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Helper-dependent adenovirus (hdAd) vectors have shown great promise as therapeutic gene delivery vehicles
in gene therapy applications. However, the level and duration of gene expression from hdAd can differ
considerably depending on the nature of the noncoding stuffer DNA contained within the vector. For example,
an hdAd containing 22 kb of prokaryotic DNA (hdAd-prok) expresses its transgene 60-fold less efficiently than
a similar vector containing eukaryotic DNA (hdAd-euk). Here we have determined the mechanistic basis of this
phenomenon. Although neither vector was subjected to CpG methylation and both genomes associated with
cellular histones to similar degrees, hdAd-prok chromatin was actively deacetylated. Insertion of an insulator
element between the transgene and the bacterial DNA derepressed hdAd-prok, suggesting that foreign DNA
nucleates repressive chromatin structures that spread to the transgene. We found that Sp100B/Sp100HMG
and Daxx play a role in repressing transgene expression from hdAd and act independently of PML bodies.
Thus, we have identified nuclear factors involved in recognizing foreign DNA and have determined the
mechanism by which associated genes are repressed.

Efficient delivery and expression of foreign genes are of
great importance in medicine and basic science. In many gene
therapy applications, expression of the therapeutic gene would
be required for the lifetime of the patient, yet many vector
systems display only transient expression, lasting as little as a
few days or weeks. Helper-dependent adenovirus (hdAd) vec-
tors can enhance the duration of expression of a therapeutic
gene; studies of mice and nonhuman primates have yielded
several years of gene expression after a single administration
(28). Indeed, several studies have described lifelong expression
of a gene and persistent phenotypic correction in mouse mod-
els of human disease (18, 26, 42).

Most hdAds contain noncoding “stuffer” DNA to maintain
the size of the vector within appropriate limits for efficient
DNA packaging; vectors constructed below �27 kb undergo
DNA rearrangement in order to increase the size of the ge-
nome to 27 to 38 kb (31, 38). Interestingly, the nature of the
stuffer DNA included in the hdAd has a significant effect on
the function of the vector. An hdAd vector containing 22 kb of
eukaryotic DNA (hdAd-euk) expressed a transgene to a higher
level and for a longer duration than a vector containing 22 kb
of prokaryotic DNA (hdAd-prok), both in vitro and in vivo
(29). The genomes of the two vectors persisted at similar levels
within the livers of transduced mice, suggesting that incorpo-
ration of prokaryote-derived stuffer DNA into an hdAd leads

to the shutoff of associated transgenes. As a result of these
observations, most current hdAd vectors are constructed using
stuffer DNA derived from eukaryotic sources (27).

Silencing of transgenes associated with prokaryotic DNA is
not unique to hdAd. Removal of the bacterial origin of repli-
cation and antibiotic resistance gene from herpes simplex virus
(HSV) amplicons resulted in a 20-fold improvement in gene
expression in normal human fibroblasts in vitro, and more-
persistent reporter gene expression in nude mice, compared to
amplicons retaining the bacterial elements (39). Similarly, re-
moval of bacterial sequences from plasmids results in signifi-
cantly improved transgene expression in vitro and in vivo (2, 3,
34). For both plasmid and HSV amplicons, the mechanisms by
which the bacterial sequences impair transgene expression are
not fully understood. However, the bacterial sequences appear
to nucleate the formation of a repressive chromatin struc-
ture(s) that spreads to the transgene (4, 39).

In this study, we experimentally address the mechanism be-
hind the repressive effects of prokaryotic DNA on gene ex-
pression in hdAd vectors. We found that prokaryotic DNA
inhibits eukaryotic gene expression in cis, via induction of
histone deacetylation, which is independent of DNA methyl-
ation. Furthermore, our data indicate that Sp100 and Daxx are
involved in repressing the expression of genes associated with
prokaryotic DNA.

MATERIALS AND METHODS

Cells and virus culture. Propagation of 293 cells (12) (a kind gift from Frank
Graham, McMaster University, Hamilton, Ontario, Canada), 293-N3S cells (Mi-
crobix), A549 cells (ATCC), and 116 cells (27) (a kind gift from Philip Ng, Baylor
College of Medicine, Houston, TX) was performed as described previously (35).
HeLa cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% fetal calf serum, 2 mM GlutaMAX, and
1� antibiotic/antimycotic (Invitrogen).
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hdAd-prok (AdRP1030), hdAd-euk (AdRP1050) (29), hdAd-PGK-mSEAP
(21, 24), and AdRP2050 (37) have been described previously. hdAd-prok-ins and
hdAd-euk-ins, which contain the HS4 double-core insulator element (32) (a kind
gift of Gary Felsenfeld) between the eukaryotic expression cassettes and stuffer
DNA, were generated using standard molecular cloning protocols (Fig. 1A). The
helper virus AdRP2050 was propagated, and titers were determined, as described
previously (35). hdAd-prok and hdAd-euk were propagated in 116 cells using
AdRP2050 as the helper virus, as described previously (27, 30). A second pair of
hdAd vectors containing stuffer DNAs derived from prokaryotic and eukaryotic
stuffer DNAs were also utilized and are designated hdAd-prok2 and hdAd-euk2,
respectively. hdAd-euk2 is HD�28E4LacZ (a kind gift from Philip Ng, Baylor
College of Medicine) and contains the native Escherichia coli �-galactosidase
(�-Gal) gene under the regulation of the murine cytomegalovirus (mCMV)
immediate-early promoter/enhancer and the simian virus 40 polyadenylation
sequence, stuffer DNA derived from the human hypoxanthine-guanine phos-
phoribosyltransferase (HPRT1) gene, and genomic DNA derived from the C346
cosmid (locus DXS455A), as previously described (27, 43). hdAd-prok2 contains
an identical �-Gal expression cassette and two randomly cloned fragments of
prokaryotic DNA derived from the E. coli DH10B genome (GenBank accession
number NC_010473; fragments comprising nucleotides 3845034 to 3861440 and
4233399 to 4240086). hdAd-prok2 and hdAd-euk2 were amplified using helper
virus AdNG163 (27). Infectious hdAd particles were scored as infectious units
(IU), as determined on 293 cells using previously established protocols (9, 30).

Due to the reduced intensity of staining of cells infected with hdAd-prok, the
titers of this vector were determined in cells treated with 250 ng/ml trichostatin
A (TSA; Upstate), which resulted in a 1.5- to 2-fold increase in the vector titer
over that obtained on cells not treated with TSA. Virus particle counts were
determined as previously described (35). The ratios of total particles to infectious
particles for hdAd-prok, -prok2, -euk, and -euk2 were 11:1, 7:1, 6:1, and 3:1,
respectively. Contamination of hdAd vector stocks with helper virus was deter-
mined as PFU on 293 cells (35), and all hdAd vectors had similar ratios of IU to
PFU (approximately 0.05% helper virus contamination). Infections were per-
formed using standard methods (35). Reporter gene expression was determined
using a chemiluminescent �-Gal assay kit (Roche). Data were analyzed by a t test
or analysis of variance with a Tukey test, with significance defined as a P value
less than 0.05.

Plasmids and siRNA. Plasmids encoding FLAG-tagged Sp100A, Sp100B, and
Sp100HMG were kindly provided by Hans Will (Heinrich-Pette Institute for
Experimental Virology, Hamburg, Germany). Plasmids encoding hemagglutinin-
tagged pp71 and pp71delDID2/3 were kindly provided by Robert Kalejta (Uni-
versity of Wisconsin, Madison). Plasmids expressing wild-type and mutant Gam1
were obtained from Susanna Chiocca (European Institute of Oncology, Milan,
Italy). Pooled small interfering RNAs (siRNA) targeting Sp100 and Daxx were
obtained from Dharmacon. All transfections were performed using Lipo-
fectamine 2000 (Invitrogen), according to the manufacturer’s instructions.

FIG. 1. hdAd-prok expresses its transgene less efficiently than hdAd-euk. (A) Schematic representation of the hdAd vectors used in this study.
All vectors encode the Ad serotype 5 inverted terminal repeats (ITR) and packaging signal (�), the murine cytomegalovirus immediate-early
promoter and enhancer (CMV), the lacZ open reading frame, and the simian virus 40 polyadenylation signal (not shown). hdAd-prok and
hdAd-prok-ins encode 22 kb of prokaryotic DNA (prok), whereas hdAd-euk and hdAd-euk-ins encode 22 kb of eukaryotic DNA (euk).
hdAd-prok-ins and hdAd-euk-ins each have the HS4 double-core insulator element (ins) inserted between the expression cassette and the stuffer
DNA. hdAd-prok2 (not shown) is similar in structure to hdAd-prok but contains a stuffer element derived from E. coli genomic DNA. hdAd-euk2
is identical to HD�28E4LacZ (27). (B) HeLa cells were infected with hdAd-prok or -euk (MOI, 1 IU/cell). At 3, 6, or 24 h postinfection, cell lysates
were prepared and assayed for �-Gal activity (means � standard errors; n � 4). (C) HeLa cells were infected with hdAd-prok or -euk (MOI, 0.1
IU/cell) and were stained with X-Gal 24 h later. (D) HeLa cells were infected with hdAd-prok2 or -euk2 at varying MOIs, and 24 h later, cell lysates
were assayed for �-Gal activity. Error bars represent the ranges of values obtained from two duplicate samples. Representative data from three
independent experiments are presented.
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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
(OmniPur), 10 	g/ml leupeptin (Roche), and 10 	g/ml aprotinin(Roche). Con-
fluent HeLa or A549 cells in 15-cm-diameter dishes (�2.5 � 107 cells) were
infected with the indicated virus (multiplicity of infection [MOI], 10 IU/cell);
24 h later, formaldehyde was added to the culture medium to a concentration of
1%, and the plates were incubated for 10 min at room temperature. After a
5-min incubation in 0.125 M glycine, monolayers were rinsed twice with ice-cold
phosphate-buffered saline, scraped into phosphate-buffered saline supplemented
with 1 mM phenylmethylsulfonyl fluoride, and transferred to 1.5-ml microcen-
trifuge tubes. Cells were pelleted by centrifugation (500 � g, 5 min, 4°C),
suspended in 0.5 ml cell lysis buffer [5 mM piperazine-N,N
-bis(2-ethanesulfonic
acid) (PIPES; pH 8), 85 mM KCl, 0.5% NP-40], and incubated for 45 min at 4°C
with constant rotation. The nuclei were pelleted by centrifugation (1,250 � g, 5
min, 4°C) and lysed in 0.25 ml nuclear lysis buffer (50 mM Tris-HCl [pH 8], 1%
sodium dodecyl sulfate [SDS], 10 mM EDTA) for 10 min. Chromatin was
sheared to an average size of 200 to 1,000 bp by sonication (5 to 10 pulses of 10 s
with a Vibra-Cell VCX 600 ultrasonic processor [Sonics & Materials] equipped
with a stepped microtip at a setting of 30% of maximal amplitude). Sheared
chromatin was diluted 10-fold with ChIP dilution buffer supplemented with 22.2
	g/ml sheared herring sperm DNA and 1.11 mg/ml bovine serum albumin.
Dilute chromatin was precleared with 50 	l of a 50% slurry of protein G beads
(Upstate) (which had been preincubated for 1 h in the presence of 200 	g/ml
sheared herring sperm DNA and 1 mg/ml bovine serum albumin) for 2 h at 4°C
with constant rotation. Precleared chromatin was then incubated overnight at
4°C with constant rotation with the indicated antibody and 50 	l of a 50% slurry
of protein G beads. The antibodies used in these experiments were anti-adeno-
virus E1A (M58; Neomarkers) or horseradish peroxidase-conjugated goat-anti
mouse immunoglobulin G (170-6516; Bio-Rad) (negative controls), anti-unmod-
ified H3 (ab1791; Abcam), anti-pan-acetyl H3 (06-599; Upstate), anti-pan-acetyl
H4 (06-866; Upstate), anti-RNA polymerase II (N-20; Santa Cruz), anti-
2meK9H3 (07-441; Upstate), and anti-3meK27H3 (Ab6002; Abcam).

After immunoprecipitation, the beads were rinsed sequentially with low-salt
immune complex wash buffer (ICWB), high-salt ICWB, and lithium chloride
ICWB; then they were rinsed twice with Tris-EDTA. The beads were then
incubated twice for 15 min with 0.25 ml immune complex elution buffer (100 mM
sodium bicarbonate, 1% SDS). Eluates were combined; NaCl was added to 200
mM; and the samples were incubated for 4 to 6 h at 65°C to reverse the
cross-links. Next, 10 	l 0.5 mM EDTA, 20 	l 1 M Tris-HCl (pH 6.5), and 1 	l
20-mg/ml proteinase K (Sigma) were added to the samples, which were then
incubated for 2 h at 42°C. DNA was purified by phenol-chloroform extraction
and precipitated with isopropanol and 20 	g glycogen (Roche). ChIP DNA was
suspended in 20 	l H2O and analyzed by semiquantitative PCR using Taq

polymerase (Invitrogen). Preliminary semiquantitative PCR analyses were per-
formed using varying volumes of input DNA (typically representing 0.05%, 0.1%,
and 0.2% of input) and varying cycle numbers to establish the PCR conditions
that would yield endpoints in the linear range of amplification for all primer sets
used. Semiquantitative analyses typically involved 25 to 30 cycles of amplifica-
tion, and annealing temperatures for all primer sets are displayed in Table 1.
PCR products were subjected to electrophoresis on 1.5 or 2% agarose gels and
were stained with ethidium bromide.

Analysis of DNA methylation. To examine the status of CpG methylation prior
to host cell transduction, DNA was isolated from 1 � 1011 hdAd-prok particles
by SDS-proteinase K extraction (35), digested with MspI or HpaII, separated on
a 1.0% agarose gel, and visualized by staining with ethidium bromide. To exam-
ine the methylation status of vector DNA after cell transduction, A549 cells were
infected at an MOI of 250 IU/cell, and at 1 or 7 days postinfection, total cellular
DNA was isolated and digested with MspI, HpaII, SphI, or McrB/C (New
England Biolabs). The resulting DNA was separated on a 1% agarose gel,
transferred to a nylon membrane, and probed with digoxigenin (DIG)-labeled
hdAd-prok plasmid DNA. DNA labeling and probe detection were performed
using the DIG High Prime DNA labeling and detection starter kit II (Roche).
The DNA methylation status of hdAd-prok and -euk was also analyzed using
bisulfite conversion under previously established conditions (10, 13). Converted
DNA was suspended in 20 	l H2O, and 5 	l was used for PCR with 40 ampli-
fication cycles and the primer sets shown in Table 1. The resulting PCR frag-
ments were cloned into pBluescript KS(�) (Stratagene) and sequenced by Stem-
Core Laboratories (Ottawa, Ontario, Canada).

Immunoblotting. At the indicated time points after infection, whole-cell ex-
tracts were obtained in 2� protein sample buffer (62.5 mM Tris-HCl [pH 6.8],
25% glycerol, 2% SDS, 0.01% bromophenol blue, 0.715 M �-mercaptoethanol).
Samples were boiled for 5 min; insoluble debris was pelleted by centrifugation
(20,000 � g, 3 min, 22°C); and 10 to 30% of each sample was resolved on
SDS-polyacrylamide gels. Protein was transferred to a polyvinylidene fluoride
membrane (Bio-Rad) using standard techniques. The membranes were probed
with anti-FLAG M2 (1:10,000) (Sigma), anti-�-tubulin (1:5,000) (Oncogene), or
anti-Sp100 (1:2,000) (Chemicon).

RESULTS

Prokaryotic DNA represses transgene expression. We pre-
viously showed that transgene expression from an hdAd is
significantly influenced by the nature of the stuffer DNA (29).
An hdAd vector containing approximately 22 kb of prokaryotic
DNA (hdAd-prok) expressed its transgene �60-fold less effi-

TABLE 1. Oligonucleotides used in this study

Application and primer name Primer sequence Annealing
temp (°C)a Referenceb

ChIP
�-Actin FWD CAAAACTCTCCCTCCTCCTCTTC 60 40
�-Actin REV GAGCCATAAAAGGCAACTTTCGGAA 60 40
IFN-� FWD CCTCGAGTCCCAAGTCTTGTTTTACAATTTGC 60
IFN-� REV CAAGCTTTTGACAACACGAACAGTGTCGC 60
Myt1 FWD CAGGAAGACACCTCTCACAC 65 19
Myt1 REV ACAGTGTCCAGGGGCTTTGC 65 19
mCMV FWD GTTCTTCGAGCCAATACACGTCAATG 56 41
mCMV REV GTACCGACGCTGGTCGCGCC 56
lacZ FWD TGAAGCAGAAGCCTGCGATGTCGG 60
lacZ REV CACAGCGGATGGTTCGGATAAAGCG 60
hdAd-delta stuffer FWD GTAAAGCCGAACCCGGGAAACTG 56.5
hdAd-delta stuffer REV CGTGTGGGAGAAGGGCAGGATC 56.5

Bisulfite conversion
mCMV bis con FWD AATCCATAACAAAATCCTCTAACAACTTAAATT 65
mCMV bis con REV GTATATAAGGTTAATAGGGGTGAGTTATTGGG 65
prok stuf mid FWD GCGAAGCTTATCCCTTCTAATACTATCATCAACATTAC 50, 65
prok stuf mid REV GCGCTCGAGTTTATGATGTTTTGTTGGATATGTATTT 50, 65

a For PCR with the oligonucleotide pair. The two temperatures displayed for prok stuf mid FWD and prok stuf mid REV were used for the first 10 and last 30 rounds
of amplification, respectively.

b Where references are not provided, the oligonucleotides were unique to this study.
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ciently than a similar vector containing eukaryotic DNA
(hdAd-euk) at all time points examined (Fig. 1B). The reduced
expression of hdAd-prok was on a per-cell basis; individual
transduced cells stained less intensely with 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-Gal) (Fig. 1C). This effect
was not caused by a global reduction in the level of gene
expression within the cell, since coinfection of hdAd-prok with
a second hdAd had no effect on the ability of the second hdAd
vector to express its transgene (data not shown). Therefore,
the prokaryotic DNA present in hdAd-prok represses trans-
gene expression in cis, not via global downregulation of gene
expression within the host cell.

To determine whether the reduced transgene expression for
the hdAd containing prokaryotic DNA was a general phenom-
enon or whether it was specific to the bacteriophage lambda
DNA contained in hdAd-prok, we constructed a second vector
containing two nonconsecutive fragments of DH10B genomic
DNA, designated hdAd-prok2. We compared the expression
from this vector to that from a second hdAd (here designated
hdAd-euk2) containing an identical lacZ expression cassette
and eukaryotic stuffer DNA derived from the human HPRT
and DXS455A loci, as previously described (27). As with our
first set of vectors, we observed an �20-fold-higher level of
transgene expression from hdAd-euk2 than from hdAd-prok2
(Fig. 1D). The difference in transgene expression between
these two vectors occurred regardless of the MOI. Taken to-
gether, these data suggest that reduced transgene expression is
a common feature of hdAd containing prokaryote-derived
stuffer DNA.

The hdAd-prok transgene is associated with hypoacetylated
histones. We recently determined that histones are deposited
on hdAd vectors shortly after nuclear translocation and that
the DNA is assembled into physiologically spaced nucleosomes
(P. J. Ross and R. J. Parks, unpublished data). To examine the
chromatin state of hdAd-prok and -euk, we employed ChIP
with antibodies raised against markers of transcriptionally re-
pressed (dimethyl K9 H3 and trimethyl K27 H3) or transcrip-
tionally active (acetylated histone H3, acetylated histone H4,
and RNA polymerase II) chromatin. Although the two vectors
exhibited similar levels of association with unmodified histone
H3, neither vector exhibited any significant association with
histone H3 methylated at K9 or K27 within the mCMV pro-
moter or lacZ open reading frame (Fig. 2A). However, com-
pared to that for hdAd-euk, we observed decreased association
of the hdAd-prok mCMV promoter with acetylated histones
H3 and H4 (Fig. 2B). Consistent with our expression data (Fig.
1B), we also observed reduced association of RNA polymerase
II with hdAd-prok (Fig. 2B). ChIP specificity and efficiency
were confirmed by analyzing cellular loci. As expected, the
Myt1 promoter, which is a known target of polycomb silencing
in HeLa cells (19), was associated with dimethyl K9 H3 and
trimethyl K27 H3 (Fig. 2A). The constitutively active �-actin
promoter was associated with acetylated histones H3 and H4
but not with H3 methylated at K9 or K27 (Fig. 2A and B), and
the uninduced beta interferon promoter was not associated
with acetylated histones (Fig. 2B). Taken together, these data
suggest that prokaryotic DNA represses gene expression inde-
pendently of histone methylation, likely via the recruitment of
factors that deacetylate the transgene promoter.

Inhibition of histone deacetylation relieves the repressive
effects of prokaryotic DNA. Transcriptionally silent promoters
are typically associated with deacetylated histones (17). Deacety-
lation is performed by the histone deacetylase (HDAC) family of
enzymes. Having determined that hdAd-prok transgene DNA
is associated with hypoacetylated histones, we next examined
the role of HDACs in the repressive effects of prokaryotic
DNA. Administration of TSA, a microbial small molecule that
inhibits class I and II HDACs, resulted in a dose-dependent
increase in transgene expression from both vectors, although
hdAd-prok exhibited a larger increase in expression than
hdAd-euk (40- and 10-fold, respectively) (Fig. 3A). Therefore,
we conclude that hdAd-prok is targeted for repression by cel-
lular HDACs.

Our studies suggest that prokaryotic DNA nucleates the
formation of hypoacetylated chromatin, which results in the
repression of associated transgenes. Thus, the insertion of an
insulator element, which blocks the spread of transcriptionally
repressive chromatin (32), should alleviate the repressive ef-
fects of prokaryotic stuffer DNA. To test this hypothesis, we
inserted the chicken beta-globin locus-derived HS4 double-

FIG. 2. hdAd-prok exhibits reduced association with markers of
transcriptionally active chromatin compared to hdAd-euk. HeLa cells
were infected with hdAd-prok (p) or hdAd-euk (e) (MOI, 10 IU/cell),
and 24 h postinfection, the cells were processed for ChIP with the
indicated antibodies. ChIP DNA was analyzed by semiquantitative
PCR using vector-specific (mCMV promoter and lacZ open reading
frame) or host-specific (�-actin, beta interferon [IFN-�], and Myt1)
primers. PCR products were resolved on agarose gels and visualized by
ethidium bromide staining. (A) ChIP was performed with antibodies
raised against heterochromatin-associated histone modifications. In
HeLa cells, Myt1 is constitutively inactive (positive control), whereas
�-actin is constitutively active (negative control). �, anti-; 2meK9H3,
histone H3 dimethylated at K9; 3meK27H3, histone H3 trimethylated
at K27. (B) ChIP was performed with antibodies raised against mark-
ers of transcriptionally active chromatin. In HeLa cells, �-actin is
constitutively active (positive control), whereas IFN-� is inactive in
unstimulated cells (negative control). Ac, acetylated; RNApII, RNA
polymerase II.
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core insulator element between the transgene and the stuffer
DNA of hdAd-prok and hdAd-euk (generating hdAd-prok-ins
and hdAd-euk-ins, respectively) (Fig. 1A). Insertion of the
insulator element had no effect on hdAd-euk transgene expres-
sion (Fig. 3B); however, inclusion of the insulator element in
hdAd-prok-ins resulted in a 33-fold increase in transgene ex-
pression relative to that of the parental vector, hdAd-prok
(Fig. 3B). To confirm that this effect was due to the barrier
element function of the HS4 insulator, we generated an addi-
tional hdAd-prok vector that contained a 1-kb segment of
eukaryotic DNA (derived from the stuffer DNA immediately
adjacent to the lacZ expression cassette in hdAd-euk) between
the lacZ expression cassette and the lambda stuffer DNA in
hdAd-prok; however this had no effect on the level of trans-
gene expression from hdAd-prok (data not shown). Recent
work has shown that additional elements not included in the
minimal HS4 double-core insulator are required for its optimal
function as a barrier element (1), likely explaining why we did
not see complete recovery of hdAd-prok expression to hdAd-
euk levels. Consistent with this, treatment of cells with TSA in
combination with the HS4 insulator element completely recov-
ered expression from hdAd-prok (Fig. 3B). These data clearly

show that blocking the action of HDACs restores hdAd-prok
expression to the level of hdAd-euk. Moreover, these data
reveal that prokaryotic DNA is targeted as a nucleation site of
transcriptionally repressive chromatin, which then spreads to
the transgene.

hdAd-prok vector DNA is not methylated. In eukaryotic
cells, silenced genes are frequently associated with enhanced
DNA methylation at CpG dinucleotides. We next evaluated
the methylation status of the hdAd DNA before and after host
cell transduction. To determine whether hdAd-prok DNA is
methylated prior to entering the host cell, purified virus DNA
was digested with the isoschizomer MspI or HpaII. MspI di-
gestion is methylation independent, whereas HpaII digestion is
blocked by CpG methylation. Both enzymes were able to fully
digest parental plasmid DNA (which is not CpG methylated,
due to the absence of bacterial CpG methyltransferases) and
capsid-derived DNA (Fig. 4A), indicating that the viral DNA is
unmethylated at CpG residues prior to host cell transduction.
To determine whether hdAd-prok DNA is methylated after
host cell transduction, we isolated DNA from infected cells
and digested it with MspI, HpaII, or the endonuclease McrB/C
(with or without codigestion with SphI). McrB/C digests DNA
between (A/G) methyl-C half-sites (therefore excluding the
MspI/HpaII recognition sequences, CCGG). Southern blot
analysis showed no significant McrB/C cleavage of DNA ob-
tained 1 or 7 days after infection and no difference in the
digestion pattern with HpaII or MspI at either time point (Fig.

FIG. 3. Inhibition of histone deacetylation or spread of chromatin
modifications from stuffer DNA to the transgene abrogates the repres-
sive effects of prokaryotic DNA. (A) HeLa cells were pretreated for 5 h
with TSA and then infected with hdAd-prok or -euk (MOI, 1 IU/cell).
At 18 h postinfection, cell lysates were harvested and assayed for �-Gal
activity (means � standard errors; n � 3). (B) HeLa cells were either
left untreated or pretreated for 5 h with 250 ng/ml TSA; subsequently,
they were infected with hdAd-prok (p) or -euk (e) or with similar
vectors containing the HS4 insulator element. Eighteen hours postin-
fection, cell lysates were harvested and assayed for �-Gal activity
(means � standard errors; n � 3).

FIG. 4. hdAd-prok DNA is unmethylated. (A) hdAd-prok plasmid
DNA or DNA from purified hdAd-prok virions was digested with
MspI (M) or HpaII (H). The digested DNA was resolved on an
agarose gel and visualized by ethidium bromide staining. (B) A549
cells were infected with hdAd-prok (MOI, 250 IU/cell), and genomic
DNA was harvested at the indicated days postinfection (dpi).
Genomic DNA was either left undigested (�) or digested with
McrB/C (B), MspI (M), or HpaII (H). (C) A549 cells were infected
with hdAd-prok. Genomic DNA was harvested 24 h postinfection
and digested with the indicated enzymes with or without GTP. The
digested DNA was analyzed by Southern blotting with DIG-labeled
hdAd-prok plasmid DNA.
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4B). Since the hdAd-prok genome is �30 kb, modest digestion
of a small number of methylated CpG motifs by McrB/C may
be difficult to discern. Therefore, we digested genomic DNA
from hdAd-prok-infected cells with SphI (which digests the
hdAd-prok genome into three fragments that are easily re-
solved by conventional agarose gel electrophoresis) with or
without McrB/C. The results of this experiment clearly showed
no difference in the hdAd-prok banding pattern upon the ad-
dition of McrB/C (Fig. 4C). Therefore, hdAd-prok DNA re-
mains unmethylated, even as long as 1 week after infection.

The analyses described above excluded global hypermethyl-
ation of hdAd-prok DNA. However, to analyze specific regions
of the viral genome in greater detail, we performed high-
resolution bisulfite sequencing of DNA from infected cells. We
sequenced a 380-bp fragment of the mCMV promoter contain-
ing 22 CpG motifs and a 287-bp fragment from the central
region of the prokaryotic stuffer DNA containing 20 CpG
motifs. Sequence analysis of eight clones from the mCMV
promoter and stuffer DNA detected no methylation of the 42
CpG motifs examined (data not shown). Together, our global
and site-specific analyses failed to detect any evidence of
hdAd-prok DNA methylation. Therefore, we conclude that
DNA methylation is not involved in mediating the repressive
effects of prokaryotic DNA on transgene expression.

PML and PML bodies are unnecessary for the repression of
hdAd-prok. Having determined that methylation of CpG mo-
tifs in prokaryotic stuffer DNA was not required for the re-
pression of hdAd-prok (Fig. 4), we sought to identify cellular
factors that recognize prokaryotic DNA and mediate the
deacetylation of associated histones, leading to the repression
of associated transgenes. PML bodies assemble de novo near
the genomes of large DNA viruses soon after host cell trans-
duction (6). These viruses, which include CMV, HSV, and Ad,
harbor genes that reorganize PML bodies, which is necessary
for productive infection. PML bodies also contain the cellular
proteins Sp100 and Daxx, which have been implicated in re-
pressing viral gene expression (25, 36). Therefore, we hypoth-
esized that PML bodies may be involved in repressing genes
associated with prokaryotic DNA.

To examine the role of PML in the repression of hdAd-prok,
we generated a plasmid carrying a short hairpin RNA
(shRNA) that was shown previously to knock down the expres-
sion of PML (8). Transfection of cells with this plasmid
blocked ectopic expression of dsRed-PML (Fig. 5A), demon-
strating the efficacy of this plasmid in our hands. However,
depletion of PML had no effect on the expression of hdAd-
prok and only modestly affected the expression of hdAd-euk
(Fig. 5B). In agreement with this observation, we found that
overexpression of the chicken Ad protein Gam1, which blocks
the SUMOylation of PML and prevents the formation of PML
bodies (5), did not affect hdAd transgene expression (data not
shown). Therefore, PML is unnecessary for the repression of
hdAd-prok.

Sp100B and Sp100HMG have a modest effect on hdAd
transgene expression. Although PML is essential for the for-
mation of PML bodies, several constituents of PML bodies—
Sp100, Daxx, and ATRX—accumulate on incoming HSV ge-
nomes in the absence of PML (7). The major Sp100 isoform,
Sp100A, is associated exclusively with PML bodies in vivo; in
contrast, Sp100B and Sp100HMG exhibit a diffuse staining

pattern and repress HSV type 1 gene expression and replica-
tion (25). To determine if Sp100 plays a role in the regulation
of hdAd-prok expression, we transfected cells with a pool of
siRNA that target mRNA sequences common to all four Sp100
isoforms. Transfection with Sp100 siRNA resulted in an �65%
knockdown of Sp100A, the most prevalent isoform in HeLa
cells (Fig. 6A). Sp100 knockdown resulted in a modest de-
crease in hdAd-euk expression while increasing hdAd-prok
expression 2.2-fold (Fig. 6B), suggesting that Sp100 repressor
isoforms may contribute to the repression of hdAd-prok trans-
gene expression. To determine whether distinct Sp100 iso-
forms exhibited differential effects on hdAd-prok gene ex-
pression, we transiently overexpressed Sp100A, Sp100B, or
Sp100HMG in hdAd-prok- or -euk-infected cells (Fig. 6C and
D). Overexpression of Sp100A resulted in �2-fold increases in
the expression of both vectors (Fig. 6D), consistent with the
role of this isoform in gene activation. In contrast, overexpres-
sion of Sp100B had no effect on hdAd-euk but decreased
hdAd-prok expression by 20%. Although Sp100HMG de-
creased the expression of both vectors, hdAd-prok was re-
pressed to a greater degree than hdAd-euk (50% and 30%,

FIG. 5. PML and PML bodies are unnecessary for the repression of
hdAd-prok. HeLa cells were transfected with a plasmid carrying a
shRNA that targeted a sequence in the PML mRNA (shPML) or with
a plasmid carrying a control shRNA (shCtrl) and were analyzed for the
efficiency of knockdown and the effect on hdAd gene expression.
(A) Forty-eight hours after shRNA delivery, the cells were transfected
with plasmids expressing either dsRed or dsRed-PML. One day later,
the cells were visualized using bright-field or fluorescence microscopy.
(B) Forty-eight hours after shRNA delivery, the cells were infected
with hdAd-prok or -euk (MOI, 1 IU/cell); 24 h later, cell lysates were
harvested and assayed for �-Gal activity (means � ranges of values
from duplicate samples). These data are representative of two
experiments.
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respectively) (Fig. 6D). Therefore, Sp100 isoforms that have
previously been implicated in innate defense against viral in-
truders influence the expression of the transgenes carried by
hdAd.

Daxx mediates the repression of hdAd-prok. Repressive iso-
forms of Sp100 reduce expression from hdAd-prok to a greater
degree than that from hdAd-euk, suggesting some selectivity,
although the effect is very modest. Therefore, we focused on a
third PML body constituent, Daxx, a transcriptional corepres-
sor that interacts with HDACs (15) and represses the expres-
sion of human (36) and murine (41) CMV immediate-early
genes. To determine whether Daxx plays a role in the repres-
sion of hdAd-prok, we examined transgene expression from
hdAd-prok in cells transiently transfected with pp71, a CMV
tegument protein that induces proteosomal degradation of
Daxx (36), or a mutated form of pp71 that is unable to bind
Daxx (pp71delDID2/3) (14). Transgene expression by hdAd-
prok and -euk was unaffected by pp71delDID2/3; however,
expression of pp71 resulted in an 8.5-fold increase in transgene
expression by hdAd-prok and only a 2.5-fold increase in ex-
pression from hdAd-euk (Fig. 7A). We also examined trans-
gene expression in cells in which Daxx expression had been
knocked down; although siRNA-mediated depletion of Daxx
was not as effective as pp71 in relieving the repressive effects of
prokaryotic DNA, similar trends were observed (3.5- and 1.5-
fold induction of hdAd-prok and -euk, respectively) (Fig. 7B).
Importantly, Daxx-mediated repression of gene expression in

our system was due to action against the prokaryotic DNA
contained in our construct and not to direct action against the
CMV promoter, since inclusion of an insulator element be-
tween the stuffer and the expression cassette abrogated repres-
sion (Fig. 3B). Therefore, in addition to Sp100 repressor iso-
forms, Daxx plays a role in repressing the expression of genes
associated with prokaryotic DNA.

DISCUSSION

We have used hdAd vectors containing prokaryotic DNA to
address the mechanistic basis of how the covalent linkage of
prokaryotic DNA represses eukaryotic gene expression. The
repressive effects of prokaryotic DNA were abrogated by inhi-
bition of histone deacetylation or by insertion of an insulator
element between the transgene and the stuffer DNA (Fig. 3).
Although we saw no evidence of heterochromatin (i.e., meth-
ylation of H3 K9 or K27), we observed reduced association of
the hdAd-prok expression cassette with acetylated histones H3
and H4 (Fig. 2). We did not detect methylation of prokaryotic
stuffer DNA or the hdAd-prok chromatin (Fig. 2 and 4). These
data suggest that prokaryotic DNA recruits HDACs, which
induce local histone hypoacetylation that spreads to the ex-
pression cassette, resulting in reduced transgene expression.
Importantly, we have identified Sp100 repressive isoforms and
Daxx as playing a role in inhibiting expression from hdAd (Fig.
6 and 7).

FIG. 6. Sp100B and Sp100HMG influence expression from hdAd vectors. (A and B) HeLa cells were transfected with control siRNA (siCtrl)
or pooled siRNA targeting sequences in the mRNAs of all Sp100 isoforms (siSp100). (A) Forty-eight hours later, whole-cell lysates were harvested
for immunoblot analysis with anti-Sp100 or anti-�-tubulin. (B) Forty-eight hours after transfection, the cells were infected with hdAd-prok or -euk
(MOI, 1 IU/cell). The next day, cell lysates were assayed for �-Gal activity (means � standard errors; n � 3). The asterisk indicates a significant
difference. (C and D) HeLa cells were transfected with pcDNA3 or with plasmids carrying FLAG-tagged Sp100A, Sp100B, or Sp100HMG.
(C) Twenty-four hours later, whole-cell lysates were harvested for immunoblot analysis with anti-FLAG and anti-�-tubulin. (D) One day after
transfection, the cells were infected with hdAd-prok or -euk (MOI, 1 IU/cell). The next day, cell lysates were assayed for �-Gal activity (means �
standard errors; n � 2).
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The repressive effects of prokaryotic DNA sequences on the
level and duration of transgene expression have been noted for
several vector systems, including Ad (29), HSV amplicons (39),
and plasmids (2, 3, 34). Kay and colleagues observed that
prokaryotic DNA sequences in plasmid DNA exclusively re-
pressed gene expression in cis (3). Furthermore, their recent
results support our conclusion that DNA methylation is un-
necessary for the repression of genes linked to prokaryotic
DNA (4). However, results from this group (33) and another
analyzing HSV amplicon vectors (39) suggested that prokary-
otic DNA results in the assembly of associated transgenes into
heterochromatin. In contrast to both of these studies, we de-
tected no evidence of association with methylated H3 K9 (Fig.
2A). Although Suzuki et al. (39) observed enhanced methyl-
ation of H3 K9 on the prokaryotic sequences contained in their
HSV amplicon as early as 1 day postinfection, methylation of
the transgene-associated histones was not observed until 6 days
after gene delivery, despite obvious differences in expression at
much earlier time points. Our results suggest that soon after
gene delivery, the repressive effects of prokaryotic DNA are
mediated by histone deacetylation. Assembly into heterochro-
matin at later time points may be a consequence of transcrip-
tional inactivation and not the causative factor.

Having excluded an involvement of DNA methylation in the
repressive effects of prokaryotic DNA (Fig. 4), we searched for
cellular factors that may recognize and repress the expression

of genes associated with foreign DNA. The Sp100 gene en-
codes four isoforms, of which three (B, C, and HMG) have
been implicated in transcriptional repression and antiviral de-
fense (16, 25). Depletion of all Sp100 isoforms increased the
expression of hdAd-prok (Fig. 6B), and overexpression of re-
pressive Sp100 isoforms repressed both hdAd vectors, al-
though hdAd-prok appeared to be affected to a greater degree
(Fig. 6D). The Sp100 repressor isoforms each contain a DNA
binding domain that binds unmethylated CpG motifs (which
are prevalent in the hdAd-prok backbone and also in the lacZ
open reading frame present in both vectors) in a cooperative
manner (16). All Sp100 isoforms interact with heterochroma-
tin protein 1 (HP1), a potent repressor of gene expression (45).
However, transcriptional repression by HP1 is thought to be
mediated by recruitment of the H3 K9-specific histone meth-
yltransferase Suv39H1 and DNA methyltransferases (11). Our
data do not support this mechanism, since neither hdAd vector
was associated with methylated histones (Fig. 2A) or DNA
(Fig. 4). In our system, Sp100 may be repressing gene expres-
sion via a chromatin-independent process, perhaps by HP1-
mediated DNA compaction (46).

Identification of Daxx as a repressor of hdAd gene expres-
sion reveals a mechanism for the recruitment of HDACs to the
hdAd genome. Daxx is a transcriptional corepressor that binds
to HDAC2 (15) and represses the expression of CMV genes
(36, 41). Recently, Daxx has been shown to inhibit the repli-
cation of Ad deficient in E4orf3, suggesting that wild-type Ad
has evolved a method to antagonize the effects of Daxx (44).
Daxx does not contain a DNA binding domain (20), indicating
that another factor must recruit Daxx to the hdAd genome.
One of the few known cellular targets of Daxx-mediated re-
pression is c-Met, and the region of the mouse c-Met promoter
that recruits Daxx is a 65-bp fragment that is 78% GC and
contains 10 CpG motifs (22, 23). Thus, Daxx may be recruited
to CpG-containing DNA by an as yet unknown protein that
binds GC-rich DNA or CpGs. However, it should be noted
that knockdown of neither Sp100 nor Daxx restored trans-
gene expression from hdAd-prok to the level of hdAd-euk,
suggesting that there are likely other cellular factors that are
involved in the selective repression of vectors containing
prokaryotic DNA.

In summary, our results provide insight into the mechanism
of identification and repression of foreign DNA, which may
represent an innate mechanism of nuclear defense that sup-
presses the expression of potentially harmful genes of foreign
intruders.
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FIG. 7. Daxx contributes to the repression of hdAd-prok trans-
gene expression. (A) HeLa cells were transfected with an empty
vector or with plasmids encoding wild-type or mutant (delDID)
pp71. Next day, the cells were infected with hdAd-prok or -euk
(MOI, 1 IU/cell); 24 h later, they were assayed for �-Gal activity
(means � standard errors; n � 3). The asterisk indicates a signifi-
cant difference. (B) HeLa cells were transfected with control siRNA
(siCtrl) or with pooled siRNA targeting sequences in the Daxx mRNA
(siDaxx). Forty-eight hours posttransfection, the cells were infected
with hdAd-prok or -euk (MOI, 1 IU/cell); 24 h later, they were assayed
for �-Gal activity (means � standard errors; n � 2).
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