the virus may physically associate with chromosomes in the nucleus through an
uncharacterized mechanism [66,67].

6. Early Events within the Infected Cell Nucleus

Much of what we know about the early stages of Ad DNA remodeling comes from studies of
AdWT infection, though we assume that many of these events are similar for Ad vectors. Even though
many Ad capsid proteins translocate to the periphery of the nucleus, only the VII-DNA complex enters
the nucleus through the nuclear pore with the help of histone H1 (H1) [56,68]. This role of H1 appears
independent of any known function in eventually condensing the viral DNA in the nucleus. Studies
involving UV cross-linking of radiolabeled proteins to the AJWT DNA suggest that protein VII
remains stably associated with the Ad DNA throughout the early phase of infection, from at
least 2 until 13 hours post infection (hpi) [69]. Several immunofluoresence-based studies using
antibody directed to protein VII have shown that protein VII-containing foci can be detected in the
nucleus of both AdWT- and Ad vector-infected cells, which represent protein VII-wrapped
genomes [70-73]. For AdWT, these foci remain visible for at least 8—10 hpi, but disappear
around 12—16 hpi [71]. Treatment of cells with alpha-amanitin, an inhibitor of transcription, prevented
loss of VII foci at late times (16 hpi), suggesting that late transcription could be involved in release of
VII [70,71]. However, using a similar immunofluorescence-based approach, Karen and Hearing [72]
showed that the number of protein VII foci in the nucleus steadily declined from 2 to 14 hpi. DNA
replication was not required for loss of the protein VII foci, however blocking viral transcription either
pharmacologically (alpha-amanitin) or through use of an E1A-deficient virus blocked the transition,
once again suggesting that active viral transcription was required for release of VII from the
Ad genome.

Similarly conflicting results regarding the duration and level of association of protein VII with the
viral genome have been shown using ChIP-based studies. While some studies have shown that protein
VII is stably associated with the Ad DNA during early stages of infection [70,74], other studies
showed a gradual decrease in VII association with the viral DNA over time [75—77]. During this same
time period, there was a gradual increase in the association with histone H3 (and the other core
histones) over most promoter and coding regions, although the binding levels of the histones was less
than cellular chromatin [74]. Similar results were observed by Haruki et al. [75] who demonstrated the
uneven distribution of VII along the Ad genome, with relatively low occupancy at the E1A promoter
and relatively high occupancy at the major late promoter (MLP) at 6 hpi. The MLP only becomes
active after viral DNA replication has initiated (~8—12 hpi), suggesting protein VII association may be
more prolonged for regions of the Ad genome that are activated late in the virus lifecycle. Since it is
very likely that the histones were binding directly to the DNA, these observations suggest that at least
a portion of protein VII must be removed or remodeled to make space for binding of the histones to the
viral DNA. Indeed, protein VII and H3 could be found bound to the same DNA molecules in re-ChIP
experiments [74]. Protein VII may actually play a role in regulating early viral transcription, as
pre-wrapping plasmids in small quantities of purified protein VII led to higher levels of reporter gene
expression compared to naked plasmid in transient transfection assays [74].
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In vitro studies have shown that the protein VII-condensed DNA structure does not allow for
efficient transcription [40,41], suggesting that the complex must be remodeled before efficient gene
expression can occur. Again based on in vitro studies, three proteins have been identified that can
remodel the VII-wrapped Ad genome: template activating factor If (TAF-IB) (also known as
SET [40]), TAF-II (NAP-1 [78]) and TAF-III (B23/nucleophosmin [79]). Of the three proteins,
TAF-1P is the best characterized with respect to Ad DNA remodeling [70,75,80]. TAF-1 binds the
VII-wrapped DNA complex, which “opens” the viral DNA to allow access to nucleases and,
presumably, transcriptional activators [41]. Whether remodeling by TAF-1B involves simple
translocation or actual disassociation of VII from the DNA has yet to be determined. The observation
that TAF-1 knockdown in cells has only a minor effect on Ad early gene expression suggests that
accessory proteins may also be required for efficient transcription from the Ad template or that
redundant mechanisms exist for remodeling [74].

Whether active transcription of the Ad DNA is required to mediate VII disassociation is also a
subject of debate. Although some studies showed that VII appeared to remain associated with the viral
DNA for longer periods of time when transcription elongation was inhibited [71,72], other studies did
not see a difference [74,76]. It has been suggested that protein VII can recruit E1A to the viral DNA,
and that E1A-mediated activation of transcription may lead to removal of protein VII [71,81].
Consistent with this, infection with an E1A-deficient virus prevented loss of the protein VII foci [71].
Again based on immunofluorescence analysis, release of protein VII could be achieved in the absence
of E1A or other viral proteins, if the vector contained a strong heterologous promoter, such as the
CMYV promoter which is not reliant on E1A for expression [71]. Since only part of the AAWT genome
is actively transcribed during early times of infection, it may be that protein VII is released from
transcribed regions, but remains associated with the “late” regions until these regions are subsequently
transcribed. This suggestion may also be consistent with the immunofluorescence-based studies, as this
technique cannot easily distinguish between full- and partial-occupancy of VII on the viral DNA.

7. Ad Vector DNA Associates with Cellular Histones in the Infected Cell Nucleus

Recent studies have established that Ad and its derivative vectors (E1-deleted, replication defective
Ad or hdAd) associate with cellular histones early during infection [45,74,76,77]. Histones are
detected on the Ad DNA within one hour of infection, and protein VII and histones can be found
associated simultaneously with the same viral DNA fragment within the cell [74]. In general,
deposition of cellular histones can occur through either a replication-coupled or replication-independent
mechanism, and the specific histone variants and chaperones involved vary for each mechanism [82].
Histone H3.1, which is expressed strictly during S-phase, is deposited on newly synthesized cellular
DNA in a replication-coupled mechanism by the Chromatin Assembly Factor I (CAF-1) complex [83].
Conversely, the replacement histone variant H3.3, which differs from H3.1 by only 5 amino acids and
is expressed throughout the cell cycle, is deposited through a replication-independent mechanism [82].
The histone chaperone involved in the deposition of H3.3 varies depending on the region of the
chromosome. Within actively transcribed genes, the chaperone HIRA mediates H3.3 deposition,
whereas on telomeres and pericentric DNA repeats, the H3.3 chaperone DAXX assists in the
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deposition [84-86]. Recent studies have suggested that the rapid deposition of H3.3 mediated by HIRA
may be an evolved mechanism to protect “naked” DNA from damage [87].

In ChIP-based studies, hdAd, E1-deleted Ad [76] and wtAd [77] DNA associates with H3.3 as early
as four hours post-infection, which suggests a replication-independent mechanism is responsible for
the assembly of chromatin on Ad DNA. Recent work by Komatsu et al. [77] showing that knocking
down of CAF-1 does not affect histone deposition on the Ad genome supports this idea [77].
Knockdown of HIRA reduced association of the hdAd DNA with H3, and also reduced Ad-mediated
transgene expression [76], suggesting that assembly into chromatin is required for optimal gene
expression. Given that H3.3 is also deposited on incoming Herpes Simplex Virus-1 DNA [88], the cell
may utilize a common mechanism for processing incoming DNA originating from nuclear viruses.

AdWT DNA associates with all core histones (H2A-H2B and H3-H4) as early as one hour
post-infection [74,77]. Ad vector DNA is also found associated with all these nucleosomal proteins,
and the DNA displays a classic nucleosomal laddering pattern upon micrococcal nuclease
digestion [76], suggesting that the Ad DNA is wrapped into physiologically-spaced nucleosomes in
the infected cell nucleus. Taken together, these studies suggest that assembly of Ad vector DNA
into chromatin through deposition of histones and remodeling into nucleosomes are accomplished
through a replication-independent mechanism, and this event is important in establishing optimal
transgene expression.

8. Epigenetic Regulation of Ad Vectors

Assembly of hdAd DNA into chromatin is necessary for efficient expression of vector-encoded
genes, and this event very likely contributes to their significant stability and efficacy in vitro and
in vivo [27,65]. One of the advantages of hdAd is their large cloning capacity, which permits the use of
large upstream regulator sequences, or even whole genomic loci, to permit tissue-specific gene
expression [18,89,90]. Chromatin plays an important role in gene regulation [91,92], and proper
placement of nucleosomes relative to the transcription start site of a gene is crucial for promoter
fidelity [93,94]. The ability to incorporate large regulatory regions into hdAd coupled with its swift
assembly into physiologically-spaced nucleosomes likely contributes to the maintenance of a faithful
expression profile from these control elements when contained in hdAd.

As noted above, hdAd vector DNA must be designed to an optimal size in order to ensure physical
stability of the capsid and genetic stability of the genome [30,42,43]. Thus, for small transgenes,
additional non-coding “stuffer” DNA must be included in the vector in order to obtain an optimal size.
However, the nature of this stuffer DNA can have a significant effect on function of the vector. A
hdAd containing 22 kb of eukaryotic stuffer DNA expressed its transgene ~10-fold higher in vitro and
in vivo compared to a vector with an identical expression cassette but containing stuffer DNA derived
from prokaryotic DNA [44]. Neither of these vectors was subjected to CpG methylation and both
vectors associated with histones to a similar degree. No evidence of heterochromatic methylation
marks (i.e., H3K9me2, H3K27me3) were observed, however hdAd-prok chromatin was markedly
under-acetylated (a mark of transcriptionally inactive chromatin) [45]. This effect could be blocked
through the use of a DNA insulator element or administration of trichostatin A (a histone deacetylase
inhibitor), suggesting that a repressive chromatin structure assembled on the prokaryotic stuffer DNA
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and spread to the transgene. Cellular proteins Sp100 and DAXX were implicated in mediating this
event [45], which is perhaps not surprising given that AAWT has evolved a specific mechanism to
antagonize DAXX activity [95-97]. Indeed, a recent study has suggested that protein VI from the
incoming virion may function to attenuate the action of DAXX, thus facilitating initiation of early gene
expression [98].

A recent study has shown that virus-mediated activation of innate immune signaling can culminate
in epigenetic down-regulation of expression from Ad vectors. Infection of MyD88 "~ mouse embryonic
fibroblasts with a hdAd vector resulted in a higher level of transgene expression and was associated
with an increased ratio of acetylated-H3K9 to methylated-H3K9 (i.e., a tendency towards “active”
chromatin configuration), compared to hdAd-infected wildtype mouse embryonic fibroblasts [99]. This
observation suggests that engagement of toll-like receptors (such as TLR9 [100]) by Ad vector
infection, and subsequent activation of MyD88-mediated signaling cascades, can lead to epigenetic
silencing of the vector DNA. Thus, this study uncovered an innate pathway designed to epigenetically
regulate expression of genes located on invading DNA.

Ad-encoded proteins can also actively modulate the activity of certain cellular chromatin modifying
complexes. For example, the early region 4 open reading frame 4 (E4orf4) protein was shown to bind
Acfl and modulate the activity of the ACF chromatin remodeling complex [101]. E4orf4 appears to
recruit protein phosphatase 2A (PP2A) to the ACF complex (and thus to chromatin), where PP2A may
dephosphorylate uncharacterized substrates and alter local chromatin structure. It is thought that this
interaction may contribute to E4orf4-induced caspase-independent, non-classical apoptosis at late
times of AAWT infection [101-103]. Since first-generation Ad vectors retain the E4 region, it is
therefore possible that expression of E4orf4 may in part contribute to acute or chronic toxicity noted
for E1-deleted vectors [5].

9. Conclusions and Future Perspectives

Ad vectors are one of the most commonly used systems to deliver genes to mammalian cells. In the
nucleus, the viral DNA must conform to the rules of the host environment, and many studies have
shown that histones and proper chromatin configuration are as important to Ad as it is to the host
DNA. Histones deposited on the Ad DNA can adopt an “active” euchromatic state or an “inactive”
heterochromatic state. In the case of more advanced generations of Ad vectors, such as the hdAd,
designing the vector such that it resembles a segment of the chromosome (e.g., using genomic
loci-based expression constructs or large, non-coding stuffer elements derived from the human
genome) allows these vectors to retain high-level expression for many years in mice, rats, dogs and
non-human primates. Improving our understanding of the mechanism of assembly of Ad DNA into
chromatin, and the cellular proteins involved in modulating this nucleoprotein structure, will
undoubtedly improve our ability to design the next generation of Ad vector exhibiting true
tissue-specific transgene regulation, optimal safety, and expression. Similarly, uncovering aspects of
Ad vector design that permit the vector to remain undetected in the host cell nucleus should improve
the function and persistence of the vector DNA within the transduced cell. For AAWT, there are a few
obvious areas that require further study, such as whether protein VII is truly maintained and/or
required on certain regions of the Ad genome during the early phase of viral replication, and how its
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association is affected by active transcription. Since the wildtype virus must transition from association
with protein VII to histones and back to protein VII for packaging of the DNA into progeny virions,
the cellular protein(s) that facilitate these events have yet to be determined. Finally, studying how
viruses and vectors have adapted to function with the context of a mammalian nucleus will
undoubtedly provide novel insight into how chromatin structure impacts host cell DNA function.

Acknowledgements

We thank David J. Picketts (Ottawa Hospital Research Institute) for critical evaluation of the
manuscript and helpful discussion. Research in the Parks laboratory is supported by grants from the
Canadian Institutes of Health Research, National Sciences and Engineering Research Council, and the
Cancer Research Society (Canada). ERM was supported by Ontario Graduate Scholarship and JKB
was supported by Queen Elizabeth II Graduate Scholarships in Science and Technology from the
Ontario Government.

References and Notes

1.  Hassell, J.A.; Lukanidin, E.; Fey, G.; Sambrook, J. The structure and expression of two defective
adenovirus 2/simian virus 40 hybrids. J. Mol. Biol. 1978, 120, 209-247.

2. Tjian, R. The binding site on SV40 DNA for a T antigen-related protein. Cell 1978, 13, 165-179.

3.  Graham, F.L.; Smiley, J.; Russell, W.C.; Nairn, R. Characteristics of a human cell line
transformed by DNA from human adenovirus type 5. J. Gen. Virol. 1977, 36, 59-74.

4.  Giberson, A.N.; Davidson, A.R.; Parks, R.J. Chromatin structure of adenovirus DNA throughout
infection. Nucleic Acids Res. 2012, 40, 2369-2376.

5. Amalfitano, A.; Parks, R.J. Separating fact from fiction: Assessing the potential of modified
adenovirus vectors for use in human gene therapy. Curr. Gene Ther. 2002, 2, 111-133.

6. Bett, A.J.; Prevec, L.; Graham, F.L. Packaging capacity and stability of human adenovirus type 5
vectors. J. Virol. 1993, 67, 5911-5921.

7. Nelson, J.E.; Kay, M.A. Persistence of recombinant adenovirus in vivo is not dependent on
vector DNA replication. J. Virol. 1997, 71, 8902—8907.

8. Ahi, Y.S.; Bangari, D.S.; Mittal, S.K. Adenoviral vector immunity: Its implications and
circumvention strategies. Curr. Gene Ther. 2011, 11, 307-320.

9.  Thaci, B.; Ulasov, I.V.; Wainwright, D.A.; Lesniak, M.S. The challenge for gene therapy: Innate
immune response to adenoviruses. Oncotarget 2011, 2, 113—121.

10. Yang, Y.; Nunes, F.A.; Berencsi, K.; Furth, E.E.; Gonczol, E.; Wilson, J.M. Cellular immunity to
viral antigens limits E1-deleted adenoviruses for gene therapy. Proc. Natl. Acad. Sci. USA 1994,
91, 4407-4411.

11. Berk, A.J. Adenoviridae: The viruses and their replication. In Fields Virology, 5th ed.; Knipe,
D.M.; Howley, P.M., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2007;
pp. 2355-2394.

12. Thomas, G.P.; Mathews, M.B. DNA replication and the early to late transition in adenovirus
infection. Cell 1980, 22, 523-533.



Viruses 2013, 5 1510

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Parks, R.J.; Chen, L.; Anton, M.; Sankar, U.; Rudnicki, M.A.; Graham, F.L. A helper-dependent
adenovirus vector system: Removal of helper virus by Cre-mediated excision of the viral
packaging signal. Proc. Natl. Acad. Sci. USA 1996, 93, 13565—13570.

Hardy, S.; Kitamura, M.; Harris-Stansil, T.; Dai, Y.; Phipps, M.L. Construction of adenovirus
vectors through Cre-lox recombination. J. Virol. 1997, 71, 1842—1849.

Umana, P.; Gerdes, C.A.; Stone, D.; Davis, J.R.; Ward, D.; Castro, M.G.; Lowenstein, P.R.
Efficient FLPe recombinase enables scalable production of helper- dependent adenoviral vectors
with negligible helper-virus contamination. Nat. Biotechnol. 2001, 19, 582—585.

Ng, P.; Beauchamp, C.; Evelegh, C.; Parks, R.; Graham, F.L. Development of a FLP/frt system
for generating helper-dependent adenoviral vectors. Mol. Ther. 2001, 3, 809-815.

Palmer, D.; Ng, P. Improved system for helper-dependent adenoviral vector production.
Mol. Ther. 2003, 8, 846—852.

Schiedner, G.; Morral, N.; Parks, R.J.; Wu, Y.; Koopmans, S.C.; Langston, C.; Graham, F.L.;
Beaudet, A.L.; Kochanek, S. Genomic DNA transfer with a high-capacity adenovirus vector
results in improved in vivo gene expression and decreased toxicity. Nat. Genet. 1998, 18,
180-183.

Kim, LLH.; Jozkowicz, A.; Piedra, P.A.; Oka, K.; Chan, L. Lifetime correction of genetic
deficiency in mice with a single injection of helper-dependent adenoviral vector. Proc. Natl.
Acad. Sci. USA 2001, 98, 13282-13287.

Oka, K.; Pastore, L.; Kim, [.LH.; Merched, A.; Nomura, S.; Lee, H.J.; Merched-Sauvage, M.;
Arden-Riley, C.; Lee, B.; Finegold, M.; et al. Long-term stable correction of low-density
lipoprotein receptor- deficient mice with a helper-dependent adenoviral vector expressing the
very low-density lipoprotein receptor. Circulation 2001, 103, 1274—1281.

Toietta, G.; Mane, V.P.; Norona, W.S.; Finegold, M.J.; Ng, P.; McDonagh, A.F.; Beaudet, A.L.;
Lee, B. Lifelong elimination of hyperbilirubinemia in the Gunn rat with a single injection of
helper-dependent adenoviral vector. Proc. Natl. Acad. Sci. USA 2005, 102, 3930-3935.
Brunetti-Pierri, N.; Nichols, T.C.; McCorquodale, S.; Merricks, E.; Palmer, D.J.; Beaudet, A.L.;
Ng, P. Sustained phenotypic correction of canine hemophilia B after systemic administration of
helper-dependent adenoviral vector. Hum. Gene Ther. 2005, 16, 811-820.

Morral, N.; O'Neal, W.; Rice, K.; Leland, M.; Kaplan, J.; Piedra, P.A.; Zhou, H.; Parks, R.J.;
Velji, R.; Aguilar-Cordova, E.; ef al. Administration of helper-dependent adenoviral vectors and
sequential delivery of different vector serotype for long-term liver-directed gene transfer in
baboons. Proc. Natl. Acad. Sci. USA 1999, 96, 12816—12821.

Morral, N.; Parks, R.J.; Zhou, H.; Langston, C.; Schiedner, G.; Quinones, J.; Graham, F.L.;
Kochanek, S.; Beaudet, A.L. High doses of a helper-dependent adenoviral vector yield
supraphysiological levels of alphal-antitrypsin with negligible toxicity. Hum. Gene Ther. 1998,
9,2709-2716.

Muruve, D.A.; Cotter, M.J.; Zaiss, A.K.; White, L.R.; Liu, Q.; Chan, T.; Clark, S.A.; Ross, P.J.;
Meulenbroek, R.A.; Maelandsmo, G.M.; et al. Helper-dependent adenovirus vectors elicit intact
innate but attenuated adaptive host immune responses in vivo. J. Virol. 2004, 78, 5966-5972.
Parks, R.J. Improvements in adenoviral vector technology: Overcoming barriers for gene
therapy. Clin. Genet. 2000, 58, 1-11.



Viruses 2013, 5 1511

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Palmer, D.J.; Ng, P. Helper-dependent adenoviral vectors for gene therapy. Hum. Gene Ther.
2005, /6, 1-16.

Brunetti-Pierri, N.; Ng, P. Progress and prospects: Gene therapy for genetic diseases with
helper-dependent adenoviral vectors. Gene Ther. 2008, 15, 553-560.

Parks, R.J.; Evelegh, C.M.; Graham, F.L. Use of helper-dependent adenoviral vectors of
alternative serotypes permits repeat vector administration. Gene Ther. 1999, 6, 1565—1573.
Smith, A.C.; Poulin, K.L.; Parks, R.J. DNA genome size affects the stability of the adenovirus
virion. J. Virol. 2009, 83, 2025-2028.

Christensen, J.B.; Byrd, S.A.; Walker, A.K.; Strahler, J.R.; Andrews, P.C.; Imperiale, M.J.
Presence of the adenovirus IVa2 protein at a single vertex of the mature virion. J. Virol. 2008,
82, 9086-9093.

Liu, H.; Jin, L.; Koh, S.B.; Atanasov, I.; Schein, S.; Wu, L.; Zhou, Z.H. Atomic structure of
human adenovirus by cryo-EM reveals interactions among protein networks. Science 2010, 329,
1038-1043.

Reddy, V.S.; Natchiar, S.K.; Stewart, P.L.; Nemerow, G.R. Crystal structure of human
adenovirus at 3.5 A resolution. Science 2010, 329, 1071-1075.

Russell, W.C. Adenoviruses: Update on structure and function. J. Gen. Virol. 2009, 90, 1-20.
Mirza, M.A.; Weber, J. Structure of adenovirus chromatin. Biochim. Biophys. Acta 1982, 696,
76-86.

Everitt, E.; Sundquist, B.; Pettersson, U.; Philipson, L. Structural proteins of adenoviruses. X.
Isolation and topography of low molecular weight antigens from the virion of adenovirus type 2.
Virology 1973, 52, 130-147.

Brown, D.T.; Westphal, M.; Burlingham, B.T.; Winterhoff, U.; Doerfler, W. Structure and
composition of the adenovirus type 2 core. J. Virol. 1975, 16, 366-387.

Anderson, C.W.; Young, M.E.; Flint, S.J. Characterization of the adenovirus 2 virion protein,
mu. Virology 1989, 172, 506-512.

Perez-Berna, A.J.; Marabini, R.; Scheres, S.H.; Menendez-Conejero, R.; Dmitriev, I.P.; Curiel,
D.T.; Mangel, W.F.; Flint, S.J.; San Martin, C. Structure and uncoating of immature adenovirus.
J. Mol. Biol. 2009, 392, 547-557.

Matsumoto, K.; Nagata, K.; Ui, M.; Hanaoka, F. Template activating factor I, a novel host factor
required to stimulate the adenovirus core DNA replication. J. Biol. Chem. 1993, 268, 10582—10587.
Okuwaki, M.; Nagata, K. Template activating factor-I remodels the chromatin structure and
stimulates transcription from the chromatin template. J. Biol. Chem. 1998, 273, 34511-34518.
Kennedy, M.A.; Parks, R.J. Adenovirus virion stability and the viral genome: Size matters.
Mol. Ther. 2009, 17, 1664—1666.

Parks, R.J.; Graham, F.L. A helper-dependent system for adenovirus vector production helps
define a lower limit for efficient DNA packaging. J. Virol. 1997, 71, 3293-3298.

Parks, R.J.; Bramson, J.L.; Wan, Y.; Addison, C.L.; Graham, F.L. Effects of stuffer DNA on
transgene expression from helper-dependent adenovirus vectors. J. Virol. 1999, 73, 8027-8034.
Ross, P.J.; Kennedy, M.A.; Parks, R.J. Host cell detection of noncoding stuffer DNA contained
in helper-dependent adenovirus vectors leads to epigenetic repression of transgene expression.
J. Virol. 2009, 83, 8409-8417.



Viruses 2013, 5 1512

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bergelson, J.M.; Cunningham, J.A.; Droguett, G.; Kurt-Jones, E.A.; Krithivas, A.; Hong, J.S.;
Horwitz, M.S.; Crowell, R.L.; Finberg, R.W. Isolation of a common receptor for Coxsackie B
viruses and adenoviruses 2 and 5. Science 1997, 275, 1320-1323.

Tomko, R.P.; Xu, R.; Philipson, L. HCAR and MCAR: The human and mouse cellular receptors
for subgroup C adenoviruses and group B coxsackieviruses. Proc. Natl. Acad. Sci. USA 1997, 94,
3352-3356.

Smith, T.A.; Idamakanti, N.; Rollence, M.L.; Marshall-Neff, J.; Kim, J.; Mulgrew, K.; Nemerow,
G.R.; Kaleko, M.; Stevenson, S.C. Adenovirus serotype 5 fiber shaft influences in vivo gene
transfer in mice. Hum. Gene Ther. 2003, 14, 777-787.

Shayakhmetov, D.M.; Gaggar, A.; Ni, S.; Li, Z.Y.; Lieber, A. Adenovirus binding to blood
factors results in liver cell infection and hepatotoxicity. J. Virol. 2005, 79, 7478-7491.
Waddington, S.N.; McVey, J.H.; Bhella, D.; Parker, A.L.; Barker, K.; Atoda, H.; Pink, R.;
Buckley, S.M.K.; Greig, J.A.; Denby, L.; et al. Adenovirus serotype 5 hexon mediates liver gene
transfer. Cell 2008, 132, 397-409.

Kalyuzhniy, O.; Di Paolo, N.C.; Silvestry, M.; Hofherr, S.E.; Barry, M.A.; Stewart, P.L.;
Shayakhmetov, D.M. Adenovirus serotype 5 hexon is critical for virus infection of hepatocytes
in vivo. Proc. Natl. Acad. Sci. USA 2008, 105, 5483-5488.

Wickham, T.J.; Mathias, P.; Cheresh, D.A.; Nemerow, G.R. Integrins alpha v beta 3 and alpha v
beta 5 promote adenovirus internalization but not virus attachment. Cel// 1993, 73, 309-319.
Leopold, P.L.; Ferris, B.; Grinberg, 1.; Worgall, S.; Hackett, N.R.; Crystal, R.G. Fluorescent
virions: Dynamic tracking of the pathway of adenoviral gene transfer vectors in living cells.
Hum. Gene Ther. 1998, 9, 367-378.

Wiethoff, C.M.; Wodrich, H.; Gerace, L.; Nemerow, G.R. Adenovirus protein VI mediates
membrane disruption following capsid disassembly. J. Virol. 2005, 79, 1992-2000.

Greber, U.F.; Willetts, M.; Webster, P.; Helenius, A. Stepwise dismantling of adenovirus 2
during entry into cells. Cell 1993, 75, 477-486.

Chatterjee, P.K.; Vayda, M.E.; Flint, S.J. Identification of proteins and protein domains that
contact DNA within adenovirus nucleoprotein cores by ultraviolet light crosslinking of
oligonucleotides 32P-labelled in vivo. J. Mol. Biol. 1986, 188, 23-37.

Strunze, S.; Engelke, M.F.; Wang, I[.H.; Puntener, D.; Boucke, K.; Schleich, S.; Way, M.;
Schoenenberger, P.; Burckhardt, C.J.; Greber, U.F. Kinesin-1-mediated capsid disassembly and
disruption of the nuclear pore complex promote virus infection. Cell Host Microbe 2011, 10,
210-223.

Greber, U.F.; Puntener, D. DNA-tumor virus entry—From plasma membrane to the nucleus.
Semin. Cell Dev. Biol. 2009, 20, 631-642.

Gabriel, R.; Schmidt, M.; von Kalle, C. Integration of retroviral vectors. Curr. Opin. Immunol.
2012, 24, 592-597.

Hacein-Bey-Abina, S.; von Kalle, C.; Schmidt, M.; Le Deist, F.; Wulffraat, N.; Mclntyre, E.;
Radford, 1.; Villeval, J.L.; Fraser, C.C.; Cavazzana-Calvo, M.; et al. A serious adverse event after
successful gene therapy for X-linked severe combined immunodeficiency. New Engl. J. Med.
2003, 348, 255-256.



Viruses 2013, 5 1513

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Hacein-Bey-Abina, S.; Von Kalle, C.; Schmidt, M.; McCormack, M.P.; Wulffraat, N.; Leboulch,
P.; Lim, A.; Osborne, C.S.; Pawliuk, R.; Morillon, E.; et al. LMO2-associated clonal T cell
proliferation in two patients after gene therapy for SCID-X1. Science 2003, 302, 415-419.

Harui, A.; Suzuki, S.; Kochanek, S.; Mitani, K. Frequency and stability of chromosomal
integration of adenovirus vectors. J. Virol. 1999, 73, 6141-6146.

Hillgenberg, M.; Tonnies, H.; Strauss, M. Chromosomal integration pattern of a helper-
dependent minimal adenovirus vector with a selectable marker inserted into a 27.4-kilobase
genomic stuffer. J. Virol. 2001, 75, 9896-9908.

Stephen, S.L.; Montini, E.; Sivanandam, V.G.; Al-Dhalimy, M.; Kestler, H.A.; Finegold, M.;
Grompe, M.; Kochanek, S. Chromosomal integration of adenoviral vector DNA in vivo. J. Virol.
2010, 84, 9987-9994.

Jager, L.; Ehrhardt, A. Persistence of high-capacity adenoviral vectors as replication-defective
monomeric genomes in vitro and in murine liver. Hum. Gene Ther. 2009, 20, 883—896.

Ehrhardt, A.; Xu, H.; Kay, M.A. Episomal persistence of recombinant adenoviral vector genomes
during the cell cycle in vivo. J. Virol. 2003, 77, 7689—-7695.

Rauschhuber, C.; Noske, N.; Ehrhardt, A. New insights into stability of recombinant adenovirus
vector genomes in mammalian cells. Eur. J. Cell Biol. 2012, 91, 2-9.

Trotman, L.C.; Mosberger, N.; Fornerod, M.; Stidwill, R.P.; Greber, U.F. Import of adenovirus
DNA involves the nuclear pore complex receptor CAN/Nup214 and histone H1. Nat. Cell Biol.
2001, 3, 1092-1100.

Chatterjee, P.K.; Vayda, M.E.; Flint, S.J. Adenoviral protein VII packages intracellular viral
DNA throughout the early phase of infection. EMBO J. 1986, 5, 1633—1644.

Xue, Y.; Johnson, J.S.; Ornelles, D.A.; Lieberman, J.; Engel, D.A. Adenovirus protein VII
functions throughout early phase and interacts with cellular proteins SET and pp32. J. Virol.
2005, 79, 2474-2483.

Chen, J.; Morral, N.; Engel, D.A. Transcription releases protein VII from adenovirus chromatin.
Virology 2007, 369, 411-422.

Karen, K.A.; Hearing, P. Adenovirus core protein VII protects the viral genome from a DNA
damage response at early times after infection. J. Virol. 2011, 85, 4135-4142.

Walkiewicz, M.P.; Morral, N.; Engel, D.A. Accurate single-day titration of adenovirus vectors
based on equivalence of protein VII nuclear dots and infectious particles. J. Virol. Methods 2009,
159,251-258.

Komatsu, T.; Haruki, H.; Nagata, K. Cellular and viral chromatin proteins are positive factors in
the regulation of adenovirus gene expression. Nucleic Acids Res. 2011, 39, 889-901.

Haruki, H.; Gyurcsik, B.; Okuwaki, M.; Nagata, K. Ternary complex formation between DNA-
adenovirus core protein VII and TAF-Ibeta/SET, an acidic molecular chaperone. FEBS Lett.
2003, 555, 521-527.

Ross, P.J.; Kennedy, M.A.; Christou, C.; Risco Quiroz, M.; Poulin, K.L.; Parks, R.J. Assembly
of helper-dependent adenovirus DNA into chromatin promotes efficient gene expression.
J. Virol. 2011, 85, 3950-3958.

Komatsu, T.; Nagata, K. Replication-uncoupled histone deposition during adenovirus DNA
replication. J. Virol. 2012, 86, 6701-6711.



Viruses 2013, 5 1514

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.
92.

Kawase, H.; Okuwaki, M.; Miyaji, M.; Ohba, R.; Handa, H.; Ishimi, Y.; Fujii-Nakata, T.;
Kikuchi, A.; Nagata, K. NAP-I is a functional homologue of TAF-I that is required for
replication and transcription of the adenovirus genome in a chromatin-like structure. Gene. Cell.
1996, 1, 1045-1056.

Okuwaki, M.; Iwamatsu, A.; Tsujimoto, M.; Nagata, K. Identification of nucleophosmin/B23, an
acidic nucleolar protein, as a stimulatory factor for in vitro replication of adenovirus DNA
complexed with viral basic core proteins. J. Mol. Biol. 2001, 311, 41-55.

Gyurcsik, B.; Haruki, H.; Takahashi, T.; Mihara, H.; Nagata, K. Binding modes of the precursor
of adenovirus major core protein VII to DNA and template activating factor I: Implication for the
mechanism of remodeling of the adenovirus chromatin. Biochemistry 2006, 45, 303-313.
Johnson, J.S.; Osheim, Y.N.; Xue, Y.; Emanuel, M.R.; Lewis, P.W.; Bankovich, A.; Beyer, A.L.;
Engel, D.A. Adenovirus protein VII condenses DNA, represses transcription, and associates with
transcriptional activator E1A. J. Virol. 2004, 78, 6459—6468.

Tagami, H.; Ray-Gallet, D.; Almouzni, G.; Nakatani, Y. Histone H3.1 and H3.3 complexes
mediate nucleosome assembly pathways dependent or independent of DNA synthesis. Cel/ 2004,
116, 51-61.

Smith, S.; Stillman, B. Purification and characterization of CAF-1, a human cell factor required
for chromatin assembly during DNA replication in vitro. Cell 1989, 58, 15-25.

Drane, P.; Ouararhni, K.; Depaux, A.; Shuaib, M.; Hamiche, A. The death-associated protein
DAXX is a novel histone chaperone involved in the replication-independent deposition of H3.3.
Genes Dev. 2010, 24, 1253—-1265.

Lewis, P.W.; Elsaesser, S.J.; Noh, K.M.; Stadler, S.C.; Allis, C.D. Daxx is an H3.3-specific
histone chaperone and cooperates with ATRX in replication-independent chromatin assembly at
telomeres. Proc. Natl. Acad. Sci. USA 2010, 107, 14075-14080.

Goldberg, A.D.; Banaszynski, L.A.; Noh, K.M.; Lewis, P.W.; Elsaesser, S.J.; Stadler, S.; Dewell,
S.; Law, M.; Guo, X.; Li, X.; et al. Distinct factors control histone variant H3.3 localization at
specific genomic regions. Cell 2010, /40, 678—691.

Schneiderman, J.I.; Orsi, G.A.; Hughes, K.T.; Loppin, B.; Ahmad, K. Nucleosome-depleted
chromatin gaps recruit assembly factors for the H3.3 histone variant. Proc. Natl. Acad. Sci. USA
2012, 109, 19721-19726.

Placek, B.J.; Huang, J.; Kent, J.R.; Dorsey, J.; Rice, L.; Fraser, N.W.; Berger, S.L. The histone
variant H3.3 regulates gene expression during lytic infection with herpes simplex virus type 1.
J. Virol. 2009, 83, 1416-1421.

Pastore, L.; Morral, N.; Zhou, H.; Garcia, R.; Parks, R.J.; Kochanek, S.; Graham, F.L.; Lee, B.;
Beaudet, A.L. Use of a liver-specific promoter reduces immune response to the transgene in
adenoviral vectors. Hum. Gene Ther. 1999, 10, 1773-1781.

Schiedner, G.; Hertel, S.; Johnston, M.; Biermann, V.; Dries, V.; Kochanek, S. Variables
affecting in vivo performance of high-capacity adenovirus vectors. J. Virol. 2002, 76,
1600-1609.

Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074—1080.

Smith, C.L.; Hager, G.L. Transcriptional regulation of mammalian genes in vivo. A tale of two
templates. J. Biol. Chem. 1997, 272, 27493-27496.



Viruses 2013, 5 1515

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Jiang, C.; Pugh, B.F. Nucleosome positioning and gene regulation: Advances through genomics.
Nat. Rev. Genet. 2009, 10, 161-172.

Lomvardas, S.; Thanos, D. Modifying gene expression programs by altering core promoter
chromatin architecture. Cel/ 2002, 110,261-271.

Schreiner, S.; Wimmer, P.; Sirma, H.; Everett, R.D.; Blanchette, P.; Groitl, P.; Dobner, T.
Proteasome-dependent degradation of Daxx by the viral E1B-55K protein in human adenovirus-
infected cells. J. Virol. 2010, 84, 7029-7038.

Ullman, A.J.; Hearing, P. Cellular proteins PML and Daxx mediate an innate antiviral defense
antagonized by the adenovirus E4 ORF3 protein. J. Virol. 2008, 82, 7325-7335.

Schreiner, S.; Burck, C.; Glass, M.; Groitl, P.; Wimmer, P.; Kinkley, S.; Mund, A.; Everett, R.D.;
Dobner, T. Control of human adenovirus type 5 gene expression by cellular Daxx/ATRX
chromatin-associated complexes. Nucleic Acids Res. 2013, 41, 3532-3550.

Schreiner, S.; Martinez, R.; Groitl, P.; Rayne, F.; Vaillant, R.; Wimmer, P.; Bossis, G.;
Sternsdorf, T.; Marcinowski, L.; Ruzsics, Z.; et al. Transcriptional activation of the adenoviral
genome is mediated by capsid protein VI. PLoS Path. 2012, 8, €1002549.

Suzuki, M.; Cerullo, V.; Bertin, T.K.; Cela, R.; Clarke, C.; Guenther, M.; Brunetti-Pierri, N.;
Lee, B. MyD88-dependent silencing of transgene expression during the innate and adaptive
immune response to helper-dependent adenovirus. Hum. Gene Ther. 2010, 21, 325-336.

Cerullo, V.; Seiler, M.P.; Mane, V.; Brunetti-Pierri, N.; Clarke, C.; Bertin, T.K.; Rodgers, J.R.;
Lee, B. Toll-like receptor 9 triggers an innate immune response to helper-dependent adenoviral
vectors. Mol. Ther. 2007, 15, 378-385.

Brestovitsky, A.; Sharf, R.; Mittelman, K.; Kleinberger, T. The adenovirus E4orf4 protein targets
PP2A to the ACF chromatin-remodeling factor and induces cell death through regulation of
SNF2h-containing complexes. Nucleic Acids Res. 2011, 39, 6414—-6427.

Lavoie, J.N.; Nguyen, M.; Marcellus, R.C.; Branton, P.E.; Shore, G.C. E4orf4, a novel
adenovirus death factor that induces p53-independent apoptosis by a pathway that is not inhibited
by zZVAD-fmk. J. Cell Biol. 1998, 140, 637-645.

Marcellus, R.C.; Lavoie, J.N.; Boivin, D.; Shore, G.C.; Ketner, G.; Branton, P.E. The early
region 4 orf4 protein of human adenovirus type 5 induces p53- independent cell death by
apoptosis. J. Virol. 1998, 72, 7144-7153.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


