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ABSTRACT Human adenovirus (HAdV) causes minor illnesses in most patients but
can lead to severe disease and death in pediatric, geriatric, and immunocompro-
mised individuals. No approved antiviral therapy currently exists for the treatment of
these severe HAdV-induced diseases. In this study, we show that the pan-histone
deacetylase (HDAC) inhibitor SAHA reduces HAdV-5 gene expression and DNA repli-
cation in tissue culture, ultimately decreasing virus yield from infected cells. Impor-
tantly, SAHA also reduced gene expression from more virulent and clinically relevant
serotypes, including HAdV-4 and HAdV-7. In addition to SAHA, several other HDAC
inhibitors (e.g., trichostatin A, apicidin, and panobinostat) also affected HAdV gene
expression. We determined that loss of class I HDAC activity, mainly HDAC2, impairs
efficient expression of viral genes, and that E1A physically interacts with HDAC2. Our
results suggest that HDAC activity is necessary for HAdV replication, which may rep-
resent a novel pharmacological target in HAdV-induced disease.

IMPORTANCE Although human adenovirus (HAdV) can cause severe diseases that
can be fatal in some populations, there are no effective treatments to combat HAdV
infection. In this study, we determined that the pan-histone deacetylase (HDAC) in-
hibitor SAHA has inhibitory activity against several clinically relevant serotypes of
HAdV. This U.S. Food and Drug Administration-approved compound affects various
stages of the virus lifecycle and reduces virus yield even at low concentrations. We
further report that class I HDAC activity, particularly HDAC2, is required for efficient
expression of viral genes during lytic infection. Investigation of the mechanism un-
derlying SAHA-mediated suppression of HAdV gene expression and replication will
enhance current knowledge of virus-cell interaction and may aid in the development
of more effective antivirals with lower toxicity for the treatment of HAdV infections.

KEYWORDS SAHA, adenoviruses, histone deacetylase, histone deacetylase inhibitors,
vorinostat

Human adenovirus (HAdV) mainly causes mild, self-limiting illnesses in most immu-
nocompetent patients. HAdV-induced diseases vary based on the virus serotype

involved, but respiratory tract infections are common and can often lead to bronchitis
or pneumonia (1, 2). These minor infections are thought to be underreported, leading
to an underestimation of HAdV infection and prevalence (3). HAdV can also cause
severe disease, including respiratory failure, disseminated infection, neurologic com-
plications, and even death in pediatric, geriatric, and immunocompromised patients
(e.g., stem cell or solid organ transplant recipients) (1, 4–6). Recently, several cases of
immunocompetent patients succumbing to HAdV-induced respiratory failure was doc-
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umented (7, 8). No approved antiviral therapy currently exists for the treatment of these
severe HAdV infections (9, 10). Although DNA synthesis inhibitors such as cidofovir and
ganciclovir are considered to be standard treatments, these drugs are often associated
with serious adverse effects (11) and have limited efficacy in systemic HAdV infections
(9). Brincidofovir, a phospholipid conjugate of cidofovir, is currently in clinical trials for
the treatment of HAdV-induced diseases (12, 13). This drug has several advantages over
cidofovir (e.g., oral delivery and increased cellular uptake), but it is still associated with
gastrointestinal toxicity in some patients. Thus, novel antiviral therapies are necessary
to combat severe HAdV infections.

HAdV, a nonenveloped, double-stranded DNA virus, was first isolated in the 1950s
from adenoid tissue (14, 15). Since then, over 60 serotypes of HAdV (categorized into
seven species) have been identified (1), of which species B, C, and E are most frequently
associated with symptomatic respiratory infections (2). While species C (serotypes 1, 2,
and 5) mainly causes mild infections in young children, species B (serotypes 3, 7, 14, and
21) and E (serotype 4) cause more severe infections in adults (2). A live oral vaccine
against serotypes 4 and 7 was used by the U.S. military from 1971 to 1997 to limit HAdV
disease in new recruits (1). The vaccine was later reintroduced in 2011 due to a
substantial increase in HAdV infection within military personnel during the intervening
period, but it is not available to the general public.

HAdV serotypes 2 and 5 (species C) have been the most extensively studied to gain
insights on virus biology, cellular processes, and host-pathogen interactions. The
36-kbp HAdV-5 genome consists of “early” and “late” genes which are expressed before
and after viral DNA replication, respectively (16, 17). Of the early genes (E1A, E1B, E2, E3,
and E4), the E1A gene product is absolutely necessary for efficient virus replication, and
it is the first protein expressed from the infecting virus. E1A transactivates the remain-
ing viral coding regions, interacts with many cellular proteins, and has various other
functions that promote a productive infection (18–20). The E2 transcription unit con-
sists of two regions, E2A and E2B. The E2A region encodes the HAdV DNA-binding
protein (DBP), while the E2B region codes for the precursor terminal protein (pTP) and
the viral DNA polymerase. All three E2 proteins play crucial roles during HAdV DNA
replication (17, 21, 22). The E3 and E4 gene products modulate the host immune system
and the cellular environment to make it more conducive to virus replication (23, 24).
Finally, the late transcription units, L1 to L5, are produced from alternative splicing of
a common major late transcript containing five different polyadenylation sites which
are all used during late infection (25). The major late promoter (MLP) is only strongly
active following viral DNA replication (26), and the late regions code for structural and
capsid proteins (e.g., fiber, penton, and hexon) required for progeny virion formation.

Inside the virion, the virus-encoded, highly basic protein VII (pVII) tightly condenses
the HAdV genome into a structure that is refractory to transcription and replication (27).
During infection, the pVII-wrapped viral DNA enters the host cell nuclei through the
nuclear pores (28). In the early phase of infection, the HAdV DNA dissociates from pVII,
associates with cellular proteins, including histones, and adopts a nucleoprotein struc-
ture similar to the host DNA (29, 30). The nucleosome density on the viral DNA is
significantly reduced during late infection, and at least some of the newly synthesized
viral DNA must associate with pre-pVII for packaging into newly formed capsids
(30–32). The cellular proteins involved in mediating these processes and the role of
chromatin-modifying enzymes in the epigenetic regulation of the HAdV genome has
not yet been fully elucidated (33). A recent study found that the nucleosomes associ-
ated with several of the HAdV-2 early promoters and transcription start sites are
acetylated at various histone 3 (H3) lysine residues, including H3K9, H3K18, and H3K27
(34). The level of acetylation was dynamic throughout infection and required interac-
tion between HAdV-2 E1A and p300/CBP (35). In addition, valproic acid-mediated
inhibition of histone deacetylase (HDAC) activity has been shown to inhibit HAdV-5
replication and spread in vitro (36), indicating the importance of HDAC activity for
optimal virus replication.

In this study, we determined that the pan-HDAC inhibitor SAHA (suberoylanilide
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hydroxamic acid, also known as vorinostat) suppresses HAdV replication. SAHA treat-
ment reduced viral gene transcription, protein expression, and DNA replication, leading
to a significant decrease in virus yield from infected cells. Of note, SAHA reduced HAdV
yield at nanomolar concentrations and was effective in decreasing gene expression
from virulent serotypes 4 and 7. Trichostatin A (TSA) and several other HDAC inhibitors
also exhibited a similar inhibitory activity against HAdV gene expression. We further
determined that class I HDACs, specifically HDAC2, appear to play an important role in
the HAdV infection process.

RESULTS
RFP expression from a novel HAdV construct serves as an efficient tool to

monitor virus replication. We generated an E1� wild-type-like HAdV construct con-
taining the monomeric red fluorescent protein (RFP) gene with an upstream splice
acceptor site replacing the viral E3 region, thus placing RFP expression under the
control of the MLP, which is only active following initiation of viral DNA replication (16,
37). This replication-competent construct was designated Ad-late/RFP (Fig. 1A). An
E1-deleted, replication-deficient version of this virus, Ad(E1–)-late/RFP, and a control
virus with RFP under the regulation of the ubiquitously active cytomegalovirus (CMV)
enhancer/promoter, Ad(E1–)-CMV/RFP, were also created. The absence of the E1 region
renders both of these latter viruses replication defective, allowing them to only
replicate in E1-complementing cells, such as 293 cells.

We first verified that RFP expression from the late/RFP constructs coincided with
virus replication by examining late gene expression from the E1-deleted Ad(E1–)-late/
RFP and Ad(E1–)-CMV/RFP in A549 and 293 cells. The late HAdV fiber (a capsid protein)
is only expressed at appreciable levels after active virus DNA replication, which can
occur in the E1-complementing 293 cell line for these viruses (Fig. 1B). As expected, RFP
from the Ad(E1–)-late/RFP was also only detected in 293 cells, whereas RFP production
from the Ad(E1–)-CMV/RFP was independent of virus replication and occurred in both
293 and A549 cells (Fig. 1B). Similar results were observed by fluorescence microscopy
of cells infected with these viruses (Fig. 1C). These observations confirm that RFP
expression can be used to monitor active virus replication and can serve as an effective
surrogate marker to quantify drug-induced changes in viral gene expression and
replication. As such, the Ad-late/RFP construct is also ideal for conducting small-
molecule screens to identify novel inhibitors of HAdV.

The E1� replication-competent Ad-late/RFP (Fig. 1A) is used in all subsequent
experiments since it is more characteristic of the wild-type HAdV-5. Comparison of
protein production and DNA replication revealed that Ad-late/RFP grows similar to
HAdV-5 (Fig. 1D to F). A time course of fiber expression for the two viruses show a
similar extent of accumulation within the cell (Fig. 1D and E), and the kinetics of DNA
replication was comparable as well (Fig. 1F). RFP expression correlates with fiber protein
expression (Fig. 1E) and appears to reflect the degree of viral DNA replication. Impor-
tantly, the presence of the RFP gene in E3 does not impair Ad-late/RFP replication.

SAHA has anti-HAdV activity. In the infected cell nucleus, HAdV associates with
nucleosomes, suggesting that viral gene expression should be influenced by cellular
epigenetic regulator proteins, such as histone acetyltransferases (HATs) and HDACs.
Several studies have shown that HDAC inhibitors can enhance expression of reporter
genes regulated by heterologous promoters within HAdV vectors (38, 39), whereas
replication of the wild-type virus is inhibited (36). To test the effects of HDAC inhibitors
in our system, we examined RFP expression from Ad-late/RFP in cells treated with
pan-HDAC inhibitors TSA and SAHA at a concentration of 10 �M. As shown in Fig. 2A,
both compounds inhibited RFP expression at 24 h postinfection (hpi). This observation
was corroborated by the absence of both fiber and RFP in cell lysates following
immunoblot analysis (Fig. 2B). We next examined the effects of SAHA over a longer time
course of infection. As shown in Fig. 2C, in vehicle-treated cells, hexon, penton, fiber,
and RFP expression were readily observed by 24 hpi. In contrast, late gene expression
was undetectable at 24 hpi but could be detected at lower levels at 48 hpi in cells
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treated with SAHA (Fig. 2C). This is unlikely due to drug degradation over time since
fresh medium containing drug was applied every 24 h in this experiment. Although we
were unable to find accurate published data on the half-life of SAHA in A549 cell
culture, we obtained the same results with MS-275, also known as entinostat (data not
shown), which we expect to have a longer half-life than SAHA in vitro based on its

FIG 1 Validation of the Ad-late/RFP construct. (A) Schematic diagram of Ad-late/RFP (not drawn to scale). The RFP
cDNA is under the control of the HAdV MLP and the E1 region is present. An E1-deleted, replication-defective
version of the Ad-late/RFP [referred to as Ad(E1–)-late/RFP] was also generated, which is able to replicate only in
E1-complementing cells. (B) 293 and A549 cells were infected with Ad(E1–)-late/RFP or Ad(E1–)-CMV/RFP at an MOI
of 1. The latter is a control virus with the ubiquitously expressed cytomegalovirus enhancer/promoter driving RFP
expression. Whole-cell lysates were collected at 24 hpi for the detection of RFP, fiber (a positive control for HAdV
replication), and tubulin (loading control). RFP from the Ad(E1–)-CMV/RFP is present in both 293 and A549 cell
lysates independent of virus replication. However, RFP from Ad(E1–)-late/RFP is only present in 293 cells. (C) Cells
were infected as in panel B, and fluorescence microscopy results at 24 hpi corroborate the selective expression of
RFP from Ad(E1–)-late/RFP. (D to F) A549 cells were infected with HAdV-5 or Ad-late/RFP at an MOI of 10 for 6 to
24 h. (D and E) Fiber and RFP were detected by immunoblotting cell lysates. (F) qPCR was performed on genomic
DNA isolated from infected cells, using oligonucleotide primers specific for the gene encoding capsid protein
hexon (error bars represent the range of three independent experiments). As indicated by viral protein and DNA
levels, Ad-late/RFP is able to grow as well as wild-type HAdV.
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significantly longer half-life (�30 h) in vivo (40, 41). We conducted a similar experiment
in the MRC-5 cell line, which is derived from normal lung tissue, to confirm that these
results were not specific to the transformed A549 cells. The virus life cycle is prolonged
in MRC-5 cells, and we detected fiber and RFP expression from Ad-late/RFP at 48 hpi
with vehicle treatment (Fig. 2D). However, neither fiber nor RFP was observed in
SAHA-treated MRC-5 cells at 48 or 72 hpi. Taken together, these data illustrate that
HDAC inhibitors repress the expression of HAdV late genes.

SAHA reduces late gene expression from clinically relevant HAdV serotypes
and at low concentrations. Ad-late/RFP was constructed based on HAdV-5, but it does
not encode all of the wild-type HAdV genes (i.e., RFP replaces the viral E3 region).
Therefore, we evaluated the efficacy of SAHA against more virulent and clinically
relevant HAdV serotypes 4, 5, and 7 in A549 cells (1, 2). For HAdV-4, fiber gene
expression was only detectable at 48 hpi and was significantly reduced in cells treated
with 10 �M SAHA compared to vehicle (Fig. 3A). Similar results were obtained with
HAdV-5 at 24 hpi: the fiber protein decreased in a dose-dependent manner (Fig. 3B).
Reduced fiber was also observed at 48 hpi in the presence of 10 �M SAHA (Fig. 3C).
Lastly, a modest dose-dependent decrease in fiber protein was observed for HAdV-7 at
both 24 and 48 hpi (Fig. 3D and E). As with Ad-late/RFP in MRC-5 cells in Fig. 2D, late
gene expression from wild-type HAdV-5 was suppressed for at least 24 h in primary
mouse embryonic fibroblasts (data not shown). Thus, SAHA is inhibitory toward mul-
tiple HAdV serotypes. Our findings are consistent with those of Hoti et al. (36), who
showed that HAdV-5 replication and spread were substantially reduced when treated
with a different HDAC inhibitor, valproic acid.

To examine the efficacy of SAHA at low concentrations, we conducted a dose-
response assay. SAHA reduced RFP expression considerably at concentrations below
1 �M (Fig. 4A). For example, compared to vehicle treatment, RFP was reduced by more
than 50% with 0.25 �M SAHA. Importantly, this effect was not due to compromised cell
viability since the cells retained high metabolic activity (�80% at 24 hpi and �70% at

FIG 2 Pan-HDAC inhibitor SAHA suppresses HAdV late gene expression. A549 cells were infected with
Ad-late/RFP (MOI of 10) and treated with vehicle, 10 �M TSA, or 10 �M SAHA. (A) Cells were fixed at 24
hpi, and the RFP fluorescence intensities were quantified using the Cellomics HCS Platform. a.u., arbitrary
units. Error bars represent the standard deviations (SD) of analytical replicates (n � 16). (B) Immunoblot
analysis of cell lysates collected at 24 hpi confirmed the results in panel A. Both TSA and SAHA inhibited
RFP production at 24 hpi. (C and D) A549 cells (C) and MRC-5 cells (D) were infected with Ad-late/RFP and
treated with 10 �M SAHA. The expression of late proteins was analyzed by immunoblotting cell lysates
collected at the indicated times. SAHA significantly reduces late gene expression in both cell lines.
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48 hpi) at all concentrations (Fig. 4B). Furthermore, the cells did not exhibit any irregular
cell morphology or significant detachment from culture dishes (assessed by light
microscopy and visual inspection), and minimal cell death (less than 3%) was detected
with 0.25 to 10 �M SAHA via a trypan blue exclusion assay (data not shown). These
observations are consistent with previous reports showing that treatment with SAHA
for 24 h has a minor effect on A549 cell density and viability (42). The decrease in RFP
expression was concomitant with a similar decrease in virus yield (�100-fold or more)
for Ad-late/RFP (Fig. 4C and D) and HAdV-5 (Fig. 4E) in the presence of 10 �M SAHA. In
addition to valproic acid, SAHA, TSA, and MS-275, we tested 17 additional HDAC
inhibitors, 11 of which were found to reduce RFP expression from the Ad-late/RFP by
at least 50% at a concentration of 1 �M (Table 1). Overall, these results highlight the
potential of SAHA and other pan-HDAC inhibitors as anti-HAdV agents.

SAHA treatment affects HAdV early/late gene transcription, protein expres-
sion, and DNA replication. SAHA reduced viral late gene expression from Ad-late/RFP
(Fig. 2), and also from HAdV-4, -5, and -7 (Fig. 3). However, this effect could be due to
action of the drug on preceding stages of the virus life cycle, including virus attach-
ment/internalization, viral genome chromatinization, early gene expression, DNA rep-
lication, or transcription from the MLP. Thus, we performed additional studies to
determine at which stage of the virus life cycle SAHA exerted its effect.

A preliminary study assessing hexon, penton, and fiber protein levels from the
capsids of cell surface-attached and internalized virions indicated that the drug does
not adversely affect virus attachment (data not shown), which is consistent with studies
reporting that HDAC inhibitors do not downregulate cell surface expression of the
coxsackie adenovirus receptor (39). HAdV DNA associates with nucleosomes soon after
reaching the host cell nucleus (29, 30), so we next examined the impact of SAHA on
Ad-late/RFP genome “chromatinization” by using a chromatin immunoprecipitation
(ChIP) assay at 6 h following infection and drug treatment. Consistent with previous
studies (29, 30), we found that the early E1A region associated with H3 (Fig. 5A).
Although SAHA seems to reduce H3 association with this region (Fig. 5A), this did not
reach statistical significance with four experimental replicates. HDACs are epigenetic
modifiers which remove acetyl groups that neutralize the positive charge on the lysine
residues of histones, thereby regulating accessibility of specific genomic regions to
transcription factor binding (43). Thus, treatment of infected cells with an HDAC
inhibitor could alter the posttranslational modifications present on the viral genome-
associated histones. To test this possibility, we examined the acetylation levels of H3/H4
associated with the E1A region using pan-acetyl antibodies. We observed no difference
in association of this region with acetylated H3 or H4 (Fig. 5A), even though overall

FIG 3 SAHA decreases late gene expression from clinically relevant HAdV serotypes. A549 cells were infected with
HAdV-4 (A), HAdV-5 (B), or HAdV-7 (D) at an MOI of 10 and treated with the indicated concentrations of SAHA for
8 to 48 h. Fiber protein was detected in cell lysates by immunoblotting. (C and E) The 48-hpi samples from panels
B and D were reanalyzed using shorter exposures in panels C and E, respectively, to illustrate the decrease in late
gene expression more clearly.
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cellular H3 acetylation was increased by SAHA as early as 8 hpi in cells infected with
Ad-late/RFP (Fig. 5B). Similar results were obtained when examining SAHA-induced
changes in histone acetylation and association with the late hexon region (data not
shown). The cellular GAPDH (glyceraldehyde-3-phosphate dehydrogenase) region was
used as a positive control for H3 association. HDAC inhibition did not affect H3
association or acetylation in this region either (Fig. 5A), which has also been observed
by others (44–48). Since housekeeping genes are constitutively active, it is possible that
the histones associated with these genes are already maximally acetylated and there-
fore not influenced by SAHA treatment.

In the HAdV life cycle, the E1 region is the first to be transcribed. We performed
reverse transcription-quantitative PCR (RT-qPCR) to analyze E1A transcript levels in

FIG 4 SAHA reduces RFP expression and virus yield at low concentrations. A549 cells were infected with Ad-late/RFP (MOI of 10) and treated with vehicle or
the indicated concentrations of SAHA for 24 h. (A) Cells were fixed and RFP levels were quantified using the Cellomics HCS platform. (B) Cellular metabolic
activity was determined by MTS assay in live cells. In both panels, changes in SAHA-treated cells were plotted relative to vehicle treatment. (C and D) Infected
A549 cells were treated with various concentrations of SAHA for 24 h (C) or with 10 �M SAHA for 24 to 48 h (D). The cell lysates were subjected to plaque assay
for determination of virus yield. (E) A plaque assay was conducted as in panel C with wild-type HAdV-5. Error bars represent the SD (n � 3).
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infected, drug-treated cells over a period of 24 h. Treatment with SAHA caused �10-
fold (1.2-log) reduction in E1A transcript levels at 6 hpi (Fig. 5C), and this was
concomitant with a reduction in E1A protein levels (Fig. 5D). Expression of the pTP and
DBP from the E2 region was also decreased (Fig. 5E and data not shown). We next
examined viral DNA replication through analysis of genome copy numbers obtained by
qPCR. The genome copy numbers at 5 hpi (before the onset of viral DNA replication)
was identical in cells treated with SAHA or vehicle (Fig. 5F), indicating that the
compound did not impact the ability of the genomes from infecting virions to reach the
nucleus. Thus, viral attachment and internalization are not affected by SAHA. Viral DNA
replication, however, was decreased compared to vehicle over a 30-h time course of
infection, especially at its onset at 15 to 20 hpi (Fig. 5F). Even at 48 hpi, Ad-late/RFP
genome copy numbers were 3-fold lower in SAHA-treated cells (data not shown). As
expected, late gene transcription was inhibited at 24 hpi with an �400-fold (2.6-log)
decrease in hexon transcripts (Fig. 5G). Lastly, analysis of protein expression from 15 to
30 hpi revealed that SAHA treatment delays detectable late protein expression by
about 10 to 15 h in A549 cells (Fig. 5H). Thus, SAHA affects multiple stages of the HAdV
life cycle, ultimately leading to a reduction in virus yield.

SAHA impacts HAdV life cycle through mechanisms independent of E1A pro-
tein levels. The E1A protein is required for the transcriptional activation of all other
HAdV genes and for making the cellular microenvironment more conducive to virus
replication (20). Since SAHA reduced E1A expression in early infection, we considered
the possibility that the loss of E1A could be adversely impacting the subsequent stages
of the virus life cycle (i.e., treatment with SAHA reduces E1A expression, and reduced
E1A protein levels cause the decrease in expression of other viral genes). To investigate
this, an Ad-CMV/E1A construct was created, where the E1 promoter was replaced with
the CMV promoter (Fig. 6A). The purpose of this construct was to overexpress E1A even
in the presence of SAHA. A549 cells were infected with Ad-late/RFP or Ad-CMV/E1A,
treated with vehicle or SAHA, and examined for early/late gene expression at 24 hpi.
Ad-CMV/E1A indeed produced very large amounts of E1A compared to Ad-late/RFP
under all conditions (Fig. 6B). In vehicle-treated cells, the enhanced E1A expression
from Ad-CMV/E1A was associated with a higher level of fiber expression compared to
Ad-late/RFP, likely due to accelerated growth kinetics of Ad-CMV/E1A as a direct
consequence of increased E1A expression. However, late gene expression was not fully
rescued in SAHA-treated cells (Fig. 6B) or when 293 cells that constitutively express E1A
were infected with Ad-late/RFP and Ad(E1–)-late/RFP (Fig. 6C and D). These results
suggest that SAHA affects stages of the HAdV life cycle through other E1A-independent
mechanisms.

SAHA-induced increase in p21 is not responsible for reduction of HAdV repli-
cation. HAdV early proteins naturally induce a transition of the infected cell into S
phase in order to provide an optimal environment for virus replication (49). Inactivation

TABLE 1 HDAC inhibitors from the Cayman Epigenetics Screening Library that reduced
RFP from Ad-late/RFP

HDAC inhibitor % RFPa

Apicidin 12
HC toxin 13
Panobinostat 14
Givinostat 17
Oxamflatin 17
Pracinostat 20
CAY10603 34
M344 41
4-Iodo-SAHA 45
CBHA 47
Scriptaid 49
aThe percentage values indicate the RFP intensities in cells treated with a 1 �M concentration of drug
relative to vehicle-treated cells at 24 hpi.
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FIG 5 SAHA impacts multiple stages of HAdV life cycle. A549 cells and 10 �M SAHA were used in all experiments. (A)
Ad-late/RFP (MOI of 10) was used in a “cold infection” to synchronize virus entry into cells. The cells were treated with
vehicle or SAHA and subjected to ChIP at 6 hpi with the indicated antibodies, followed by qPCR with primers specific to
HAdV E1A or cellular GAPDH regions. (B) Lysates of cells infected with Ad-late/RFP (MOI of 10) and treated with SAHA were
collected at 8 or 24 hpi for immunoblot analysis. (C and G) After infection and drug treatment as in panel B, total cellular
RNA was extracted at the indicated times, and cDNA was generated by reverse transcription. qPCR analysis was conducted
using primers to the HAdV E1A (C) or hexon (G) regions. (D and H) Infected, SAHA-treated cell lysates were collected at
the indicated times for immunoblot analysis to detect viral early (D) and late (H) proteins. (E) Replication-competent
Ad(E1�)TP-F was used at an MOI of 50 for infection to assess expression from the E2 region in the presence and absence

(Continued on next page)
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of cyclin-dependent kinase inhibitor p21 by the E1A protein is one of the main
mechanisms by which this transition occurs (50). SAHA is a U.S. Food and Drug
Administration-approved treatment for T-cell lymphoma, and its anticancer properties
include the ability to induce cell cycle arrest and prevent progression to S phase
through upregulation of p21 (51). Since HDACs typically repress p21 expression (52),
Hoti et al. speculated that inhibition of HAdV-5 replication by valproic acid was
dependent on the compound’s effects on HDAC activity, leading to p21-mediated cell
cycle arrest (36). However, a direct relationship between valproic acid-induced increase
in p21 and suppression of HAdV replication has not been shown. Thus, we assessed the
correlation between cellular p21 levels and Ad-late/RFP replication in our system. SAHA
indeed enhanced p21 protein levels in both infected and uninfected A549 cells (Fig.
7A). Consistent with literature (53), Ad-late/RFP infection caused a reduction in the
cellular levels of p21 (Fig. 7A). Treatment with SAHA prevented the loss of p21 in the
infected cells, but small interfering RNA (siRNA)-mediated knockdown of p21 (Fig. 7B)
did not rescue Ad-late/RFP late gene expression in SAHA-treated cells (Fig. 7C). These
results indicate that SAHA’s inhibitory effects on HAdV gene expression and replication
was not due to increased p21 and that SAHA acts through other viral (and/or cellular)
processes to impair virus replication.

Class I HDAC activity is necessary for efficient HAdV gene expression. SAHA
inhibits both class I and II HDACs, which are comprised of a total of ten HDAC proteins

FIG 5 Legend (Continued)
of SAHA. (F) Infection and drug treatment were carried out as in panel B, and genomic DNA was extracted at the indicated
times for qPCR using primers specific to hexon. SAHA did not affect HAdV entry, DNA association with H3, or acetyl-H3/
acetyl-H4 levels, but it inhibited the expression of early and late genes and viral DNA replication. All error bars represent
the SD (n � 4 for ChIP and n � 2 for all other experiments).

FIG 6 SAHA affects late gene expression through E1A-independent mechanisms. (A) Schematic diagram
of the Ad-CMV/E1A construct (not drawn to scale). The E1 promoter was replaced with the CMV promoter
to allow high level expression of the E1 proteins even in the presence of SAHA. (B) A549 cells were
infected with Ad-late/RFP or Ad-CMV/E1A (MOI of 10) and treated with vehicle or 10 �M SAHA. Cell
lysates were collected for immunoblot analysis of E1A and fiber at 24 h postinfection. (C) 293 cells were
infected with Ad-late/RFP (MOI of 10) and treated with 10 �M SAHA for the indicated time points. (D) 293
cells were infected with Ad(E1–)-late/RFP (MOI of 10) and treated with SAHA for 24 h. Neither forced
expression of E1A nor infection in the presence of existing E1A from 293 cells fully rescued fiber
expression in SAHA-treated cells.
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(54, 55). To determine whether suppression of HAdV was due to the inhibition of a
specific class of HDAC, we first conducted class-specific HDAC inhibition studies using
MS-275 (which preferentially inhibits class I HDACs 1, 2, and 3) and MC1568 (which
mainly inhibits class II HDACs 4 and 5) at 10 �M (56). When Ad-late/RFP-infected cells
were treated with each drug for 24 h, we observed a reduction in fiber and RFP levels
with MS-275 (Fig. 8A), suggesting that inhibition of class I HDAC activity prevents
efficient expression of HAdV late genes. Although treatment with MC1568 increased
overall H3 acetylation (data not shown), it had no detectable effect on viral gene

FIG 7 SAHA-induced increase in p21 is not responsible for the impairment of HAdV replication. (A) p21
levels were detected by immunoblot analysis in both infected (Ad-late/RFP, MOI of 10) and uninfected
A549 cells treated with vehicle or 10 �M SAHA. SAHA treatment increases p21 expression in both
infected and uninfected cells, while infection with Ad-late/RFP alone decreases expression. (B) Cells were
transfected with control siRNA or siRNA specific to the CDKN1A transcript for 48 h to transiently knock
down cellular p21. (C) These cells were infected with Ad-late/RFP and treated with vehicle or SAHA. Loss
of p21 did not rescue late gene expression at 24 hpi following SAHA treatment.

FIG 8 HDAC2 activity is necessary for efficient expression of HAdV late genes. (A) A549 cells were
infected with Ad-late/RFP (MOI of 10) and treated with vehicle, SAHA, MS-275, or MC1568 (10 �M each)
for 24 h. Late gene expression decreased with MS-275 but not with MC1568. (B) A549 cells were
transfected with 100 nM control, HDAC1, HDAC2, or HDAC3 siRNA for 48 h. (C) Cells knocked down for
each HDAC were then infected with Ad-late/RFP (MOI of 10) for 24 h to analyze fiber and RFP protein
expression. (D) co-IP was performed with IgG (negative control) or E1A antibody on cells infected and
drug treated as in panel A. Input was 10% of the immunoprecipitation volume. HDAC2 knockdown
decreased fiber and RFP expression, and the protein was found to interact with E1A.
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expression (Fig. 8A). We then knocked down class I HDACs 1, 2, and 3 with siRNAs (Fig.
8B) and found that fiber and RFP decreased only when HDAC2 activity was lost (Fig. 8C).
We also investigated whether knocking down of HDAC2 alters Ad-late/RFP DNA
association with histones by ChIP and DNA replication by qPCR but did not observe any
discernible differences in either (data not shown). These findings suggest that HDAC2
is necessary for efficient HAdV gene expression, but the inhibition of HDAC2 activity
alone does not fully account for SAHA’s anti-HAdV effects. Moreover, the HDACs we did
not specifically inhibit or individually knock down may also be involved.

HAdV E1A interacts with a variety of cellular proteins, including transcription factors
and epigenetic regulators, such as p300/CBP and E2F1, among many others (35, 57, 58).
E1A protein can alter both cellular and viral gene transcription directly by recruiting
chromatin modulating proteins to specific promoters or indirectly by interacting with
other components of chromatin remodeling complexes (59). We considered the pos-
sibility of a physical interaction between E1A and HDAC2 (either directly or through
interaction with chromatin remodeling complexes). HDAC2 was indeed found to
interact with E1A in coimmunoprecipitation experiments (Fig. 8D). Interestingly, treat-
ment with SAHA appeared to enhance the interaction of HDAC2 with E1A protein (Fig.
8D) in a dose-dependent manner (data not shown). Rb (a positive control for interaction
with E1A) was also present in the E1A coimmunoprecipitation (co-IP) samples (Fig. 8D).
We did not detect an interaction between HDAC1 and E1A (data not shown).

DISCUSSION

Like several other DNA viruses and retroviruses (e.g., herpes simplex virus, Kaposi’s
sarcoma-associated herpesvirus, simian virus 40, and murine leukemia virus), the HAdV
DNA associates with cellular histones during specific stages of the virus life cycle
(60–62). Modifications of these histones has very recently been shown to modulate
HAdV gene expression (34), but many questions regarding the “chromatinization” and
epigenetic regulation of the HAdV genome still remain unanswered. The cellular
proteins and chromatin-remodeling enzymes involved in mediating these processes
have yet to be identified. In this study, we have used an E1�, RFP-expressing HAdV
reporter virus (Fig. 1) to determine that the HDAC inhibitor SAHA exhibits anti-HAdV
activity (Fig. 2). Given that HDACs are naturally associated with decreases in gene
repression, we had expected HDAC inhibition to increase HAdV DNA-associated histone
acetylation and consequently, viral gene expression. Surprisingly, SAHA reduced late
gene expression from several serotypes of HAdV (Fig. 3) and was effective in reducing
virus yield even at low concentrations (Fig. 4). Further investigation led us to determine
that SAHA negatively impacts various steps in the HAdV life cycle throughout infection,
including viral gene expression and DNA replication (Fig. 5), and that this was inde-
pendent of reduced E1A protein levels (Fig. 6). However, it is unclear whether this effect
is due to a complete but transient inhibition, which delayed the onset of viral gene
expression and replication, or whether SAHA decreased expression throughout infec-
tion leading to a slow accumulation of transcripts/proteins/DNA over time. Further-
more, experiments conducted in MRC-5 cells (Fig. 2) indicate that SAHA’s effects last
longer in primary cells. Taken together, these results highlight the potential of HDAC
inhibitors as anti-HAdV compounds.

Our data suggest a role of HDACs, specifically class I HDACs, in modulating HAdV
gene expression (Fig. 8). Knocking down HDAC2 reduced HAdV late gene expression,
and we further showed that HDAC2 interacts with the early protein E1A (Fig. 8). E1A
could be involved in redirecting or recruiting HDAC2 to protein substrates that are
important for viral replication. HDAC2 is well known for its ability to modify histones,
and has specific targets on H3 and H4 (e.g., H3K9 and H4K16). Although SAHA
treatment did not appear to cause a change in acetylation status of H3 or H4 in the
E1A/hexon coding regions we examined (Fig. 5), loss of HDAC2 activity could affect
acetylation at the promoter regions or transcriptional start sites of the early and late
genes, since H3 acetylation was observed at HAdV-2 early promoters (34). Interestingly,
knockdown of the histone acetyltransferase Tip60 and reduced H4 acetylation actually
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resulted in increased HAdV-5 E1A promoter activity (63). Thus, HAdV may have a
complex or temporal requirement for histone acetylation for proper promoter function.
Alternatively, HDAC2 may even target specific lysine acetyl groups on the E1A protein
itself to regulate its function (64, 65). However, HDAC2-E1A association is likely not
restricted to the enzyme’s active site as association increases in the presence of SAHA,
a competitive inhibitor which occupies the active site of HDAC2 and prevents substrate
binding (Fig. 8). It is also possible that HDAC2 binding interferes with other E1A
functions (e.g., interaction with other proteins) or that the interaction opposes the
beneficial functions of HDAC2, contributing to the impairment of virus replication
observed with SAHA.

Our studies have uncovered a specific role for HDAC2 in activating HAdV gene
expression, which cannot be compensated for by HDAC1 or HDAC3. Knockdown of
HDAC1 and HDAC3 slightly enhanced expression of HAdV genes (Fig. 8). This obser-
vation is similar to that of Wang et al. for the yeast HDACs Rpd3 and Hos2 (66).
Although both are class I HDACs, Rpd3 represses the yeast GAL1 gene, while Hos2
activates GAL1. It is also intriguing that HDAC1 cannot fully compensate for the loss of
HDAC2 activity in our system. The two enzymes coexist in several corepressor com-
plexes, and while they are generally known to be functionally redundant and compen-
satory, some studies report that HDAC2 has distinct targets and plays distinct roles in
certain cellular processes (67, 68). For example, Feng et al. found that the respiratory
syncytial virus decreases histone acetylation by upregulating HDAC2 expression in
primary airway epithelial cells (69). However, we did not observe any such changes
in HDAC2 levels in immunoblot analyses over a 48-h time course of HAdV-5 infection
in A549 cells (data not shown).

It is important to note that HDAC2 knockdown alone did not recapitulate the full
extent of SAHA-mediated inhibition (compare Fig. 8A and C). While this may reflect the
relative efficiency of drug treatment versus siRNA-mediated knockdown, it may also
suggest that other cellular pathways or processes affected by SAHA, besides those
regulated through HDAC2, are important for HAdV function during a productive
infection. In addition to modifying histone acetylation status, HDACs have numerous
other nonhistone targets, including proteins involved in transcription regulation, cell
proliferation, metabolism, apoptosis, and immune response (70). HDAC inhibitors have
been shown to alter the expression level and function of cellular proteins p21, E2F1,
and SP1 (71–74), all of which can impact upon optimal viral gene expression and
growth. The transcription factors E2F1 and SP1 both play a role in transcriptional
control of E1A (75, 76). E2F1 and SP1 also bind to the E2 promoter and the MLP,
respectively, and binding is required for the maximum expression of proteins from
those regions (17, 58, 77–79). Although we were unable to rescue HAdV gene expres-
sion via knockdown of p21 (Fig. 7) or overexpression of E2F1 or SP1 (data not shown),
a more sensitive experimental design may be required to conclusively exclude involve-
ment of these proteins. SAHA’s effects on HAdV may also be a cumulative consequence
of several factors, as opposed to changes in a single pathway or protein. While further
investigation is required to fully understand the underlying molecular mechanism, our
findings enhance the current knowledge of the HAdV infection process and elucidate
the need of HDAC2 activity for optimal viral gene expression and replication. Future
studies should also focus on determining the in vivo efficacy of SAHA against HAdV in
the Syrian hamster or the cotton rat model, both of which are permissive for HAdV
infection.

The costs associated with HAdV-induced disease are significant in terms of medical
expenses, lost work hours, and loss of life in some populations. Thus, development of
novel and effective antiviral therapies is necessary to reduce disease pathogenesis and
increase survival rates in severe infections. Our results show that SAHA led to a
significant reduction in virus yield at low concentrations and was effective in reducing
gene expression from virulent serotypes 4 and 7. Understanding the molecular mech-
anism underlying SAHA’s inhibitory effects on HAdV may make it possible to design
better compounds with longer-lasting effects and lower toxicity for the treatment of
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HAdV infections. As HDAC inhibitors have been reported to exhibit antiviral activity
against other viruses, including respiratory syncytial virus and hepatitis C virus (69, 80),
these novel compounds may be useful in treating a variety of viral infections.

MATERIALS AND METHODS
Cell lines and reagents. The 293 cell line was kindly provided by Frank Graham (McMaster

University) (81). The A549-based cell line used in our experiments constitutively express the green
fluorescent protein from an integrated lentivirus vector and has been previously described (82). These
cells grow and support HAdV replication identical to the parental A549 cell line (CCL-185; American Type
Culture Collection [ATCC]) and, for simplicity, will be referred to as A549 cells in this study. Both 293 and
A549 cells were grown in minimum essential medium (MEM; Sigma-Aldrich) supplemented with 10%
(vol/vol) fetal bovine serum (FBS; Sigma-Aldrich), 2 mM GlutaMAX (Invitrogen), and 1� antibiotic-
antimycotic (Invitrogen). MRC-5 cells (CCL-171; ATCC) were grown similarly in Dulbecco minimum
essential medium (Sigma-Aldrich). The following seeding densities were used unless otherwise indicated:
2 � 104 cells per well for a 96-well plate, 4 � 105 cells per well for a 12-well plate, 1.2 � 106 cells per well
for a 6-well plate, and 8.8 � 106 cells for a 10-cm dish.

SAHA and TSA were purchased from Sigma (SML0061 and T8552) and MC1568 was purchased from
Cayman Chemicals (catalog no. 16265). MS-275 was kindly provided by Jean-Simon Diallo (Ottawa
Hospital Research Institute). All compounds were dissolved in dimethyl sulfoxide.

Production of HAdV constructs. All HAdV constructs used this study are based on HAdV-5 and were
constructed using a combination of conventional cloning and bacterial recombination (83). To generate
the Ad-late/RFP virus, the monomeric red fluorescent protein (RFP) (84) was excised from pRP2483 (85)
with BamHI and cloned into BamHI-digested pDC5 (85). As such, the RFP gene was placed behind a splice
acceptor derived from the HAdV-40 long fiber gene, generating pRP3085. A PvuI fragment from pRP3085
was cloned into PacI-digested pDC9 (85), placing the RFP cassette within the E3 deletion in an HAdV
right-end shuttle plasmid. This construct was designated pRP3087 and then recombined into an HAdV
E1/E3-deleted genomic plasmid pRP2468, generating pRP3088. pRP3088 was recombined with pXC1
(86), producing pRP3089, an HAdV genomic plasmid containing an intact E1 region, with the E3 region
replaced by splice acceptor-RFP cassette. pRP3089 was recovered as a virus and designated Ad-late/RFP
for this study. pRP3088 was also recombined with pAVH5 (85) to generate pRP3090, which is an HAdV
genomic plasmid containing an enhanced green fluorescent protein under regulation of the human CMV
enhancer/promoter and the bovine hormone polyadenylation sequence replacing the E1 region, as well
as the splice acceptor-RFP cassette replacing the E3 region. pRP3090 was recovered as a virus and
designated Ad(E1–)-late/RFP in this study.

Ad-CMV/E1A (AdRP3169) contains a small murine CMV promoter from pMH4 (87) inserted at 350 bp
of the conventional HAdV-5 genome, followed by the E1 region beginning at 420 bp of the HAdV-5
genome. It is deleted of the E3 region. Ad(E1–)-CMV/RFP (AdRP2619) and Ad(E1�)TP-F (AdRP3000)
constructs have been described previously (17, 88, 89). All viruses were propagated in 293 cells and
purified by cesium chloride buoyant density centrifugation using standard procedures (90). Viral titers
were determined by plaque assay on 293 cells as previously reported (17).

Infections and drug treatment. Unless otherwise indicated, medium was removed from confluent
monolayers of A549 cells before infecting with the appropriate HAdV constructs at the indicated
multiplicity of infection (MOI). MOIs were calculated as the PFU per cell, and an MOI of 10 was used for
most experiments. Virus inoculums were diluted in phosphate-buffered saline (PBS; without CaCl2 and
MgCl2; Sigma-Aldrich) and added to the cell monolayer for 1 h at 37°C with periodic rocking. Medium
containing either vehicle or drug was then added to the cells and incubated in a humidified CO2

incubator at 37°C until the indicated time points. This medium (with vehicle or drug) was replaced every
24 h of infection.

For synchronized or cold infections, the cells were incubated with the virus inoculum for 30 min on
ice, allowing the viruses to attach but not enter the cells. Infection started when warm media (containing
vehicle or drug) was added, and the cells were placed at 37°C.

Immunoblot analysis. Protein samples were prepared in 2� Laemmli buffer, subjected to SDS-PAGE
and transferred on a polyvinylidene difluoride membrane (Millipore) as previously described (17). The
membrane was blocked in 5% milk prepared in Tris-buffered saline containing 0.2% Tween 20 (Thermo
Fisher Scientific) and probed with antibodies diluted in 5% milk solution. The following primary
antibodies were used: HAdV-5 fiber (1/10,000 dilution; MS-1027-P0; Neomarkers), anti-HAdV-5 (1/10,000;
ab6982; Abcam), HAdV-5 E1A (1/5,000; ab31686 [Abcam] or MA5-13643 [Invitrogen]), HDAC1 (1/2,000;
5356P; Cell Signaling), HDAC2 (1/5,000; ab16032; Abcam), HDAC3 (1/2,000; 3949S; Cell Signaling),
acetyl-H3 (1/2,000; 06-599; Millipore), vinculin (1/10,000; ab129002; Abcam), tubulin (1/5,000; CP06;
Calbiochem), actin (1/10,000; A1978; Sigma-Aldrich), Rb (1/5,000; 554136; BD Pharmingen), FLAG (M2,
1/5,000; 200-301-383S; Rockland), and RFP (1/5,000; ab62341; Abcam). The p21 antibody (1/1,000; catalog
no. 2947; New England Biolabs) was kindly provided by Lynn Megeney (Ottawa Hospital Research
Institute). The membranes were then washed twice in Tris-buffered saline–Tween and incubated with the
appropriate secondary antibodies conjugated to horseradish peroxidase (HRP). Blots were developed
using Pierce ECL Western blotting substrate (Thermo Fisher Scientific) or Immobilon Classico Western
HRP substrate (Millipore). All immunoblot data are representative of two or more independent experi-
ments.

Quantitative real-time PCR. Medium was removed from infected cells at the indicated time points,
and the cells were incubated overnight at 37°C in SDS-proteinase K buffer (10 mM Tris-HCl [pH 7.4],
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10 mM EDTA, 1% [wt/vol] SDS, 1 mg/ml proteinase K). DNA was extracted from the cell lysates using the
standard phenol-chloroform method and ethanol precipitation and then dissolved in 1� Tris-EDTA (TE)
buffer. qPCR was conducted as previously described (89) using 200 ng of genomic DNA per reaction. The
following primer sets were used: 5=-CTT ACC CCC AAC GAG TTT GA and 5=-GGA GTA CAT GCG GTC CTT
GT for HAdV hexon, 5=-CCA TTA AAC CAG TTG CCG TGA GAG and 5=-GGC GTT TAC AGC TCA AGT CCA
AAG for HAdV E1A, and 5=-GGC CGG TGC TGA GTA TGT CG and 5=-TTC AAG TGG GCC CCG GCC TT for
cellular GAPDH. Viral genome copy numbers were calculated from the CT values using a standard curve
obtained from serial dilutions of the pRP3089 plasmid.

RNA extraction and RT-qPCR. Medium was removed from infected cells and total cellular RNA was
extracted using TRIzol Reagent (Thermo Fisher Scientific) and a PureLink RNA minikit (Ambion) according
to the manufacturer’s protocol. To synthesize cDNA from the extracted RNA by reverse transcription (RT),
a mixture of random hexamers (New England Biolabs) and the Moloney murine leukemia virus reverse
transcriptase (New England Biolabs) was used according to the manufacturer’s protocol. Then, 800 ng of
RNA was used per RT reaction. qPCR was then conducted as described above using 2 �l of the cDNA
mixture.

Plaque assay to determine virus yield. Monolayers of A549 cells were infected with Ad-late/RFP or
HAdV-5 (MOI of 10), and the virus inoculum was removed after 1 h of infection. The cells were washed
with PBS, and fresh medium containing vehicle or various concentrations of SAHA was added. After 24
to 48 h of infection, the cells were collected by scraping into the medium, sucrose (diluted in 10 mM Tris)
was added to a final concentration of 4% (vol/vol), and the samples were flash-frozen in liquid nitrogen.
For the plaque assay, monolayers of A549 cells were infected with serial dilutions of this cell lysate. After
1 h of infection at 37°C, the cells were overlaid with medium containing agarose (50% [vol/vol] of a 1%
[wt/vol] agarose solution, 43% clear 2� MEM, 5% FBS, 1% GlutaMAX, and 1% antibiotic-antimycotic).
Plaques were counted 8 to 10 days later.

Fluorescence microscopy. Live imaging of infected A549 cells was performed 24 h after infection
using a 10� objective on a Zeiss Axio Observer.Z1 microscope equipped with an Axiocam MRC camera
and ZEN 2 software for image processing.

Coimmunoprecipitation. Ten-centimeter dishes of A549 cells were infected with Ad-late/RFP (MOI
of 10) and treated with vehicle or drug. After 24 h, the medium was removed, and the cells were collected
in 500 �l of cold PBS. After centrifugation at 1,500 � g, the volumes of the cell pellets were estimated,
and the pellets were resuspended in twice the volume of lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl,
2 mM MgCl2, 0.5 mM EDTA, 0.5% Triton X-100, and protease inhibitors) for 30 min on ice. Cell lysates were
cleared by centrifugation and diluted to 1 ml with additional lysis buffer. After �1.5 h of preclearing with
protein G-beads (1004D; Dynabeads), equal volumes of lysate were added to 30 �l of protein G-beads
that had been preincubated for 5 h with 4 �g of E1A antibody (ab31686; Abcam) or IgG (5415S; Cell
Signaling) as a negative control. Next, 10% of the immunoprecipitation volume was retained as an input
sample. The antibody-bead complex was incubated with the cell lysate overnight at 4°C. The protein-
bound beads were washed twice with lysis buffer and eluted with 2� Laemmli buffer for 15 min at 65°C.
�-Mercaptoethanol was added to a final concentration of 0.05% prior to subjecting the samples to
SDS-PAGE and immunoblotting with the indicated antibodies.

Chromatin immunoprecipitation. Ten-centimeter dishes of A549 cells were infected with Ad-late/
RFP (MOI of 10) using the synchronized infection method and treated with vehicle or drug. After 6 h of
infection, the medium was removed, and the cells were washed in cold PBS. Then, 8 to 10 aliquots of
roughly 500,000 cells were suspended in 1 ml of medium each, and 100 �l of formaldehyde buffer
(50 mM HEPES-KOH, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 11% formaldehyde) was added to allow
protein-DNA cross-linking. After 10 min of incubation on a rotating platform, the cells were treated with
50 �l of 2.5 M glycine for 5 min and washed three times in cold PBS (containing calcium and magnesium)
with centrifugation at 1,350 � g for 5 min at 4°C. The PBS was discarded, and the cell pellets were flash
frozen and stored at – 80°C overnight.

To prepare the antibody-bead complex for immunoprecipitation, 50 �l of magnetic protein G-beads
(1004D; Dynabeads) was washed in blocking solution (5% bovine serum albumin in PBS) three times,
followed by incubation in 250 �l of blocking buffer containing 10 �g of IgG (SC-2027X; Santa Cruz),
histone H3 (ab1791; Abcam), acetyl-H3 (ab47915; Abcam), or acetyl-H4 (06-598; Millipore) antibody
overnight at 4°C to allow antibody-bead complex formation. The unbound antibody was removed from
the beads prior to the addition of sheared DNA for ChIP (see below).

The frozen cell pellets were resuspended in 140 �l of lysis buffer (0.1% SDS, 10 mM EDTA, 50 mM
Tris-HCl [pH 8], 1� protease inhibitor) and sonicated for 10 min at 4°C using a Covaris S220 sonicator to
500- to 1,000-bp fragments. The sheared DNA samples were then diluted to 0.1 �g/�l in lysis buffer.
Equal amounts of DNA were added to 100 �l of the various antibody-bead complexes and incubated
overnight at 4°C with rotation. The next day, the beads (now complexed with DNA) were washed for
5 min each in low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8], 150 mM
NaCl), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris HCl [pH 8], 500 mM NaCl),
wash buffer (0.25 M LiCl, 1% GEPAL, 1% deoxycholic acid, 1 mM EDTA, 10 mM Tris [pH 8]), and 1� TE
buffer. The DNA was eluted from the beads in 200 �l of elution buffer (50 mM Tris-HCl [pH 8], 10 mM, 1%
SDS) using a thermomixer at 65°C for 15 min. The eluate was separated from the beads and incubated
overnight at 65°C with 20 �g of proteinase K (Sigma-Aldrich) to reverse DNA-protein cross-link and digest
the proteins. The next day, the DNA samples were treated with 20 �g of RNase (Sigma-Aldrich) for 30 min
at 37°C. One volume of phenol-chloroform was added to each sample, which were vortexed briefly and
centrifuged at 15,000 � g for 15 min at 4°C. The aqueous phase was collected, and the following were
added prior to overnight incubation at – 80°C: 1/10 volume of 3 M sodium acetate, 5 �g of glycogen
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(Roche), 5 �g of linear acrylamide (Thermo Fisher Scientific), and 2.5 volumes of 99% ethanol. The next
day, all of the samples were centrifuged for 30 min at 4°C to obtain a DNA pellet, which was washed in
70% ethanol, air dried, and dissolved in 20 �l of 1� TE buffer. qPCR was performed as described above
using 2 �l of this ChIP DNA.

Quantification of RFP intensity. Next, 96-well plates of A549 cells were infected with Ad-late/RFP
(MOI of 10) and treated with vehicle or HDAC inhibitors. Virus inoculum and medium containing drug
were added to the existing cell medium simultaneously. After 24 h, the medium was removed, and the
cells were washed with PBS and fixed with 4% paraformaldehyde (pH 7). The cell nuclei were stained with
10 �g/ml Hoechst 33342 (Life Technologies) for �20 min before RFP quantification using a Cellomics
high content screening (HCS) platform and the Cellomics navigator version of the HCS Studio software
(Thermo Fisher Scientific). A 10� objective and the following filters were used: 386excitation (ex) nm for
Hoechst and 549ex nm for RFP. Roughly 1,000 cells (Hoechst-stained intact nuclei) were analyzed per well,
and their total RFP intensity was measured. Further information on the quantification parameters is
available upon request.

siRNA-mediated knockdown. Pooled siRNA targeting human HDAC1 (M-003493-02), HDAC2 (M-
003495-02), HDAC3 (M-003496-02), p21 (M-003471-00), and siGenome non-targeting control siRNA were
obtained from Dharmacon. A total of 5 � 104 A549 cells were plated in 24-well plates and transfected
with 100 nM siRNA using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s
instructions for A549 cells. Transfection medium was replaced with regular medium after 5 h of
treatment. Knockdown was confirmed at 48 h posttransfection via immunoblot analysis, and the knock-
down cells were infected at this point.

MTS metabolic activity assays. Plates (96 well) of A549 cells were prepared and infected/drug treated
as described above for RFP quantification. At 24 h postinfection, the relative metabolic activity was deter-
mined using a CellTiter 96 AQueous nonradioactive cell proliferation assay (Promega) according to the
manufacturer’s instructions. Cells were incubated for 45 min at 37°C with 20 �l of MTS substrate, and
absorbance readings were obtained at 490 nm using a SpectraMax 190 plate spectrophotometer.
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