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ABSTRACT The adenovirus (Ad) E4orf4 protein was reported to contribute to inhi-
bition of ATM- and ATR-regulated DNA damage signaling during Ad infection and
following treatment with DNA-damaging drugs. Inhibition of these pathways im-
proved Ad replication, and when expressed alone, E4orf4 sensitized transformed
cells to drug-induced toxicity. However, the mechanisms utilized were not identified.
Here, we show that E4orf4 associates with the DNA damage sensor poly(ADP-ribose)
polymerase 1 (PARP-1) and that the association requires PARP activity. During Ad in-
fection, PARP is activated, but its activity is not required for recruitment of either
E4orf4 or PARP-1 to virus replication centers, suggesting that their association occurs
following recruitment. Inhibition of PARP-1 assists E4orf4 in reducing DNA damage
signaling during infection, and E4orf4 attenuates virus- and DNA damage-induced
parylation. Furthermore, E4orf4 reduces PARP-1 phosphorylation on serine residues,
which likely contributes to PARP-1 inhibition as phosphorylation of this enzyme was
reported to enhance its activity. PARP-1 inhibition is important to Ad infection since
treatment with a PARP inhibitor enhances replication efficiency. When E4orf4 is ex-
pressed alone, it associates with poly(ADP-ribose) (PAR) chains and is recruited to
DNA damage sites in a PARP-1-dependent manner. This recruitment is required for
inhibition of drug-induced ATR signaling by E4orf4 and for E4orf4-induced cancer
cell death. Thus, the results presented here demonstrate a novel mechanism by
which E4orf4 targets and inhibits DNA damage signaling through an association
with PARP-1 for the benefit of the virus and impacting E4orf4-induced cancer cell
death.

IMPORTANCE Replication intermediates and ends of viral DNA genomes can be rec-
ognized by the cellular DNA damage response (DDR) network as DNA damage
whose repair may lead to inhibition of virus replication. Therefore, many viruses
evolved mechanisms to inhibit the DDR network. We have previously shown that
the adenovirus (Ad) E4orf4 protein inhibits DDR signaling, but the mechanisms were
not identified. Here, we describe an association of E4orf4 with the DNA damage sen-
sor poly(ADP-ribose) polymerase 1 (PARP-1). E4orf4 reduces phosphorylation of this
enzyme and inhibits its activity. PARP-1 inhibition assists E4orf4 in reducing Ad-
induced DDR signaling and improves the efficiency of virus replication. Furthermore,
the ability of E4orf4, when expressed alone, to accumulate at DNA damage sites and
to kill cancer cells is attenuated by chemical inhibition of PARP-1. Our results indi-
cate that the E4orf4 –PARP-1 interaction has an important role in Ad replication and
in promotion of E4orf4-induced cancer-selective cell death.
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The DNA damage response (DDR) is a conglomerate of pathways designed to detect
DNA damage and signal its presence to cell cycle checkpoints and to the repair

machinery, allowing the cell to pause and mend the damage or, if the damage is too
severe, to trigger apoptosis or senescence (1, 2). Proteins involved in the numerous
DDR pathways fall into several major groups. These include sensors of DNA lesions,
signal transducers that link DNA damage recognition to downstream effectors, and the
effectors that are responsible for activation of checkpoints and for the repair process
(3). Poly(ADP-ribose) polymerase 1 (PARP-1) is a sensor protein that belongs to a large
family of PARP proteins and detects various types of DNA lesions, including single-
strand DNA breaks, double-strand DNA breaks, and others (4–6).

PARPs use NAD� to produce ADP-ribose groups and attach them to protein
acceptors while releasing nicotinamide. PARP-1 can generate long poly(ADP-ribose)
(PAR) chains up to 200 units in length and can also produce branched chains (7).
PARP-1 binding to DNA breaks causes a local unfolding of an autoinhibitory domain,
which allows correct binding of the substrate NAD� and triggers PARP-1 activation,
leading to rapid PAR production (8, 9). PAR is attached to PARP-1 itself and to several
other proteins (10). In addition to PARP activation by DNA breaks, nucleosomes, protein
interaction partners, and several types of posttranslational modifications, including
phosphorylation, also enhance PARP-1 activity (5). Protein parylation regulates many
cellular mechanisms, including DNA repair, transcription, mitochondrial function, and
others (5). During the DNA repair process, several proteins containing conserved
PAR-interacting domains are recruited to the site of DNA damage by binding parylated
proteins (11, 12). These PAR-binding proteins contribute to regulation of DNA damage
signal transduction. Once the DDR has been initiated, ADP-ribosylation signaling is
extinguished by enzymes, such as poly(ADP-ribose) glycohydrolase (PARG), which
remove the PAR chains (13, 14).

Infection by several virus families triggers the DDR because viral DNA replication
products are recognized by the cell as DNA damage. Because DDR activation by viral
DNA can lead to repair in the form of ligation of viral genomes, this process may result
in inhibition of virus replication. To combat this antiviral defense mechanism, viruses
have evolved mechanisms to inactivate DDR pathways (15, 16). Some of the most
well-described mechanisms include inhibition of DDR transducers belonging to
the phosphatidylinositol 3-kinase-like protein kinase (PIKK) family such as ataxia-
telangiectasia mutated (ATM), ATM- and Rad3-related (ATR), and DNA-PK (15–17).
Several PARPs as well as ADP ribosylation participate in the mammalian antiviral
response, but they may also provide assistance at some stages of replication of certain
viruses (18). Specifically, adenovirus (Ad) infection was shown to induce PARP activity,
but one of the consequences of this activation, apoptosis-inducing factor-dependent
nuclear fragmentation, was prevented in the presence of the Ad E1B-55K and E4orf3
proteins (19).

The Ad E4orf4 protein is a 14-kDa viral regulator which fulfills many functions that
contribute to the efficiency of Ad infection. These include temporally regulated de-
crease of early viral gene expression, control of alternative splicing of viral RNAs,
regulation of protein translation, and a contribution to inhibition of the DDR by Ad
(20–30). When E4orf4 is expressed alone, in the absence of other viral proteins, it
initiates a unique mode of cell death which does not require p53 or caspase activation
but which can be amplified by triggering classical caspase-dependent apoptosis down-
stream (31–34). The mechanisms underlying E4orf4-induced cell death are conserved in
several species, including Saccharomyces cerevisiae, Drosophila, and human cells (35–
39). Importantly, E4orf4-induced cell death is more efficient in cancer cells in tissue
culture than in normal cells (40), and E4orf4 inhibits tumorigenesis in vivo in a
Drosophila cancer model (41), indicating that study of E4orf4 signaling could provide
fresh insights that may contribute to the development of a new approach to cancer
therapy. Many cancers are deficient in some DDR pathways, making them more
sensitive to DDR inhibition. The ability of E4orf4 to inhibit DDR pathways, including
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those regulated by ATM and ATR (28), could therefore contribute to the cancer
selectivity of E4orf4.

Protein phosphatase 2A (PP2A) is an enzymatic complex containing three subunits:
a catalytic subunit, a scaffolding subunit, and one of several regulatory subunits
responsible for dictating substrate specificity of the enzyme (42). Investigation of the
mechanisms contributing to E4orf4 functions uncovered several E4orf4 partners, in-
cluding various PP2A heterotrimers (43, 44), and all three types of PP2A subunits are
present in the E4orf4-PP2A complex which possesses extensive phosphatase activity
(38, 43, 44). The PP2A interaction with E4orf4 was shown to contribute to all E4orf4
functions known to date, including attenuation of the DDR (27–29, 40, 43–45).

In this work we investigated the point of interaction between E4orf4 and the DDR
as well as the mechanisms by which E4orf4 inhibits DNA damage signaling. We show
that E4orf4 interacts with PARP-1 and explore the consequences of this interaction
during virus infection and under conditions of nonviral DNA damage.

RESULTS
E4orf4 associates with PARP-1. Mass spectrometry analysis of nuclear E4orf4

immune complexes revealed PARP-1 as a potential E4orf4 partner (data not shown). To
validate this interaction, E4orf4 was immunoprecipitated from nuclear extracts of clone
13 cells induced by doxycycline (Dox) to stimulate E4orf4 expression or from control
uninduced cells. As shown in Fig. 1A, PARP-1 coimmunoprecipitated with E4orf4 but
was absent in immune complexes from the control cells. In addition, pulldown assays
with glutathione S-transferase (GST)-E4orf4 or GST alone further corroborated the
E4orf4 –PARP-1 interaction (Fig. 1B). A reciprocal immunoprecipitation using PARP-1-
specific antibodies or isotype-matched control antibodies also demonstrated that
E4orf4 associated specifically with PARP-1 (Fig. 1C).

Investigation of the interaction between E4orf4 and PARP-1. Because PP2A is an
important E4orf4 partner, known to contribute to all E4orf4 functions described so far
(27–29), we investigated whether PP2A also contributed to the interaction between
E4orf4 and PARP-1. Cells containing Dox-inducible wild-type (WT)-E4orf4 (clone 13) or
the R81A/F84A E4orf4 mutant that does not bind PP2A (clone 3) (28, 45) were induced
with Dox for 4 h or remained untreated, and E4orf4 proteins were immunoprecipitated
from nuclear extracts. The results shown in Fig. 2A demonstrate that PARP-1 coimmu-
noprecipitated with WT-E4orf4 but not with the mutant protein. Because we observed
a relatively high level of leaky expression of the mutant E4orf4 protein in clone 3 cells,

FIG 1 E4orf4 associates with PARP-1. (A) Clone 13 cells were either induced with Dox for 4 h to stimulate
E4orf4 expression or remained uninduced. The cells were harvested, and nuclear extracts were prepared
and subjected to immunoprecipitation with an E4orf4-specific antibody. The presence of PARP-1 and
E4orf4 in the immune complexes was determined by Western blot analysis. (B) Nuclear extracts from
uninduced clone 13 cells were subjected to GST pulldown analysis with GST or GST-E4orf4 bound to
glutathione beads. The presence of PARP-1 and GST proteins in the complex was determined by Western
blot analysis. (C) Nuclear extracts were prepared as described for panel A and were subjected to
immunoprecipitation with a monoclonal antibody against endogenous PARP-1 or with a control isotype-
matched Flag-tagged antibody. The presence of E4orf4 in the immune complexes was determined by
Western blot analysis. The separated parts of the blot showing the immune complexes are from the same
exposed blot, but some lanes were removed from the middle. IP, immunoprecipitation.
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FIG 2 PP2A and PARP-1 activities are required for the E4orf4-PARP-1 interaction. (A) Clone 13 cells containing Dox-inducible WT
E4orf4 and clone 3 cells containing a Dox-inducible E4orf4 mutant that cannot bind PP2A (R81A/F84A) were treated with Dox for
4 h or were left untreated. Nuclear extracts were subjected to immunoprecipitation with an antibody against E4orf4. The presence
of PARP-1 and E4orf4 in input lysates and in the immune complexes was analyzed by Western blotting. (B) 293T cells were
transfected with plasmids that inducibly express WT E4orf4 or the R81A/F84A mutant that cannot bind PP2A (Mut E4orf4) or with
the corresponding empty vector. Expression of E4orf4 proteins was induced by Dox 24 h posttransfection for 4 h. Nuclear extracts
were subjected to immunoprecipitation with an E4orf4-specific antibody. The presence of proteins in the immune complexes and
in input lysates was determined by Western blot analysis with the specified antibodies. (C) Clone 13 cells were induced with Dox
for 3 h to stimulate E4orf4 expression or were left uninduced. The cells were then treated with 50 nM okadaic acid, a PP2A inhibitor,
for another hour. Nuclear extracts were subjected to immunoprecipitation and Western blot analysis as described for panel A. (D)
Nuclear extracts from uninduced clone 13 cells that were either treated with 50 nM okadaic acid for 1 h or left untreated were
subjected to GST pulldown analysis with GST or GST-E4orf4 bound to glutathione beads. The presence of proteins in the complex
(bound) or in input lysates was determined by Western blot analysis. The two parts of the blot containing bound proteins are from
the same exposed blot, but some lanes were removed from the middle. (E) Clone 13 cells were induced by Dox and treated with
the specified concentrations of okadaic acid as described for panel C. Whole-cell extracts were subjected to Western blot analysis.
(F) Clone 13 cells were induced with Dox for 3 h as described for panel C and were then either treated with 4 �M the PARP inhibitor
olaparib (PARPi) for 1 h or left untreated. Nuclear extracts were subjected to immunoprecipitation with an antibody against E4orf4.

(Continued on next page)
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we also compared the ability of WT and mutant E4orf4 proteins to associate with
PARP-1 in cells that were transiently transfected with the inducible E4orf4 constructs or
with an empty vector. As seen in Fig. 2B, the mutant E4orf4 protein that could not bind
PP2A lost its ability to bind PARP-1 under these conditions as well. To examine whether
PP2A activity influenced the E4orf4 –PARP-1 interaction, E4orf4 was immunoprecipi-
tated from Dox-induced clone 13 cells or from control uninduced cells, which either
were left untreated or were treated with 50 nM okadaic acid for the last hour before
harvest. As seen in Fig. 2C, E4orf4 associated with PARP-1 in the absence of the PP2A
inhibitor, but when the cells were treated with okadaic acid prior to harvest, the
E4orf4 –PARP-1 interaction was reduced to background levels. Similarly, when GST and
GST-E4orf4 were incubated with cell extracts that were subjected to okadaic acid
treatment prior to harvest, the GST-E4orf4 –PARP-1 interaction was eliminated whereas
an interaction with PP2A was maintained although at a lower level (Fig. 2D). The okadaic
acid concentration used in these experiments was sufficient to inhibit PP2A, as demon-
strated by its ability to increase phosphorylation of the PP2A substrate Akt (Fig. 2E).
These results indicate, therefore, that an active PP2A must be present to facilitate the
association of E4orf4 with PARP-1.

Next, the contribution of PARP-1 activity to the E4orf4 –PARP-1 interaction was also
investigated. Clone 13 cells expressing E4orf4 were subjected to a 1-h incubation with
a PARP inhibitor (olaparib) prior to harvest or were left untreated. As seen in Fig. 2F,
PARP-1 coimmunoprecipitated with E4orf4 in the absence of the PARP inhibitor but not
in its presence. Similarly, when GST pulldown assays were performed, only PARP-1 from
cells that were not treated with a PARP inhibitor associated with GST-E4orf4. In contrast,
PARP inhibition only slightly affected PP2A-C binding to E4orf4 (Fig. 2G). The concen-
tration of PARP inhibitor used in these experiments was sufficient to reduce internal
parylation in clone 13 cells (Fig. 2H), which was evident even without external stimuli.
Altogether, the results indicate that both PP2A and PARP activities are required to
facilitate the E4orf4 –PARP-1 association.

PARP-1 and E4orf4 accumulate at viral replication centers independently of
each other. Several sensors and transducers of the DDR accumulate at Ad replication
centers (RCs) and may be activated there by products of virus replication identified as
DNA damage, unless inhibited by various Ad proteins (46, 47). Recent results from our
laboratory also show that E4orf4 is found at Ad RCs as early as the DNA binding protein
(DBP), an RC marker (30). We next investigated whether PARP-1 also accumulated in Ad
RCs and examined the kinetics of its recruitment. HeLa cells were mock infected or
infected with WT Ad5, and DBP as well as PARP-1 was immunostained at various times
postinfection. As shown in Fig. 3, DBP started to accumulate in small replication foci in
the infected cell nuclei at 8 h postinfection (p.i.), whereas more mature ring-like RC
structures accumulated at 16 h p.i. and later. In parallel, PARP-1 also accumulated in the
vicinity of Ad RCs. To better assess the relative localization of PARP-1 and DBP, both
proteins were visualized by high-resolution microscopy. Figure 4A to C present a
topological view and orthogonal projections of a representative infected cell nucleus as
well as three-dimensional (3D) renderings of RCs within this nucleus. The results
demonstrate that PARP-1 accumulated strongly inside some ring-like Ad RCs but could
also be found at lower levels around other ring-like RCs. These results confirm findings
shown in Fig. 3, demonstrating that PARP-1 is redistributed in the nucleus to the vicinity
of Ad RCs. A comparison between PARP-1 recruitment to Ad RCs in the presence of
E4orf4 (dl309 virus, a phenotypically WT Ad5) or in its absence (dl358) indicated that

FIG 2 Legend (Continued)
The presence of proteins in the immune complexes and in input lysates was analyzed by Western blotting. (G) Nuclear extracts
from uninduced clone 13 cells that were either treated with 4 �M PARP inhibitor (PARPi) for 1 h or left untreated were subjected
to GST pulldown analysis with GST or GST-E4orf4 bound to glutathione beads. The presence of proteins in the complex (bound)
or in input lysates was determined by Western blot analysis with the specified antibodies. (H) Clone 13 cells were either treated
with a PARP inhibitor (PARPi) as described for panels F and G or left untreated, and cell extracts were subjected to Western blot
analysis with the indicated antibodies. Representative blots are shown in all experiments (A to H).
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PARP-1 recruitment to Ad RCs did not require E4orf4 (Fig. 4D). Inhibition of PARP
activity by addition of a PARP inhibitor to HeLa cells could reduce parylation efficiently
(Fig. 5A) but did not prevent recruitment of both PARP-1 and E4orf4 to RCs (Fig. 5B and
C). Thus, during Ad infection PARP-1 accumulates at viral RCs, where E4orf4 is also
present, but the two proteins arrive there independently.

PARP-1 contribution to the ability of E4orf4 to reduce ATM and ATR signaling
during virus infection. We have previously shown that E4orf4 diminished ATM and
ATR signaling during Ad infection and following induction of DNA damage by drugs,
but ATM and ATR were inhibited by E4orf4 independently of each other (28). These
experiments were performed with the Ad mutants dl366*, lacking the E4 region, and
dl366*�E4orf4, lacking all E4 open reading frames (ORFs) except E4orf4 (48). Those
mutants were used to facilitate examination of E4orf4 effects without interference from
other E4 gene products that inhibit the DDR. To determine whether PARP-1 contributed
to the ability of E4orf4 to reduce ATM- or ATR-mediated DNA damage signaling, we
explored whether inhibition of PARP impacted the effect of E4orf4 on phosphorylation
of ATM and the ATR substrate Chk1 during mutant Ad infection. As shown in Fig. 6,
addition of a PARP inhibitor facilitated a significantly larger decrease in ATM phosphor-

FIG 3 PARP-1 is recruited to Ad replication centers. HeLa cells were infected with WT Ad5 and were fixed at various
times postinfection (hpi, hours postinfection). The cells were stained with antibodies to PARP-1, to DBP, and with
DAPI, as indicated at the top of the figure. Representative images obtained by confocal microscopy are shown for
each time point. Scale bar, 10 �m.
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ylation by E4orf4 (1.6-fold; P � 0.038) and a 1.4-fold-larger decrease of Chk1 phosphor-
ylation, a difference of borderline significance (P � 0.06). Inhibition of PARP in the
absence of E4orf4 did not reduce ATR signaling induced by dl366* infection and
increased ATM signaling by 56% (Fig. 6B). These results demonstrate that inhibition of
parylation contributed to the ability of E4orf4 to attenuate ATM and possibly ATR

FIG 4 Characterization of the localization of PARP-1 at viral RCs. (A) HeLa cells were infected with WT Ad5 and were
fixed and stained 24 h p.i .with antibodies to DBP and PARP-1. A high-resolution image of a representative infected
cell nucleus is shown with horizontal and vertical orthogonal projections. (B) 3D renderings of a representative
nucleus, prepared with the Imaris software, are shown. (C) Representative 3D renderings of one late replication
center from the nucleus in panel B are shown. (D) HeLa cells were infected with dl309 (a phenotypically WT Ad)
or with dl358 (a mutant Ad with dl309 backbone lacking E4orf4) virus. The cells were fixed at 24 h p.i. and stained
with antibodies to DBP and PARP-1 and with DAPI. Representative images from confocal microscopy are shown.
Scale bar, 10 �m.
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FIG 5 PARP inhibition does not affect recruitment of E4orf4 and PARP-1 to viral RCs. (A) HeLa cells were
either left untreated or treated with H2O2 in the presence or absence of 4 �M PARP inhibitor (PARPi).
Western blot analysis with PAR and PARP-1-specific antibodies is shown. (B and C) HeLa cells were either
mock infected or infected for 24 h with WT Ad5 in the presence of dimethyl sulfoxide (DMSO) solvent or
4 �M PARP inhibitor (PARPi). The cells were stained with the specified antibodies and with DAPI, and
representative images obtained by confocal microscopy are shown. Scale bar, 10 �m.
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signaling during virus infection but was not sufficient by itself to attenuate these
signaling pathways.

E4orf4 reduces cellular parylation induced by DNA damage and by Ad infec-
tion. Because PARP inhibition assists E4orf4 in reducing DNA damage signaling (Fig. 6),
we investigated whether E4orf4 naturally inhibits PARP-1 activity. We first tested the
effect of E4orf4 on parylation stimulated by drug-induced DNA damage. E4orf4 was
expressed in HeLa or A549 cells, and the cells were treated with H2O2 10 min prior to
harvest or were left untreated. As seen in Fig. 7A, H2O2 treatment induced high levels
of protein parylation in the cells in the absence of E4orf4, but lower parylation levels
were observed in the presence of the viral protein. PARP-1 protein levels were not
reduced by E4orf4. We next investigated whether E4orf4 diminished parylation upon
virus infection. We could not detect parylation when HeLa cells were infected with the
dl366* virus mutant (Fig. 7B, left), and we tested therefore whether E4orf4 could reduce
drug-induced parylation in the context of viral infection. The results shown in Fig. 7B
demonstrate that dl366* infection combined with a 10-min H2O2 treatment induced
high levels of cellular parylation, and this parylation was reduced in the presence of
virally expressed E4orf4 (dl366*�E4orf4). These results indicate that E4orf4 can reduce
DNA damage-induced parylation during virus infection. It should be noted that we also
consistently observed reduced parylation in H2O2-treated HeLa cells infected with the
dl366* virus. However, E4orf4 made an additional pronounced contribution toward
reducing H2O2-induced parylation. Because the E4-deficient virus dl366* did not induce
detectable levels of parylation by itself, we also probed induction of parylation by a WT
virus and examined whether deletion of E4orf4 alone (dl358) could enhance virus-
induced parylation. As demonstrated in Fig. 7C, the dl309 Ad mutant, a phenotypically
WT Ad5 with a backbone similar to that of dl358, induced relatively low parylation levels
at 48 h p.i., but the dl358 virus lacking E4orf4 induced much higher parylation levels,
indicating that E4orf4 reduced Ad-induced parylation. Thus, the results demonstrate

FIG 6 Inhibition of PARP-1 aggravates the attenuation of ATM and ATR signaling by E4orf4 during Ad infection. (A)
HeLa cells were either mock infected or infected with the Ad mutant dl366* lacking the whole E4 region or
dl366*�E4orf4 expressing E4orf4 as the only E4 ORF. A PARP inhibitor (PARPi) was added to the infected cells for
the duration of the infection starting at 2 h postinfection (p.i.), and another group of infected cells was left
untreated. Proteins were harvested 24 h p.i., and Western blot analysis was carried out with the indicated
antibodies for phosphorylated and nonphosphorylated proteins and for E4orf4. One representative blot is shown.
(B) Blots from two independent experiments as described in panel A were subjected to densitometry. The levels
of phosphorylated ATM and Chk1 as well as of the total proteins were calculated, and phospho-protein levels were
normalized to levels of the total corresponding protein. Normalized phospho-protein levels in cells infected with
dl366* (light gray bars) were defined as 1, and relative levels in dl366*�E4orf4-infected cells (dark gray bars) are
shown. The relative ATM and Chk1 phosphorylation levels in dl366*-infected cells in the absence and presence of
the PARP inhibitor are shown above the graph. Error bars represent standard error (n � 2). Statistical significance
was determined by a Student’s t test. *, P � 0.04; (*), P � 0.06.

E4orf4 Binds PARP-1 and Inhibits Parylation Journal of Virology

October 2019 Volume 93 Issue 19 e02253-18 jvi.asm.org 9

https://jvi.asm.org


that E4orf4 reduces parylation in the context of virus infection as well as when it is
expressed alone in cells exposed to nonviral DNA damage.

To test whether the decrease in parylation triggered by E4orf4 resulted from
inhibition of PARP-1 enzymatic activity, in vitro parylation assays were performed

FIG 7 E4orf4 reduces drug- and virus-induced parylation. (A) HeLa and A549 cells were transfected with an empty vector or with a plasmid
expressing Dox-inducible E4orf4. E4orf4 expression was induced for 4 h, and H2O2 was added to one set of cells at a concentration of 1 mM
for 10 min prior to harvest. Whole-cell extracts were subjected to Western blot analysis with the indicated antibodies, and representative
blots are shown. (B) HeLa cells were mock infected or infected with dl366* or dl366*�E4orf4 virus at 30 FFU/cell. H2O2 was added to one
set of infected cells at 24 h p.i. at a concentration of 1 mM for 10 min prior to harvest. Whole-cell extracts were subjected to Western blot
analysis with the indicated antibodies, and a representative blot is shown. The two parts of the picture are from the same exposed blot,
but some lanes were removed from the middle. (C) HeLa cells were either mock-infected or infected with the Ad mutant virus dl309
(phenotypically WT Ad5) or dl358, which does not express E4orf4. Infections were performed at 10 FFU/cell. Cells were harvested 48 h p.i.,
and the levels of protein parylation in whole-cell extracts were analyzed by Western blotting. A representative blot is shown with two
exposures (long and short) to facilitate visualization of very different levels of parylation.
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(Fig. 8A). Reaction mixtures contained purified PARP-1 and immune complexes ob-
tained from E4orf4-expressing or control cells by immunoprecipitation with an E4orf4-
specific antibody (Fig. 8B). The mixtures were incubated in parylation buffer for 0 or
15 min and were then applied to nitrocellulose filters. Parylation activity was deter-
mined by staining the dot blots with PAR-specific antibodies. As shown in Fig. 8A, the
immune complexes by themselves did not contain high PARP activity compared with
that of the purified PARP-1. Addition of E4orf4 immune complexes reduced PARP-1
activity compared with the activity of this enzyme in the presence of control immune
complexes. To probe the involvement of PP2A in inhibition of parylation by E4orf4,
similar parylation reactions were performed using E4orf4 immune complexes from cells

FIG 8 E4orf4 inhibits PARP-1 activity. (A) In vitro parylation assays were carried out. The reaction mixtures contained
immune complexes isolated with E4orf4-specific antibodies from cell extracts containing an empty vector (�) or
expressing E4orf4 (�), in parylation reaction buffer. Purified PARP-1 was added to two out of three sets of immune
complexes, and reaction mixtures were incubated at 37°C for 15 min (15=) before termination. One set of reaction
mixtures containing PARP-1 was kept on ice (time 0=). The terminated reactions were transferred to nitrocellulose,
and dot blots were stained with PAR-specific antibodies. Two exposures of a representative blot are shown (short
and long) to facilitate visualization of dots with very different intensities. (B) Ten percent of immune complexes
used in the experiment shown in panel A as well as input lysates were subjected to Western blot analysis with the
indicated antibodies. (C) L11 cells were induced with Dox for 3 days to reduce PP2A-B55 expression by shRNA-
mediated knockdown. They were then transfected with plasmids expressing shRNA-resistant PP2A-B55-HA, E4orf4,
or the corresponding empty vectors. The cells were harvested 24 h posttransfection, and cell extracts were
subjected to immunoprecipitation with E4orf4-specific antibodies. Immune complexes were used in parylation
reactions as described for panel A. (D) Ten percent of immune complexes used in the experiment shown in panel
C as well as input lysates were subjected to Western blot analysis with the indicated antibodies. (E) Relative
parylation levels in experiments described in panel C were determined by densitometry and normalization to the
sample with reduced PP2A-B55 levels and no E4orf4 expression. The graph represents the average of three
independent experiments. Error bars represent the standard error. *, P � 0.012; NS, not significant.
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in which expression of the PP2A-B55 subunit was reduced by Dox-induced knockdown.
This PP2A subunit mediates an interaction of E4orf4 with one of the PP2A heterotrim-
ers, whereas PP2A-B56 subunits mediate E4orf4 interactions with other PP2A com-
plexes (43, 44). Results shown in Fig. 8C to E demonstrate that when the PP2A-B55
levels were reduced, the levels of the PP2A-C subunit in the E4orf4-PP2A complexes
were also decreased and parylation was no longer inhibited by E4orf4. However, when
exogenous PP2A-B55 tagged with hemagglutinin (PP2A-B55-HA) was introduced into
these cells, the ability of E4orf4 to associate with higher PP2A-C levels and to inhibit
parylation was restored. The residual PP2A-C molecules in E4orf4 complexes from cells
with reduced PP2A-B55 levels (Fig. 8D) could be part of the remaining B55-containing
PP2A complexes as well as of B56-containing PP2A heterotrimers. The results described
above support the conclusion that E4orf4, in collaboration with a PP2A heterotrimer
containing the B55 subunit, inhibits PARP-1 activity.

Investigation of candidate mechanisms underlying inhibition of PARP-1 by
E4orf4. Various mechanisms could be considered to explain the inhibition of PARP-1 by
E4orf4. One possible explanation involves premature removal of PARP-1 from DNA
damage sites. To test this hypothesis, laser microirradiation experiments were per-
formed using red fluorescent protein (RFP)-tagged PARP-1 and green fluorescent
protein (GFP)-tagged E4orf4, and the kinetics of RFP-PARP-1 recruitment and removal
from microirradiated damage sites in control and E4orf4-expressing cells was deter-
mined. The data in Fig. 9A demonstrate that E4orf4 had no significant effect on PARP-1
recruitment and release from damage sites.

PARP-1 activity can be enhanced by various phosphorylation events (49–52). Be-
cause E4orf4 associates with PP2A and appears to reduce PARP-1 activity in a PP2A-
dependent manner (Fig. 8), we examined whether PARP-1 phosphorylation was altered
by E4orf4. Phospho-proteins were immunoprecipitated from cell extracts with a
phospho-Ser (pSer)-specific antibody or with a Flag tag-specific control antibody, and
the presence of PARP-1 in the immune complexes was determined by Western blot
analysis. As shown in Fig. 9B, PARP-1 was precipitated from cell extracts lacking E4orf4
using the pSer antibodies but not with the control antibodies; however, PARP-1 was not
detected in the pSer immune complexes from cells expressing E4orf4. Thus, E4orf4
expression is associated with reduced PARP-1 phosphorylation on Ser residues, which
could potentially affect PARP-1 activity.

Inhibition of PARP activity enhances Ad replication. The finding that E4orf4
reduced parylation induced by Ad infection (Fig. 7) led us to investigate whether this
E4orf4 function contributed to the efficiency of Ad replication. To address this possi-
bility, we determined the effect of a PARP inhibitor on virus propagation. HeLa cells
were infected with the dl366* and dl366*�E4orf4 viruses in the presence or absence of
a PARP inhibitor, and the titer of progeny viruses obtained 24 h postinfection was
determined. The data in Fig. 10 demonstrate that the PARP inhibitor increased the virus
titer although its impact on dl366*�E4orf4 virus infection was weaker. Thus, the ability
of E4orf4 to reduce parylation accounts, at least in part, for the previously reported
contribution of E4orf4 to the efficiency of Ad infection (28).

The role of PARP-1 in E4orf4-induced cell death. A second facet of E4orf4 biology
is its ability to induce cancer cell death when it is expressed alone (40). We have
previously demonstrated that E4orf4 expression resulted in accumulation of DNA
damage after exposure to DNA-damaging drugs and in sensitization of cells to killing
by sublethal concentrations of such drugs (28). DDR signaling is compromised in many
cancers, causing cancer cells to be more sensitive to DDR inhibition. Thus, attenuation
of DNA damage signaling may contribute to E4orf4-induced cancer cell death. Because
we found that E4orf4 inhibited parylation by PARP-1, we set out to examine whether
this E4orf4 function contributed to its ability to induce cell death. HeLa cells were
transfected with a plasmid expressing E4orf4 or with a corresponding empty vector,
with or without addition of a PARP inhibitor at a concentration that abolished paryla-
tion (Fig. 5A). Cell death levels were determined 24 h later using a 4=,6=-diamidino-2-
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phenylindole (DAPI) assay, as previously described (29, 34, 53). The results shown in Fig.
11A demonstrate that whereas the PARP inhibitor increased cell death in the absence
of E4orf4, likely due to DDR inhibition leading to increased accumulation of damaged
DNA, PARP inhibition significantly reduced the ability of E4orf4 to induce cell death.
One possibility to explain these results is that E4orf4 must be recruited to DNA damage
foci to inhibit the DDR and induce cancer cell death, but recruitment to these foci,
unlike E4orf4 recruitment to viral RCs, requires PARP activity. We have previously shown
that E4orf4 is recruited to sites of laser-microirradiated damage (30), and we now tested
the effect of PARP inhibition on this recruitment. U2OS cells expressing E4orf4-GFP
were subjected to laser microirradiation in the presence or absence of the PARP inhibitor,
and recruitment of E4orf4 to irradiated sites was monitored by time-lapse confocal mi-
croscopy. The data shown in Fig. 11B demonstrate that whereas E4orf4-GFP recruit-
ment to laser-microirradiated sites was evident in 55% of the tested cells, the PARP
inhibitor completely abolished E4orf4 recruitment, which was no longer observed in
any cells. These results demonstrate that protein parylation is required for E4orf4
recruitment to irradiation-induced DNA damage sites. Furthermore, the data shown in
Fig. 11C and D demonstrate that PARP inhibition also prevented the previously
reported PP2A-dependent ability of WT E4orf4 to reduce ATR signaling in drug-induced
cells (28). These results further support the link between PARP-dependent E4orf4

FIG 9 Investigation of mechanisms potentially responsible for inhibition of PARP-1 by E4orf4. (A) U2OS cells were
transfected with a plasmid expressing WT E4orf4-GFP from a Dox-inducible promoter or a control plasmid
expressing GFP, together with a plasmid expressing RFP-PARP-1. Following induction of E4orf4-GFP expression,
cells with both RFP and GFP fluorescence were subjected to laser microirradiation at a preselected spot within the
nucleus, and time-lapse microscopy was performed at 15-s time intervals to follow RFP-PARP-1 recruitment to the
damage sites and its release. The fluorescence intensity of RFP signals at the laser-microirradiated sites was
measured and normalized to the background level and to time zero. Relative fluorescence intensity at the damage
site is shown. Error bars represent standard error (n � 10). A representative of two independent experiments is
shown. (B) Clone 13 cells were either induced with Dox for 4 h to stimulate E4orf4 expression (�E4orf4) or were
left uninduced (�E4orf4). Nuclear extracts were subjected to immunoprecipitation with a monoclonal antibody
against phospho-serine (pSer) or with a Flag-tagged antibody, used as a negative control. The presence of PARP-1
in the immune complexes was determined by a Western blot analysis, and a representative blot is shown.
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recruitment to DNA damage sites and the ability of E4orf4 to inhibit damage signaling
and to induce cell death when it is expressed alone.

Many proteins recruited to sites of DNA damage by PARP-1 do so by direct
interaction with PAR chains (54). As our results showed that PARP-1 activity was
required for recruitment of E4orf4 to laser microirradiated sites, we set out to determine
whether E4orf4 can bind PAR chains. Indeed, a synthetic PAR polymer bound to
dot-blotted recombinant GST-E4orf4 and to recombinant GST-PP2A-B55 as well as to
purified histone H3, a known PAR-binding protein and positive control. The PAR
polymer did not bind GST alone (Fig. 11E). These results indicate that when expressed
outside the context of virus infection, E4orf4 is recruited to DNA damage sites most
likely via direct interaction with PAR chains.

DISCUSSION

Many DNA viruses evolved ways to inhibit the DDR, which acts as an antiviral
defense system. The importance of DDR inhibition to Ad infection is indicated by the
variety of Ad proteins that participate in this process. E1B-55K, E4orf6, E4orf3, E4orf4,
and core protein VII were all shown to contribute to inhibition of DDR branches
regulated by ATM and ATR (28, 46, 47, 55, 56). Studies of the Ad E4orf4 protein revealed
that this protein interferes with several different branches of the DDR. It was previously
reported that E4orf4 reduced ATM and ATR signaling in virus-infected and in drug-
treated cells but that neither kinase was required for inhibition of the other kinase by
E4orf4 (28). It was then shown that DNA-PK was required for inhibition of ATM and ATR
signaling by E4orf4 but that later in infection E4orf4 inhibited DNA-PK itself (30). In the
current report we demonstrate that E4orf4 associates with PARP-1 and inhibits virus-
and drug-induced parylation. The combined results indicate that E4orf4, which binds at
least two DNA damage sensors (DNA-PK and PARP-1), has a multifaceted effect on the
DDR, facilitating inhibition of various branches of this network.

It has been previously reported that Ad genome replication induced cellular pary-
lation and that some late Ad proteins could be parylated (19). PAR polymer was
suggested to act as a signaling molecule that induces cell death (57, 58), and its
accumulation could possibly lead to premature death of Ad-infected cells. In addition,
overstimulation of PARP activity leads to increased utilization of NAD�, the PARP
substrate, resulting in NAD� depletion as well as depletion of ATP, a precursor of NAD�.
This depletion may cause necrotic cell death (59). Thus, inhibition of parylation would

FIG 10 PARP inhibition enhances Ad replication. HeLa cells were infected with the Ad mutants dl366*
and dl366*�E4orf4 at 30 FFU/cell. Cells were treated with a PARP inhibitor (PARPi) starting at 2 h p.i. or
were left untreated. Viruses were collected from infected cells at 24 h postinfection, and their titers were
determined. An average of two independent experiments is shown. Error bars represent standard error.
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FIG 11 The role of PARP-1 in E4orf4-induced cell death. (A) HeLa cells were transfected with a plasmid expressing E4orf4 or with
a control plasmid expressing the RFP protein. The cells were either left untreated or treated with a PARP inhibitor (4 �M; PARPi)
at 3 h posttransfection, and another PARPi aliquot was added 12 h later. The cells were fixed at 24 h posttransfection and
immunostained with an antibody against E4orf4 and counterstained with DAPI. Induction of cell death was measured by a DAPI
assay. E4orf4-induced cell death in the absence of the PARP inhibitor was defined as 1, and relative cell death levels were
determined for the other groups. The average of three independent experiments is shown. At least 150 transfected cells were
analyzed in each experiment. Error bars represent standard error. Statistical significance was determined by a Student’s t test (*,
P � 0.015). (B) Recruitment of E4orf4-GFP to DNA damage sites and the effect of a specific PARP inhibitor (olaparib; PARPi) are
shown as the percentage of cells in which E4orf4-GFP accumulated at laser-microirradiated sites. Error bars represent standard
deviation (n � 25 from two independent experiments). (C) HeLa cells were transfected with an empty vector or with plasmids
expressing WT E4orf4 or an E4orf4 mutant unable to bind PP2A (Mut E4orf4) from a Dox-inducible promoter. The cells were
induced with Dox for 4 h and were treated with 0.5 ng/�l neocarzinostatin (NCS) or 4 �M PARP inhibitor (olaparib; PARPi) for 1 h
prior to harvest. One set of cells was left untreated. Whole-cell extracts were subjected to Western blot analysis with the specified
antibodies, and a representative blot is shown. The parts of this blot showing proteins in the presence or absence of a PARP

(Continued on next page)
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be beneficial for the virus as premature cell death would be attenuated, and ATP would
not be dangerously depleted, relieving inhibition of ATP-dependent processes. Fur-
thermore, inhibition of PARP contributed to the ability of E4orf4 to reduce ATM and
possibly ATR signaling (Fig. 6), and inhibition of these DDR branches also increased the
efficiency of Ad replication (28). Thus, inhibition of parylation by E4orf4 could increase
virus replication via several mechanisms. We showed here that chemical inhibition of
PARP moderately enhanced propagation of the Ad dl366* mutant virus lacking E4orf4
(Fig. 10). This moderate enhancement could be explained, at least in part, by the finding
that the dl366* virus itself provided gene products that reduced parylation to some
extent (Fig. 7B), and thus addition of another PARP inhibitor did not exhibit the full
effect of PARP inhibition on virus infection. The observation that the impact of PARP
inhibition on infection with the mutant virus expressing E4orf4 (dl366*�E4orf4) was
weaker than its impact on dl366* infection (Fig. 10) is consistent with the conclusion
that reduced parylation by E4orf4 contributed to enhanced Ad replication reported in
the presence of E4orf4 (30).

Inhibition of PARP during Ad infection could be achieved by at least two mecha-
nisms. One involves the E4orf4-dependent decrease in PARP-1 phosphorylation
(Fig. 9B), which also contributes to PARP-1 inhibition following non-virus-induced DNA
damage. The other could be linked to the sequestration of PARP inside RCs, as seen in
Fig. 4. In addition, as reported previously (19), the Ad E1B-55K and E4orf3 proteins
inhibit some consequences of PARP activity, and these results further confirm the
importance of counteracting PARP signaling during Ad infection.

The nature of the contribution of PARP inhibition to E4orf4-reduced ATM and ATR
signaling has not yet been defined. However, it was formerly shown that parylation of
various substrates influenced ATM and ATR recruitment to chromatin and contributed
to their activity (60, 61) or to the activity of their substrates (62). Therefore, inhibition
of parylation could impact the E4orf4 effect on these pathways. Still, inhibition of ATM
and ATR signaling cannot be due solely to diminished parylation because decreasing
parylation in the context of a dl366* virus infection did not by itself reduce ATM and
ATR signaling (Fig. 6). Chemical PARP inhibition replaced the requirement for E4orf4
binding to PARP-1, which leads to PARP inhibition. Under these conditions, the inter-
action of E4orf4 with DNA-PK could provide the additional contribution required for
attenuation of ATM and ATR signaling (30). Based on the results described here and in
Nebenzahl-Sharon et al. (30), we suggest that the combined functional interactions of
E4orf4 with PARP-1 and DNA-PK are required to achieve a more complete effect of
E4orf4 on the DDR.

The finding that E4orf4 is recruited to nonviral DNA damage sites in a PARP-
dependent manner but inhibits PARP activity suggests that E4orf4 is first recruited to
the damage sites, interacts with PARP-1, and then inhibits this enzyme. During Ad
infection, E4orf4 and PARP-1 are both recruited to viral RCs as soon as RCs are visualized
by DBP staining (Fig. 3) (30). The finding that E4orf4 and PARP-1 are recruited to Ad RCs
independently suggests that they likely interact only after recruitment, leading to PARP
inhibition by E4orf4. PARP-1 recruitment to RCs may occur similarly to its recruitment
to DNA damage foci, and E4orf4 recruitment may require other early Ad proteins.

The discovery that PARP inhibition decreased the ability of E4orf4 to induce cell
death is consistent with the requirement of PARP-1 activity for recruitment of E4orf4 to

FIG 11 Legend (Continued)
inhibitor are from the same exposed blot, but some lanes were removed from the middle. The control lanes of this figure (without
PARPi) were previously shown, combined with the missing lanes demonstrating the effect of a DNA-PK inhibitor on the ability of
E4orf4 to reduce Chk1 phosphorylation (Fig. 2D in reference 30). (D) Blots as described in panel C from two independent
experiments were subjected to densitometry. Relative phosphorylation levels of Chk1 were calculated as described for Fig. 6B and
are shown in the graph. Error bars represent standard error (n � 2). Statistical significance was determined by a Student’s t test.
*, P � 0.05; NS, not significant. (E) GST and GST fused to E4orf4 or to the PP2A-B55 subunit, as well as histone H3, were spotted
on two sets of nitrocellulose filters at three concentrations. One filter was incubated with PAR, and the other was left untreated.
At the end of the incubation the filters were washed and probed with antibodies to PAR and then with GST-specific antibodies,
which indicated that the levels of all GST proteins were similar.
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DNA damage sites where it can inhibit PARP-1 itself as well as other DDR proteins,
leading to cancer cell death. As suggested previously, several types of cancer cells have
deficiencies in components of DNA damage signaling, and this can make them more
susceptible to inhibition of additional DDR pathways by E4orf4, leading to cancer-
selective cell death. The finding that E4orf4 was recruited to damage sites in only 55%
of the cells is not exceptional, and other examples include recruitment of BRCA1 to
damage foci in only 50% of primary mammary epithelial (PME) cells (63). The degree of
recruitment could be cell cycle dependent (64). The finding that PARP inhibition did not
completely abolish E4orf4-induced cell death may result from the fact that E4orf4
interferes with additional cellular pathways, such as cell cycle regulation (36, 65), and
their disruption can contribute to cancer cell death in a PARP-independent manner. It
is also possible that the activity of the PARP inhibitor diminished with time during the
24-h incubation with the cells even though a second aliquot was added after 12 h.

In summary, this work describes a novel mechanism by which E4orf4 inhibits DNA
damage signaling. Through an interaction with the DNA damage sensor PARP-1 and by
reducing its phosphorylation, E4orf4 inhibits the ability of this enzyme to transmit a
DNA damage signal by parylation. Inhibition of PARP assists E4orf4 in reducing ATM
and ATR signaling and improves virus replication. Outside the context of virus infection,
E4orf4 requires PARP activity to localize to damage sites and to inhibit damage
signaling, an activity that is required for E4orf4-induced cancer-selective cell death.

MATERIALS AND METHODS
Cells, plasmids, transfection, virus mutants, and infections. HeLa, A549, 293T, and U2OS cells

(American Type Culture Collection) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS). Cells used for transfection with tetracycline-inducible
plasmids were cultured for 3 days prior to the start of the experiment in medium containing 10%
tetracycline-free FCS (BD Bioscience or PAN-Biotech GmbH). Clone 13 and clone 3 cells containing
Dox-inducible WT E4orf4 and the R81A/F84A E4orf4 mutant, respectively, were generated in our
laboratory from T-Rex-293 cells (Invitrogen/Life Technologies) (28). L11 cells containing a Dox-inducible
PP2A-B55alpha short hairpin RNA (shRNA) were constructed similarly (28).

GST and GST-E4orf4 as well as the PP2A-B55alpha mutant resistant to the PP2A-B55alpha shRNA have
been previously described (20, 43). WT E4orf4 (20), WT E4orf4-GFP, and the R81A/F84A E4orf4 mutant
that does not bind PP2A (45) were cloned into the tetracycline-inducible pcDNA4/TO vector (Invitrogen).
The plasmids were transfected together with a plasmid expressing the tetracycline repressor (pcDNA6/
TR; Invitrogen), using TurboFect (ThermoFisher Scientific), according to the manufacturer’s instructions.
One day later the cells were induced with 1 �g/ml Dox for 3 to 4 h. When required by the experiment,
H2O2 was added 10 min prior to harvest at a concentration of 1 m�, and the following reagents were
added for the last hour of E4orf4 induction: a PARP inhibitor (4 �M olaparib; Selleck Chem), 50 nM
okadaic acid (Santa Cruz Biotech), and 0.5 ng/�l neocarzinostatin (NCS).

Adenovirus mutants dl309 (phenotypically wild-type Ad5 in tissue culture), dl358 (dl309 backbone,
lacking E4orf4) (66, 67), dl366*, lacking the complete E4 region, and dl366*�E4orf4, lacking all E4 open
reading frames (ORFs) except E4orf4 (48), were propagated and titers were determined on W162 cells (T.
Shenk, Princeton University [68]). dl366* and dl366*�E4orf4 virus infections were performed at a
multiplicity of 30 fluorescence-forming units (FFU) per cell in HeLa cells. dl309 and dl358 infections were
performed at 10 FFU per cell. The PARP inhibitor (olaparib; Selleck Chem) was added to infected cells at
2 h postinfection at a final concentration of 4 �M and was added again to the cells at 13 h postinfection
using the same concentration. Untreated cells received equal quantities of the solvent. Infected cells
were harvested for protein extraction, immunostaining, or virus collection at the times indicated in the
figures and figure legends.

GST pulldown assays, cell extracts, immunoprecipitation, and Western blot analysis. Purifica-
tion of glutathione S-transferase (GST) fusion proteins from bacteria and GST pulldown assays were
previously described (43). Whole-cell extracts were prepared in SDS sample buffer (62.5 mM Tris-HCl, pH
6.8, 2% SDS, 50 mM dithiothreitol [DTT], 10% glycerol), and viscosity was reduced by passage several
times through a 27-gauge needle after a 3-min incubation at 95°C. Proteins were analyzed by Western
blotting using the antibodies indicated in the figures. For immunoprecipitation assays, cell extracts were
prepared by the Dignam method (53). Dignam buffer C (20 mM HEPES-KOH, pH 7.9, 420 mM NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 25% [vol/vol] glycerol) was supplemented with 2� cOmplete
protease inhibitor cocktail (Sigma), protease inhibitor cocktails for cells and yeast extracts (1:50 and 1:125,
respectively; Sigma), and phosphatase inhibitor cocktails 2 and 3 (1:100; Sigma). Immunoprecipitation
reactions for in vitro parylation assays were performed with cell extracts prepared in lysis buffer (50 mM
Tris-HCl [pH 7.4], 250 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 0.5% Nonidet P-40) supplemented with
similar protease and phosphatase inhibitors.

Blot images were scanned with an Epson Photo 4990 scanner and were processed using Adobe
Photoshop CS2. Band intensities were quantified using TotalLab software.
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Antibodies were used as follows: E4orf4 (34); E1B-55K (clone 2A6) (69); Ad capsid proteins (a gift from
T. Dobner); PP2A-C and PARP-1 (mouse) (BD Transduction Laboratories); PARP-1 (rabbit) (Cell signaling);
PAR (Enzo Life Sciences); HA tag (Covance); pATM-S1981 and ATM (mouse) (Epitomics); pChk1-S345, ATM
(rabbit), and Chk1 (Santa Cruz); Akt and pAkt (R&D Systems); pSer (Q5) (Qiagen); Flag tag and alpha-
tubulin (Sigma); GST (Millipore).

Laser microirradiation. U2OS cells were presensitized with 10 �M Hoechst 3334 dye (Sigma) for
15 min at 37°C. Laser microirradiation was performed using an inverted confocal microscope (LSM-700;
Zeiss) equipped with a CO2 module and a 37°C heating chamber. A preselected spot within the nucleus
was microirradiated with 10 iterations of a 405-nm laser with 100% power to generate localized DNA
damage. Time-lapse images were acquired at 15-s time intervals. The fluorescence intensity of signals at
laser microirradiated sites was measured using Zen 2009 software (Carl Zeiss). Data obtained were
corrected for the loss of total fluorescence and normalized to the initial intensity.

Cell death assay: the DAPI assay. DAPI assays, which determine nuclear aberrations, have been
described previously (53, 70). The fraction of E4orf4-expressing cells with condensed, abnormal, or
fragmented nuclei was determined in each experiment by counting at least 150 transfected nuclei. The
average of two experiments was calculated. Error bars represent standard error, and statistical signifi-
cance of the results was determined by a Student’s t test.

Immunofluorescence microscopy. HeLa cells were seeded on glass coverslips and infected as
described above. At appropriate time points, the cells were washed with phosphate-buffered saline
(PBS), fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized with PBS
containing 0.25% Triton X-100 for 10 min at room temperature, and washed with PBS. The cells were
blocked with PBS containing 10% goat serum and then incubated with primary antibodies diluted in
blocking buffer. The antibodies used were anti-DBP rabbit polyclonal antibody (generously provided by
Peter van der Vliet, University of Utrecht) and anti-PARP-1 mouse monoclonal antibody (Sigma-Aldrich).
The cells were washed and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
and tetramethyl rhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG (Invitrogen). The cells
were washed a final time and mounted on slides with Immu-Mount (Thermo Shandon). Images were
captured using a 63� objective with a Zeiss Axiovert 200 M digital deconvolution microscope and
analyzed with AxioVision, version 4.8.2, SP3 software. For high-resolution microscopy, images were
captured using a 100� objective with a Nikon N-SIM microscope. Image processing, reconstruction, and
analysis were carried out using NIS-Elements Ar/NIS-Elements C software and NIS-A N-SIM Analysis. 3D
renderings were generated using Imaris software.

PAR binding. A PAR binding protocol was adapted from Rulten et al. (71). Briefly, dilutions of GST,
GST-E4orf4, GST-PP2A-B55, and histone H3 were made in PBS and applied to nitrocellulose membrane by
vacuum. The membrane was blocked in 5% nonfat milk in binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM
NaCl) for 1 h. PAR (50 nM; Trevigen) was incubated with the membrane for 45 min in the same buffer and then
rinsed three times with binding buffer for 5 min. The membrane was then incubated with anti-PAR antibody
(10 H; Enzo Life Sciences) overnight and then washed again. PAR interactions were detected using anti-mouse
horseradish peroxidase conjugate followed by chemiluminescence.

In vitro parylation. Parylation reactions were performed by adding 25 �l of reaction buffer (50 mM
Tris-HCl [pH 8.0], 20 mM NaCl, 4 mM MgCl2, 0.5 mM NAD� [Merck Millipore], 0.25 mM DTT, 33.5 ng of
sonicated salmon sperm DNA) to E4orf4 or control immune complexes bound to protein Sepharose A
beads. Purified PARP-1 (2.94 ng, or 0.1 units; Trevigen) was added to each reaction mixture, and reaction
mixtures were incubated for 15 min at 37°C with shaking at 1,000 rpm. One set of each immune complex
(control and E4orf4) was incubated similarly in the absence of purified PARP-1. Reactions were termi-
nated by addition of SDS sample buffer without glycerol, and products were boiled at 100°C for 3 min
and loaded onto nitrocellulose filter using a dot blot apparatus. Parylation was detected by staining the
membrane with anti�PAR serum solution (10 H; Enzo Life Sciences).
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