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Helper-dependent adenovirus (hdAd) vectors have shown tremendous potential in animal models of human
disease in numerous preclinical studies. Expression of a therapeutic transgene can be maintained for several
years after a single administration of the hdAd vector. However, despite the long-term persistence of hdAd DNA
in the transduced cell, little is known of the fate and structure of hdAd DNA within the host nucleus. In this
study, we have characterized the assembly of hdAd DNA into chromatin in tissue culture. Eviction of the Ad
DNA-packaging protein VII, histone deposition, and vector-associated gene expression all began within 2 to 6 h
of host cell transduction. Inhibition of transcription elongation through the vector DNA template had no effect
on the loss of VII, suggesting that transcription was not necessary for removal of the majority of protein VII.
Vector DNA assembled into physiologically spaced nucleosomes within 6 h. hdAd vectors incorporated the
histone H3 variant H3.3, which was dependent on the histone chaperone HIRA. Knockdown of HIRA reduced
hdAd association with histones and reduced expression of the vector-carried transgene by 2- to 3-fold. Our
study elucidates an essential role for hdAd DNA chromatinization for optimal vector gene expression.

Fifty years of intense research has resulted in adenovirus
(Ad) type 5 being among the best-characterized human viruses
(4, 61). In part, these studies have contributed to its develop-
ment as an effective gene delivery tool in many applications,
including gene therapy (3). To increase the safety and efficacy
of Ad vectors, we and others have developed Ad-based vectors
devoid of all viral protein-coding sequences, termed helper-
dependent adenovirus (hdAd) (47, 49). hdAd can mediate
very-long-term expression of a therapeutic transgene in vivo in
a number of animal models (up to several years in nonhuman
primates) (47), while eliciting reduced deleterious acute and
chronic toxicity and immune activation (40, 41). However, de-
spite these very promising results, little is known about the
structure of the hdAd within the infected cell and how this
contributes to the persistence of the vector DNA and trans-
gene expression. Indeed, despite our detailed knowledge of
many aspects of the wild-type Ad life cycle, the fate and struc-
ture of Ad DNA within the nucleus of the infected cell are
poorly characterized.

Within the capsid, Ad DNA is condensed within a subvi-
rion structure called the Ad core by association with the
following three highly basic protamine-like proteins that are
encoded by the virus: V, VII, and mu (9). During wild-type
Ad infection, the major DNA-binding protein, protein VII,
enters the nucleus with the Ad DNA (9). However, conflict-
ing data suggest that VII either stably associates with Ad
DNA throughout the early phase of infection (9, 77) or is
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evicted within a few hours (70), and eviction of VII may
require active transcription (10). Few studies have ad-
dressed whether Ad DNA in the nucleus directly interacts
with histones or assembles into chromatin; indeed, conflict-
ing data suggest that Ad DNA is (5, 13, 14, 66) or is not (76)
assembled into chromatin. Histone H1 escorts the Ad core
(Ad DNA bound to protein VII) through the nuclear pore,
although this function for H1 appears independent of any
role in condensing the viral DNA, and whether H1 contin-
ues to associate with the viral DNA within the nucleus is
unknown (74). It is clear that infection of a cell by wild-type
Ad causes a global change in the expression and epigenetic
status of many cellular genes, primarily due to the ability of
early region 1A (E1A) proteins to restrict p300/CBP histone
acetyltransferase activity to a subset of E2F-responsive pro-
moters (4, 18, 19, 25). Through this ability to modulate
p300/CBP, E1A was also shown to enhance the acetylation
of histone H4 at the Ad12 early region 2 (E2) promoter in
plasmid-based reporter constructs and presumably also in
the context of replicating virus (17). Recent studies have
shown that, under nonreplication conditions (e.g., in non-
permissive cells in culture or mouse liver in vivo), early
region 1 (El)-deleted Ad and hdAd vectors remain primar-
ily monomeric and episomal (16, 27), but whether these
vectors are chromatinized is unknown.

In this study, we have analyzed the nucleoprotein struc-
ture of hdAd in infected cells and evaluated its impact on
expression of vector-carried genes. Our results indicate that
eviction of Ad DNA-packaging proteins, histone deposition,
and transgene expression all begin within hours of host cell
transduction. Vector DNA was assembled into physiologi-
cally spaced nucleosomes within 6 h postinfection (hpi).
hdAd DNA associated with histone H3 variant H3.3 early
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after infection, and H3.3 deposition was dependent upon
the histone chaperone HIRA. Finally, inhibition of H3.3
deposition reduced expression of vector-carried genes, indi-
cating that assembly into chromatin is essential for efficient
viral gene expression.

MATERIALS AND METHODS

Cell culture. Propagation of 293 (a kind gift from Frank Graham, McMaster
University) (22), 293-N3S (Microbix) (21), A549 (ATCC), and 116 (a kind gift
from Philip Ng, Baylor College of Medicine) cells was performed as described
previously (46, 59). HeLa cells (ATCC) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) serum supplemented with 10% fetal bovine serum, 2
mM Glutamax, and 1X antibiotic-antimycotic (Invitrogen). pCMV-H3.3-YFP
was obtained from Addgene. The H3.1 ¢cDNA was amplified from human
genomic DNA by PCR (using Platinum High-Fidelity Tag polymerase [Invitro-
gen]), subcloned into pCMV-H3.3-YFP (in place of H3.3), and confirmed by
sequencing.

Pooled small interfering RNA (siRNA) targeting human HIRA and control
nontargeting pooled siRNA were obtained from Dharmacon. Cells were trans-
fected with 100 or 200 nM siRNA using Lipofectamine 2000. To analyze the
effects of siRNA-mediated knockdown of HIRA on cell growth, HeLa cells in
35-mm dishes were transfected with 100 nM control or HIRA-directed siRNA
and, 48 h later, replated at low density, and cell growth was monitored using a
crystal violet staining protocol, as previously described (26). In experiments
involving the transcription elongation inhibitor DRB (5,6-dichlorobenzimidazole
1-B-p-ribofuranoside; Sigma), cells were pretreated for 1 h with 500 M DRB or
dimethyl sulfoxide (DMSO) vehicle control in DMEM; all buffers and media
were supplemented with 500 uM DRB throughout the duration of the experi-
ments.

Virus culture. hdAdA28lacZ was a kind gift from Philip Ng (Baylor College of
Medicine), has been previously described (46), and is referred to as hdAd-lacZ
in this study. hdAd-lacZ is devoid of all Ad protein-coding sequences but con-
tains an ~22-kb fragment of eukaryotic-derived, noncoding stuffer DNA and the
Escherichia coli lacZ gene under regulation by the murine cytomegalovirus im-
mediate-early promoter and enhancer and the simian virus 40 polyadenylation
sequences. The lacZ expression cassette is located 7.8 kb from the left inverted
terminal repeat and packaging element, and its transcription is directed right-
ward relative to the conventional Ad map. hdAdA28E4 is the parental vector
from which hdAdA28lacZ was derived and lacks a transgene. hdAd-PGK-
mSEAP contains the murine secreted alkaline phosphatase cDNA (12, 36)
under regulation by the murine phosphoglycerate kinase promoter (41, 56).
hdAd-PGK-mSEAP, hdAd-lacZ, and hdAdA28E4 were amplified with the
helper virus AANG163 (46) or AdJR46 using 116 cells and standard tech-
niques (46, 49). AdJR46 is similar in structure to AdRP2050 (6) but is
engineered to contain a FLAG epitope tag on the C terminus of core protein
VII (67). The presence of the FLAG tag on core VII has no discernible
deleterious effect on virus viability. The E1/E3-deleted Ad vector AdCA35
has been described previously (1) and carries a lacZ expression cassette
identical to that of hdAd-lacZ. All E1-deleted Ads were propagated and their
titers were determined in 293 cells, as described previously (59). All vectors
were purified by cesium chloride buoyant density centrifugation, using stan-
dard procedures (46, 59). Infectious hdAd particles were scored through
staining of infected 293 cells and visual inspection, using previously estab-
lished protocols (36, 49). Particle counts were determined as previously
described (59). Contamination of hdAd vector stocks with helper virus was
determined by plaque assays and scored as the numbers of PFU (44, 59).
Importantly, all hdAd vectors had similar ratios of hdAd to helper virus
(approximately 0.05% helper virus contamination).

Expression assays and immunoblotting. To assay reporter gene expression,
crude cell lysates were harvested in 1X reporter lysis buffer (Promega) at the
indicated time points and assayed for gene expression using a chemiluminescent
B-galactosidase (B-Gal) assay kit (Roche). To prepare samples for immunoblot-
ting, the cells were treated, and at the indicated time points, the medium was
removed, and the cells were overlaid with 2X protein sample buffer. Immuno-
blotting was performed using standard techniques. For experiments involving
protein extracts from isolated nuclei, cells were lysed and fractionated as de-
scribed by Challberg and Kelly (8), with the exception that nuclei were further
purified by centrifugation through a 0.88 M sucrose cushion. Nylon membranes
were probed with anti-FLAG M2 (1:15,000 dilution; Sigma), anti-a-tubulin (1:
10,000; Oncogene), anti-green fluorescent protein (GFP) (1:2,000; Invitrogen)
(which cross-reacted with the yellow fluorescent protein [YFP] tag), or anti-Ad
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capsid protein (ab6982) (1:10,000; Abcam). Antibody to HIRA (clone WC119
[1:50]) was kindly provided by Peter Adams, Fox Chase Cancer Center, Phila-
delphia, PA (23). Antibody to core protein VII was a kind gift from S. J. Flint
(Princeton) and was used at a dilution of 1/100. Of note, we have observed that
several commercially available histone antibodies cross-react with Ad core pro-
tein V or VII; the anti-H3 antibody used in these experiments does not (catalog
no. 2650; Cell Signaling).

ChIP. Chromatin immunoprecipitation (ChIP) assays were performed using a
modified version of the Upstate Biotechnology protocol. Lysis buffers and ChIP
dilution buffer were supplemented with 1 mM phenylmethylsulfonyl fluoride
(PMSF; OmniPur), 10 pg/ml leupeptin (Roche), and 10 pg/ml aprotinin
(Roche). Confluent HeLa or A549 cells in 15-cm dishes (~2.5 X 107 cells) were
infected with virus at a multiplicity of infection (MOI) of 10, and at the indicated
time points, formaldehyde was added to 1%, and the plates were incubated for
10 min. After 5 min of incubation in 0.125 M glycine, the monolayers were rinsed
twice with cold phosphate-buffered saline (PBS) and scraped into PBS. The cells
were pelleted (2,000 rpm, 10 min, 20°C), suspended in 0.5 ml cell lysis buffer {5
mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)] at pH 8, 85 mM KClI,
0.5% NP-40} and incubated for 45 min at 4°C with constant rotation. The nuclei
were pelleted by centrifugation (5,000 rpm, 5 min, 4°C) and lysed in 0.25 ml
nuclear lysis buffer (50 mM Tris-HCI at pH 8, 1% SDS, 10 mM EDTA). Chro-
matin was sheared to an average size of 500 bp by sonication, as follows: 5 to 10
pulses for 10 s with a Vibra-Cell VCX600 ultrasonic process (Sonics & Materials)
equipped with a stepped microtip at a setting of 30% of maximal amplitude.
Sheared chromatin was diluted by 10-fold with ChIP dilution buffer containing
22.2 pg/ml sheared herring sperm DNA and 1.11 mg/ml bovine serum albumin
(BSA). Dilute chromatin was precleared with 50 wl of a 50% slurry of protein G
beads for 2 h at 4°C with constant rotation. Precleared chromatin was incubated
overnight with antibody and 50 pl of a 50% slurry of protein G beads at 4°C with
constant rotation. Antibodies used for ChIP analysis were rabbit IgG anti-GFP
(A-11122; Invitrogen), anti-FLAG M2 (Sigma), anti-H3 (catalog no. 2650; Cell
Signaling), or control IgG. After immunoprecipitation (IP), beads were rinsed
once with low-salt immune complex wash buffer (ICWB), high-salt ICWB, and
lithium chloride ICWB and twice with Tris-EDTA (TE). The beads were incu-
bated twice for 15 min with 0.25 ml immune complex elution buffer (100 mM
sodium bicarbonate and 1% SDS). Eluates were combined, NaCl was added to
200 mM, and the samples were incubated for 4 to 6 h at 65°C. After cross-link
reversal, 10 wl 0.5 mM EDTA, 20 pl 1 M Tris-HCI at pH 6.5, and 1 pl 20 mg/ml
proteinase K were added to the samples and incubated for 2 h at 42°C. DNA was
purified by phenol-chloroform extraction and precipitated with isopropanol and
20 pg glycogen. ChIP DNA was suspended in 20 pl H,0, and input DNA was
suspended in H,0 (0.02% of input/ul). Alternatively, ChIP experiments were
performed using the SimpleChIP enzymatic chromatin IP kit (with magnetic
beads) obtained from Cell Signaling Technologies, according to the manufac-
turer’s instructions. Quantitative PCR (qPCR) was performed using 1 pl of
diluted DNA (1/50 for ChIP DNA and 1/200 for input) with SYBR green
JumpStart Tag ReadyMix (Sigma), according to the manufacturer’s instructions,
with the exception that the reaction was performed in a total volume of 20 pl.
The following primer sets for gPCR were used: lacZ, 5-TAC GCC AAT GTC
GTT ATC CA and 5-CAC CAG CGA AAT GGA TTT TT; hexon, 5-CTT
ACC CCC AAC GAG TTT GA and 5-GGA GTA CAT GCG GTC CTT GT;
human B-globin, 5'-GAC AAC CTC AAG GGC ACC TTT and 5'-GAG
GAT CCA CGT GCA GCT T. The PCR was performed on a MX3000P
(Stratagene), with 40 amplification cycles and a 60°C annealing temperature.
The threshold cycle (C;) values for each sample were compared to a dilution
series of plasmids containing the target DNA and converted into an absolute
DNA concentration.

Micrococcal nuclease accessibility assays. A549 cells (~2.5 X 107) in 15-cm
dishes were infected with hdAd-PGK-mSEAP at an MOI of 500. At the indicated
time points after infection, nuclei were isolated as described previously (42).
Isolated nuclei (~5 X 10°) in aliquots of 0.2 ml were treated with 0, 1.5, 5, 10, or
25 units micrococcal nuclease (MNase; Roche) for 5 min at 22°C. Digests were
terminated by addition of 0.2 ml stop solution (10 mM Tris-HCI at pH 7.6, 10
mM EDTA, 0.5% SDS, 0.4 mg/ml proteinase K), followed by overnight incuba-
tion at 42°C. DNA was purified by phenol-chloroform extraction and ethanol
precipitated. Purified DNA (10 pg) from the 1.5-, 5-, and 10-unit treatments
were separated on 20-cm 1.25% agarose gels, transferred to a nylon membrane,
and subjected to Southern blotting (69) with a digoxigenin-labeled 2.15-kbp
fragment from hdAd-PGK-mSEAP containing the PGK promoter and mSEAP
open reading frame. DNA labeling and probe detection were performed using
the digoxigenin (DIG) High Prime DNA labeling and detection starter kit II
(Roche), according to the manufacturer’s instructions.
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FIG. 1. Ad core protein VII is rapidly removed from viral DNA after infection. (A) A549 cells were infected with hdAd-lacZ (5,000 infectious
particles/cell), and whole-cell lysates were harvested at various times after infection and subjected to immunoblotting with anti-FLAG to detect
core VII, an antibody recognizing all Ad capsid components (hexon is shown), or anti-a-tubulin. (B) A549 cells were infected with the E1-deleted
helper virus AdJR46 (5,000 infectious particles/cell) and processed as described in the legend to panel A. (C) A549 cells were infected with
hdAd-lacZ (5,000 infectious particles/cell) containing a wild-type VII protein, and whole-cell lysates were harvested at various times after infection
and subjected to immunoblotting to detect core VII or a-tubulin. (D) A549 cells were infected with hdAd-lacZ (250 infectious particles/cell), nuclei
were isolated, and protein extracts were prepared at various times after infection and subjected to immunoblotting with anti-FLAG to detect core
VII or anti-H3 as a loading control. (E) A549 cells were infected with hdAd-lacZ (10 infectious particles/cell) and processed for ChIP with
anti-FLAG or control IgG at the indicated time points. The resulting ChIP DNA was analyzed by quantitative PCR with primers for the
B-galactosidase coding sequence (lacZ), and the fold of enrichment was calculated as described in Materials and Methods (error bars represent

the ranges of values obtained from two replicate experiments).

RESULTS

Ad DNA-binding proteins dissociate from hdAd DNA soon
after nuclear translocation. Ad DNA within the capsid is
condensed by association with the virus-encoded protein
VII. We generated an El-deleted, first-generation Ad
(fgAd) helper virus that encoded a FLAG-tagged VII pro-
tein and used it to generate hdAd with the FLAG-tagged
core protein. We then examined the fate of VII within A549
cells at various times postinfection with the hdAd. Initially,
we used a high MOI (5,000 infectious particles/cell) to allow
for detection of protein VII from the infecting virions; how-
ever, subsequent studies revealed that a sufficient signal was
achieved with a 10-fold-lower quantity of vector. Through
immunoblot analysis of whole-cell protein extracts, we
noted a dramatic loss of VII within the cells in the first 2 h
following infection, with a more gradual but continual de-
cline in the levels of VII up to our final time point of 8 hpi

(Fig. 1A). We observed an identical decline in VII levels
when the infected cells were lysed and boiled directly in
SDS-protein loading buffer (data not shown), indicating that
protein VII is degraded rather than becomes a part of the
insoluble fraction. The levels of hexon protein remained
relatively stable over this period, indicating that the decline
in VII in the cells was not due to generalized degradation of
infecting virions but rather a specific loss of VII. We ob-
served a similar loss of VII from cells infected with the
helper virus used to generate hdAd/VII-FLAG, although
the level of VII appeared to rise at the 8 hpi time point,
likely due to virus replication and the onset of late gene
expression (Fig. 1B), as demonstrated previously for high
MOIs of El-deleted viruses in A549 cells (43). Consistent
with this, we also observed an increase in hexon at 8 hpi in
cells infected with the helper virus. We observed similar
kinetics of loss of the wild-type VII (i.e., without a FLAG
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FIG. 2. Eviction of core protein VII is not dependent on active transcription. (A) A549 cells were infected with hdAd-lacZ (MOI = 100
infectious particles/cell), and B-Gal activity was determined at the indicated time points (expressed in relative light units [RLU]). Representative
data from two experiments are displayed; error bars represent the ranges of values obtained from two replicate samples. (B) A549 cells were
pretreated with 500 pM DRB (or DMSO vehicle) for 1 h and infected with hdAd-lacZ (100 infectious particles/cell), and B-Gal activity was
determined at the indicated time points (expressed in relative light units [RLU]). (C) A549 cells were pretreated for 1 h with 500 uM DRB or
vehicle (DMSO) and infected with hdAd-lacZ (250 infectious particles/cell), and at the indicated time points, whole-cell lysates were prepared and
subjected to immunoblotting with anti-FLAG to detect core VII or anti-a-tubulin. (D) A549 cells were infected with a hdAd vector lacking a
transgene (hdAdA28; 2,500 total particles/cell), and at the indicated time points, nuclei were isolated, and protein extracts were prepared and
subjected to immunoblotting with anti-core VII or anti-H3 as a loading control.

tag) from hdAd-infected cells, indicating that the presence
of the FLAG tag had no deleterious effect on VII function
or stability (Fig. 1C).

The results presented in Fig. 1A to C are based on analysis
of total protein within the cell (i.e., cytoplasm and nucleus) and
may not accurately reflect the stability of core VII within the
nucleus. We therefore isolated nuclei from cells infected with
hdAd and examined the fate of protein VII. As shown in Fig.
1D, the majority of core protein VII was lost from the nucleus
between 1 and 3 hpi; however, a fraction of core VII continued
to persist in the nucleus until 24 hpi. We also directly examined
the association of VII with the viral DNA by chromatin im-
munoprecipitation (ChIP). Association of vector DNA with
core VII appeared to correlate with its persistence in the nu-
cleus (Fig. 1E); we observed high association between VII and
the viral DNA early after infection, which declined significantly
by 6 hpi and further by 24 hpi. These data suggest that the
majority of core VII is evicted from the viral DNA within the
first few hours of infection but that a small proportion of VII
remains in the nucleus and may continue to associate with the
vector DNA until at least 24 hpi.

Transcription elongation is not required for removal of VII
from hdAd DNA. Data from immunofluorescence-based exper-
iments suggested that core VII remains stably associated with
wild-type Ad DNA throughout the early phase of infection,
until the onset of late gene expression (~10 to 12 hpi), and that
transcription is necessary to evict core VII (10). Using hdAd
which contained only noncoding DNA (i.e., lacked a trans-

gene), VII was shown to remain stably associated with the
vector DNA until at least 18 hpi by immunofluorescence anal-
ysis. The hdAd vector shown in Fig. 1 of our study contains the
strong murine cytomegalovirus (CMV) promoter driving ex-
pression of lacZ (1, 46), suggesting that active transcription
elongation could have been involved in the relatively early
removal of VII from our vector, followed by its subsequent
degradation. In support of this idea, initial detection of hdAd
vector gene expression occurred at 2 hpi (Fig. 2A), a time
frame similar to the onset of VII eviction and degradation (Fig.
1). To determine whether transcription was required for evic-
tion of VII in our system, we examined the loss of VII from the
cell in the absence or presence of a pharmacological inhibitor
of transcription elongation, DRB (5,6-dichlorobenzimidazole
1-B-p-ribofuranoside). Pretreating cells with 500 uM DRB was
sufficient to prevent transcription and expression from even the
highly active murine CMV promoter for at least 6 hpi (Fig.
2B). A549 cells were pretreated for 1 h with DRB and infected
with hdAd/VII-FLAG, and loss of VII was examined at various
times postinfection by immunoblotting. As shown in Fig. 2C,
inhibition of transcription elongation had no effect on the
kinetics for loss of VII. We also examined loss of VII from cells
infected with a vector lacking a transgene, hdAdA28E4. Once
again, we observed that the majority of VII was lost from the
cell within a few hours of infection (Fig. 2D). Taken together,
these results indicate that the majority of core VII is removed
from vector DNA within the first few hours of infection, which
occurs independently of transcription elongation, but that a
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FIG. 3. hdAd vector DNA assembles into physiologically spaced chromatin after host cell transduction. A549 cells were infected with
hdAd-PGK-mSEAP (MOI = 500), and the samples were processed for micrococcal nuclease (MNase) assay as described in Materials and
Methods. The ethidium bromide (EtBr)-stained agarose gel (showing bulk cellular chromatin) and short and long autoradiograph exposures
(showing Ad DNA) are displayed. Bands representing DNA that was protected from MNase cleavage are indicated by asterisks.

proportion of VII does remain associated with vector or viral
DNA well into infection (~10 to 24 h) (Fig. 1) (10).

hdAd DNA assembles into physiologically spaced nucleo-
somes. The dissociation of VII from vector DNA led us to
examine whether VII is replaced by cellular histones, leading
to assembly of hdAd DNA into chromatin. Southern analysis
of MNase-digested nuclei isolated from hdAd-infected cells
revealed that at the early time point of 2 hpi, vector DNA
exhibited no evidence of a periodic oligomeric array (Fig. 3).
However, by 6 hpi and continuing until 24 hpi, hdAd vector
DNA exhibited MNase protection that was similar to that of
bulk cellular chromatin. These data suggest that hdAd DNA-
packaging proteins are replaced with cellular histones, which
results in the assembly of vector DNA into physiologically
spaced nucleosomes.

hdAd chromatin incorporates histone H3.3. We have shown
that the majority of the DNA-condensing core VII protein are
removed from the viral DNA within the first few hours of
infection (Fig. 1 and 2), which are then wrapped in structures
resembling nucleosomes (Fig. 3). hdAd vectors are incapable
of autonomous replication, and Jager and Ehrhardt (27) have
shown that hdAd persists without undergoing replication by
the host replicative machinery, suggesting that deposition of
histones on hdAd DNA occurs via a replication-independent
mechanism. Replication-independent assembly of chromatin
in mammalian cells is generally viewed as a slow process (re-
quiring ~3 to 4 days [7]) that produces aberrantly spaced
nucleosomes (reviewed in reference 68), which is in marked
contrast to our observations (Fig. 3). To confirm that the hdAd
vector underwent replication-independent chromatin assem-
bly, we tested for the presence of markers of replication-cou-
pled versus replication-independent chromatin assembly. Two
major H3 variants are expressed in mammalian cells, as fol-
lows: H3.1, which is exclusively deposited during DNA repli-
cation, and H3.3, which is deposited in a replication-indepen-

dent manner (2, 73). H3.3 deposition occurs primarily on
actively transcribed genes or on incoming pronuclear DNA
during fertilization (34, 65) and was shown recently to be
deposited on telomeres (20, 75). To test whether hdAd DNA
associated with H3.1 or H3.3, cells were transfected with plas-
mids encoding YFP-tagged H3.1 or H3.3, and we examined
their association with hdAd vector DNA via ChIP at 4 and 7
hpi. Previous studies have shown that addition of an autofluo-
rescent protein tag does not affect deposition patterns of H3
variants (2). hdAd vectors displayed a preference for associa-
tion with H3.3 (Fig. 4A), suggesting that histone deposition on
hdAd DNA occurred primarily via a replication-independent
mechanism. Since association with H3.3 was detected as early
as 4 hpi, these data suggest that removal of VII (Fig. 1),
initiation of hdAd gene expression (Fig. 2), and deposition of
cellular histones (Fig. 4) all occur with similar kinetics.

Current methods of production for hdAd vectors result in
stocks that contain a small amount of the El-deleted helper
virus (49). Therefore, we examined whether the El-deleted
helper virus also associated with cellular histones. As expected,
we observed significant association of hdAd DNA with histone
H3 at 24 hpi, and we also observed association of helper virus
DNA with H3 (Fig. 4B). We also examined H3 association with
a second El-deleted Ad vector, AAdCA35, which showed a level
of association similar to those of the hdAd and helper, all of
which showed a level of association similar to that of an en-
dogenous locus, RPL30. Thus, under nonreplicating condi-
tions, both hdAd and El-deleted Ad associate with cellular
histones to a degree similar to that of host DNA.

HIRA is necessary for deposition of H3.3 on hdAd vector
DNA. Biochemical analyses of human cells have shown that at
least two H3.3 chaperones exist, HIRA (73) and DAXX (15).
However, DAXX appears to be involved primarily in the de-
position of H3.3 on pericentric DNA repeats and plays only a
limited role in the deposition of H3.3 on active DNA templates
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FIG. 4. hdAd vector chromatin preferentially associates with histone variant H3.3. (A) HeLa cells were transfected with plasmids encoding
H3.1-YFP or H3.3-YFP, and 24 h posttransfection, the cells were infected with hdAd-lacZ (MOI = 10). Four or seven hpi, the cells were processed
for ChIP with the indicated antibodies, and the associated DNA was evaluated by quantitative PCR (n = 3). Of note, the GFP antibody cross-reacts
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(15). DAXX is actively degraded in wild-type Ad-infected cells RNA (siRNA) to deplete cells of HIRA to examine its role in
(64). In contrast, HIRA is responsible for initial histone place- the deposition of H3.3 on hdAd vector DNA. Treatment with
ment on incoming pronuclear DNA in Drosophila (34), and siRNA targeting HIRA mRNA (siHIRA) resulted in a signif-
recent data have shown that knockdown of HIRA reduces icant depletion of HIRA at both 48 and 72 h posttreatment
H3.3 association with herpes simplex virus (HSV) DNA at (Fig. 5A). Since expression of virus-carried genes is intimately
early times of infection (i.e., before viral DNA replication tied to the health of the host cell, we next tested whether
[53]). Thus, we examined whether HIRA was involved in the siRNA-mediated knockdown of HIRA affected the ability of
deposition of H3.3 on hdAd DNA. We used small interfering the cells to replicate. HeLa cells were treated with 100 nM
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control or HIRA-directed siRNA for 48 h and replated at low
density, and the growth was followed over the next 3 days using
a crystal violet staining assay, as we have described previously
(26). Treatment of the cells with control or HIRA-directed
siRNA did not result in any apparent reduction in cell viability
but did cause a small decrease in the growth rate of the cells
relative to that of untreated cells, but this was not specific to
knockdown of HIRA (Fig. 5B).

To test whether HIRA depletion abrogates H3 deposition
on hdAd DNA, we transfected cells with control siRNA
(siCtrl) or siHIRA and used ChIP to detect the association of
H3 with the incoming hdAd vector DNA at 6 hpi. As controls,
we analyzed H3 association with the pB-globin gene, which is
not active in HeLa cells, and the ribosomal RPL30 locus, which
is highly transcribed and thus predicted to demonstrate re-
duced association with H3.3 upon HIRA knockdown. Knock-
down of HIRA resulted in a reduced association of hdAd DNA
with H3 (Fig. 5C). Thus, HIRA is necessary for efficient de-
position of H3 on hdAd vector DNA.

Assembly into chromatin promotes efficient expression of
hdAd-carried genes. Modified histones serve as docking sites
for the recruitment of factors that promote or alter gene ex-
pression (reviewed in reference 28), suggesting that assembly
into chromatin may be important for rapid and efficient initi-
ation of expression of virus- or vector-carried genes. The
H3/H4 tetramer forms the core of the nucleosome (35); there-
fore, disruption of H3 deposition should preclude nucleosome
formation and chromatin assembly. We hypothesized that
siRNA-mediated depletion of HIRA, and the resultant abro-
gation of H3.3 deposition, could be used to test whether as-
sembly into chromatin affects hdAd-carried transgene expres-
sion in vivo. HeLa cells were pretreated for 48 h with 100 nM
siRNA directed toward HIRA (or control siRNA) and in-
fected with hdAd-lacZ, and transgene expression was analyzed
at various times postinfection. Treatment of cells with siHIRA
resulted in a 2- to 3-fold reduction in gene expression from the
hdAd (P < 0.05) (Fig. 5D). This level of reduction in gene
expression from the hdAd template is similar to the decline in
viral gene expression that was observed upon HIRA knock-
down in HSV-infected cells (53). Thus, these data indicate that
de novo assembly of hdAd DNA into chromatin aids in the
establishment of efficient gene expression.

DISCUSSION

In this study, we have examined the fate and structure of Ad
vector DNA within the infected cell. Protein VII is a prota-
mine-like protein and is responsible for wrapping and condens-
ing the viral DNA in the infecting virion (39, 71), and it is this
protein VII-wrapped DNA that enters the nucleus (9). This
highly condensed nucleoprotein structure is refractory to viral
gene expression, and for wild-type Ad, preventing deconden-
sation of the Ad nucleoprotein core reduces expression of
virus-carried genes and virus replication (24). Thus, Ad DNA
must be remodeled from a core VII-wrapped DNA to a form
more conducive to these processes.

We showed that the majority of core VII dissociates from
the vector DNA and is degraded within the first few hours of
reaching the nucleus (Fig. 1) and that transcription elongation
on the viral DNA template is not required for this event (Fig.
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2). However, even up to 24 hpi, a small proportion of VII does
persist in the nucleus and may be associated with the vector
DNA. Previous work by Chen and coworkers demonstrated
that the level of VII within cells changed very little between 4
and 12 hpi and that foci of VII (presumably VII-associated
viral genomes) could be detected in the nucleus by immuno-
fluorescence for up to ~12 hpi (10). However, that report did
not examine the levels of VII at earlier time points (i.e., be-
tween 0 and 4 hpi) or whether the nuclear foci of VII contained
Ad DNA completely or only partially wrapped in VII. siRNA-
mediated knockdown of TAFI/SETI, a protein implicated in
removing VII from viral DNA, delays viral gene expression,
DNA replication, and yield (24), suggesting that timely re-
moval of at least some of VII is required for optimal virus
function. Komatsu et al. (31) showed that in a plasmid-based in
vitro assay, addition of VII actually enhanced transcription and
hypothesized that small quantities of VII may function in part
to keep repressive histone/chromatin structures from forming
on certain promoter regulatory elements. Indeed, based on
ChIP/re-ChIP experiments, both VII and histones can be
found to be associated with the same DNA molecule in the cell
as early as 6 hpi (31). Thus, there may be a balance as to how
much VII remains associated with viral DNA during the early
stages of infection: sufficient VII must be removed to decon-
dense the nucleoprotein structure to allow access to RNA
polymerase and transcription factors, but some VII remains to
stimulate transcription. Once initiated, transcription elonga-
tion may function to strip off the last of the remaining VII from
the viral DNA.

We detected the association of hdAd DNA with cellular
histones as early as 2 to 4 hpi (Fig. 4), and the DNA exhibited
an MNase digestion pattern similar to that of cellular chroma-
tin as early as 6 hpi (Fig. 3). That hdAd DNA preferentially
associated with the H3 variant H3.3 suggests that chromatini-
zation occurred by a replication-independent mechanism. H3.3
continued to be the predominant H3 variant associated with
hdAd until at least 24 hpi (data not shown). Recent work has
shown that histones are found to be associated with wild-type
Ad DNA as early as 1 hpi and that all members of the nucleo-
some, H2A/H2B, H3 and H4, are present (31). These data, and
previous work by others (5, 13, 14, 66), strongly suggest that
hdAd and Ad DNA are wrapped in nucleosomes within the
infected cell nucleus. The observation that both VII and his-
tones can be found bound to the same DNA molecule (31)
suggests that the processes of core VII eviction and histone
placement may be coincident. The cellular chaperones impli-
cated in removing VII from the incoming viral DNA, TAFI-III
also known as B23/nucleophosmin (45), pp32 (77), SET (37),
and NAP-1 (30), have also been implicated in the removal of
protamines from incoming sperm DNA and in the assembly of
sperm DNA into chromatin (38, 52, 60). HIRA, which we
showed is necessary for placement of H3.3 on vector DNA
(Fig. 5), is also involved in the placement of histones on pro-
nuclear DNA (34). The similarity between the packaging and
chromatinization of sperm and Ad DNA raises the intriguing
possibility that Ad has coopted this highly efficient cellular
process and now utilizes it to its own ends. Since HIRA was
also shown to deposit H3.3 on HSV DNA at early times of
infection (53), this may be a common mechanism for initial
placement of histones on the genomes of nuclear DNA viruses.
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Chromatinization of hdAd DNA is necessary for efficient
expression of vector-carried genes (Fig. 5), and this event very
likely contributes to their significant stability and efficacy in
vitro and in vivo (27, 47). One of the advantages of hdAd is its
large cloning capacity, which permits the use of large upstream
regulator sequences or even whole genomic loci to permit
tissue-specific gene expression (51, 62, 63). Chromatin plays an
important role in gene regulation (28, 68), and indeed, proper
placement of nucleosomes relative to the transcription start
site of a gene is crucial for promoter fidelity (29, 33). The
ability to incorporate large regulatory regions into hdAd cou-
pled with its swift assembly into physiologically spaced nucleo-
somes likely contributes to the maintenance of a faithful ex-
pression profile from these control elements when contained in
hdAd.

Chromatinization of infecting DNA also provides a template
that the cell can modulate to epigenetically downregulate ex-
pression of invading DNA (58). Many hdAd vectors contain
noncoding “stuffer” DNA to maintain the size of the vector
DNA within appropriate virion packaging limits (50). hdAd
containing 22 kb of prokaryotic stuffer DNA (hdAd-prok) ex-
pressed its transgene 10-fold less efficiently than a similar vec-
tor containing eukaryotic stuffer DNA (hdAd-euk) both in vitro
and in vivo (48). Recently, we determined that, although both
hdAd genomes associated with cellular histones to a similar
degree, hdAd-prok chromatin was actively deacetylated (58).
Insertion of an insulator element between the transgene and
bacterial DNA derepressed hdAd-prok, suggesting that for-
eign/prokaryotic DNA nucleates repressive chromatin struc-
tures that spread to the transgene. Thus, the cell can epige-
netically modulate expression from the vector through changes
in histone modification, leading to inhibition of gene expres-
sion from certain invading DNAs. Epigenetic silencing is not
unique to Ad and has been observed for both integrated (54,
55) and episomal (11, 57, 72) vectors. The fact that hdAd
containing eukaryotic-derived stuffer DNA escapes epigenetic
shutdown likely reflects its strong resemblance to cellular DNA
(e.g., identical GC and CpG dinucleotide contents, correct
nucleosome placement and phasing, etc.), thus contributing to
the persistence of expression of their carried transgenes.

Both El-deleted Ad (Fig. 4) and wild-type Ad (31) associate
with cellular histones very early in infection. Thus, our results
for hdAd likely also hold for replication-competent Ad (i.e.,
preferential association with H3.3 being dependent on HIRA),
at least during the early phase of infection—before DNA rep-
lication and expression of late genes and de novo synthesis of
core VII from the viral genome. HSV type 1 (HSV-1) DNA
also associates with H3.3 at early times of infection, which is
also dependent on HIRA, and inhibition of H3.3 deposition
reduces mRNA expression (53). However, recent studies sug-
gested that while HSV genomic DNA in latent infection is
assembled into a regularly repeating nucleosome array, as we
observed here with hdAd, during lytic infection, the nucleo-
somes on HSV DNA are “unstable” and form fragments of
heterogeneous sizes upon MNase digestion (32). Whether rep-
licating Ad assembles into stable or unstable chromatin re-
mains to be determined. Electron microscopy analysis of viral
genomes isolated late during infection (16 to 18 hpi) showed
irregularly spaced nucleosome-like particles at about 1/10 the
density of HeLa DNA (3 versus 26 per pm of DNA, respec-
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tively [5]). However, it is not clear whether this is due to
“unstable” chromatin or the limited quantities of histones that
are available late in Ad infection. Nonetheless, swift assembly
of Ad DNA into chromatin may represent an important step in
the early phase of infection that “kick-starts” the virus life cycle
and is a common feature of other DNA viruses that replicate
in the nucleus.

In summary, we have shown that hdAd DNA is wrapped in
physiologically spaced nucleosomes soon after infection and
that efficient chromatinization of the hdAd DNA template is
crucial for efficient expression of vector-carried genes. Our
study has elucidated an important event that contributes to the
efficacy of Ad-based vectors.
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