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ABSTRACT The adenovirus (Ad) E4orf4 protein contributes to virus-induced inhibi-
tion of the DNA damage response (DDR) by reducing ATM and ATR signaling. Con-
sequently, E4orf4 inhibits DNA repair and sensitizes transformed cells to killing by
DNA-damaging drugs. Inhibition of ATM and ATR signaling contributes to the effi-
ciency of virus replication and may provide one explanation for the cancer selectiv-
ity of cell death induced by the expression of E4orf4 alone. In this report, we investi-
gate a direct interaction of E4orf4 with the DDR. We show that E4orf4 physically
associates with the DNA-dependent protein kinase (DNA-PK), and we demonstrate a
biphasic functional interaction between these proteins, wherein DNA-PK is required
for ATM and ATR inhibition by E4orf4 earlier during infection but is inhibited by
E4orf4 as infection progresses. This biphasic process is accompanied by initial aug-
mentation and a later inhibition of DNA-PK autophosphorylation as well as by colo-
calization of DNA-PK with early Ad replication centers and distancing of DNA-PK
from late replication centers. Moreover, inhibition of DNA-PK improves Ad replica-
tion more effectively when a DNA-PK inhibitor is added later rather than earlier dur-
ing infection. When expressed alone, E4orf4 is recruited to DNA damage sites in a
DNA-PK-dependent manner. DNA-PK inhibition reduces the ability of E4orf4 to in-
duce cancer cell death, likely because E4orf4 is prevented from arriving at the dam-
age sites and from inhibiting the DDR. Our results support an important role for the
E4orf4 –DNA-PK interaction in Ad replication and in facilitation of E4orf4-induced
cancer-selective cell death.

IMPORTANCE Several DNA viruses evolved mechanisms to inhibit the cellular DNA
damage response (DDR), which acts as an antiviral defense system. We present a novel
mechanism by which the adenovirus (Ad) E4orf4 protein inhibits the DDR. E4orf4 inter-
acts with the DNA damage sensor DNA-PK in a biphasic manner. Early during infection,
E4orf4 requires DNA-PK activity to inhibit various branches of the DDR, whereas it later
inhibits DNA-PK itself. Furthermore, although both E4orf4 and DNA-PK are recruited to
virus replication centers (RCs), DNA-PK is later distanced from late-phase RCs. Delayed
DNA-PK inhibition greatly contributes to Ad replication efficiency. When E4orf4 is ex-
pressed alone, it is recruited to DNA damage sites. Inhibition of DNA-PK prevents both
recruitment and the previously reported ability of E4orf4 to kill cancer cells. Our results
support an important role for the E4orf4–DNA-PK interaction in Ad replication and in fa-
cilitation of E4orf4-induced cancer-selective cell death.
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The detection and repair of DNA damage in cells are accomplished by the DNA
damage response (DDR) network. DNA damage is recognized by sensor proteins,

including poly(ADP-ribose) polymerase 1 (PARP-1) (1, 2), KU proteins (3), or the MRN
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complex, consisting of the Mre11, Rad50, and Nbs1 proteins (4–7). The sensors recruit
proteins that transduce the signal to chromatin, to cellular checkpoints, and to the repair
machinery, facilitating DNA repair (8). Signal transducers include the phosphatidylinositol
3-kinase-like protein kinase (PIKK) family members ataxia-telangiectasia mutated (ATM),
ATM and Rad3related (ATR), and the DNA-dependent protein kinase (DNA-PK) (reviewed in
references 9 and 10).

When double-strand breaks (DSBs) occur, KU proteins rapidly sense the damage and
bind at the damage site, recruiting the kinase catalytic subunit DNA-PKcs within
seconds, to create the DNA-PK holoenzyme at the DSB. Subsequent translocations at
the DSB allow DNA-PKcs to interact directly with the DSB end and to be activated. The
DNA-PK kinase activity is required for DNA repair through nonhomologous end joining
(NHEJ) and was also implicated in repair through homologous recombination (HR)
(reviewed in references 3 and 11). At the DSB, DNA-PKcs itself is phosphorylated at
more than 40 sites, some of which are clustered to specific regions in the protein. The
phosphorylation events at these sites include autophosphorylation as well as phos-
phorylation by other DDR kinases (12–15). DNA-PK activation is manifested by auto-
phosphorylation at S2056 and possibly also T2609 (12, 16), although some reports
indicate that T2609 may be phosphorylated by ATM and ATR as well (13, 15, 17, 18).
Phosphorylation at S2056 and T2609 has been suggested to cause conformation
changes that are required for DNA-PK disassembly from DSB sites and facilitate the
ligation of DNA ends (reviewed in references 19 and 20). DNA-PK has several functions
besides its contribution to DNA repair, including roles in transcriptional regulation,
metabolism, innate immunity, and mitosis, among others (11, 20, 21).

Viral DNA products accumulating during infection with DNA viruses, including linear
double-stranded viral genomes and replication intermediates, may be recognized by
the cell as DNA damage and may consequently activate the DDR. Unhindered DDR
activation may lead to “repair” of viral genome ends by their ligation and could result
in inhibition of virus replication (22). To increase their replication efficiency, many DNA
viruses, including adenoviruses (Ads), acquired mechanisms to attenuate the DDR (23,
24). On the other hand, several viruses also recruit activated DDR enzymes to aid in
processes required for virus replication (23, 25). Inhibition of the DDR during Ad
infection requires several Ad E4 gene products as well as the E1B-55K protein (early
region 1B, 55 kDa) (26–29).

DNA-PK was reported to functionally interact with three Ad proteins. The E4orf3 and
E4orf6 proteins associate with DNA-PK to inhibit viral genome concatenation (30),
whereas the L4-33K protein, an alternative splicing factor, is phosphorylated and
inhibited by DNA-PK (31). In the absence of DNA-PK, the L4-33K protein is able to shift
more efficiently Ad mRNA splicing from early to late mRNA patterns.

The Ad E4orf4 protein performs several functions in the course of infection, which
contribute to efficient progression of virus replication. Its functions include regulation
of early viral gene expression, induction of alternative splicing of viral RNAs, and
modulation of protein translation (32–39). Furthermore, E4orf4 was recently shown to
contribute to inhibition of the cellular DDR by Ad, through effects on ATM and ATR
signaling, thus increasing the efficiency of Ad replication (26). When E4orf4 is expressed
alone, outside the context of virus infection, it initiates a nonclassical cell death process
that is both p53 and caspase independent. However, this process can lead eventually
to classical caspase-dependent apoptosis in various types of cells (40–43). The known
mechanisms that underlie E4orf4-induced cell death are well conserved in evolution
and have been shown to contribute to cell killing by E4orf4 in several organisms,
including Saccharomyces cerevisiae, Drosophila melanogaster, and mammalian cells
(44–48). Interestingly, E4orf4 was reported to kill cancer cells more efficiently than
normal cells (49), evoking the possibility that studies of the underlying mechanisms
may provide new avenues for cancer therapy. The cancer selectivity of E4orf4-induced
cell death could result from several E4orf4 activities and will be better understood once
knowledge of the underlying mechanisms is improved (39, 50). Inhibition of the DDR by
E4orf4 may contribute to this cancer-selective cell death because DDR modules are
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defective in many types of cancer, making the tumor cells more dependent on residual
DNA damage signaling and, thus, more sensitive to DDR inhibitors, including E4orf4.

Protein phosphatase 2A (PP2A) is an important protein partner of E4orf4 which
contributes to several E4orf4 functions, including attenuation of the DDR (26, 39,
49–53). PP2A is a heterotrimeric enzyme containing a catalytic subunit (C), a scaffolding
subunit (A), and one of several regulatory B subunits that belong to at least four
unrelated gene families and which determine the specificity of the PP2A holoenzyme
toward various substrates (54). Studies of the mechanisms underlying E4orf4 action
have revealed that E4orf4 associates with regulatory B subunits of PP2A (51, 53). All
three types of PP2A subunits (A, B, and C) are present in the E4orf4-PP2A complex, and
this complex possesses substantial phosphatase activity (47, 51, 53).

In this work, we investigated one of the mechanisms by which E4orf4 directly affects
the DDR via a physical association with the DNA damage sensor DNA-PK. The charac-
terization of this interaction and its consequences for virus infection and E4orf4-
induced cell death is described.

RESULTS
E4orf4 associates with DNA-PKcs and KU70. Mass spectrometry analysis of nu-

clear proteins that coimmunoprecipitated with the Ad E4orf4 protein suggested that
E4orf4 associates with the DNA-PK catalytic subunit (DNA-PKcs) and with KU proteins.
To validate this interaction, HCT116 cells expressing E4orf4 from a doxycycline (Dox)-
inducible promoter were induced for 3 h by Dox to activate E4orf4 expression or were
left untreated, and E4orf4 was immunoprecipitated from the cell extracts. As shown
in Fig. 1A, DNA-PKcs was found in immune complexes precipitated from E4orf4-
expressing cells but not in those from control cells. A reciprocal immunoprecipitation
using a DNA-PKcs-specific antibody verified that E4orf4 associated with DNA-PKcs, and
a parallel immunoprecipitation with a control isotype-matched antibody demonstrated
the specificity of this assay (Fig. 1B). In addition, KU70, encoded by the XRCC5 gene, also
associated with E4orf4 (Fig. 1A). To test whether the interaction with KU70 was
DNA-PKcs dependent, a similar immunoprecipitation experiment was performed using
extracts from MO59J-Fus9 cells lacking DNA-PK (Fig. 1C). Figure 1D demonstrates that
E4orf4 could interact with KU70 in the absence of DNA-PKcs.

Characterization of the interaction between E4orf4 and DNA-PKcs. PP2A was
reported to contribute to all E4orf4 functions known to date (reviewed in references 39
and 50), and we therefore examined whether PP2A contributed to the interaction
observed between E4orf4 and DNA-PKcs. HCT116 cells inducibly expressing wild-type
E4orf4 (WT-E4orf4) or the R81F84A E4orf4 mutant that does not bind PP2A (52) and
cells containing the corresponding empty vectors were induced with Dox for 3 h, and
protein extracts were subjected to immunoprecipitation with E4orf4-specific antibod-
ies. Figure 1E demonstrates that DNA-PKcs was detected in immune complexes with
both WT and mutant E4orf4 proteins, but the mutant protein interacted with DNA-PKcs
slightly less efficiently than WT-E4orf4. To examine whether PP2A activity was required
for the E4orf4 –DNA-PKcs interaction, WT-E4orf4 was immunoprecipitated from cells
that were treated with the phosphatase inhibitor okadaic acid for the last hour prior to
harvest. As shown in Fig. 1E, treatment with okadaic acid reduced the levels of
DNA-PKcs in the E4orf4 immune complexes but did not eliminate the interaction. To
ascertain whether the okadaic acid concentrations used in the experiment were
effective in reducing PP2A activity, phosphorylation of pAkt-S473, one of the known
PP2A substrates, was examined. As shown in Fig. 1F, pAkt-S473 phosphorylation was
strongly increased in the okadaic acid-treated cells, regardless of E4orf4 expression,
indicating that the inhibitor worked well. The results suggest that PP2A activity
improves the association of E4orf4 with DNA-PKcs, although it is not absolutely
required to maintain it.

In addition to testing the contribution of PP2A to the E4orf4 –DNA-PKcs interaction,
we used two approaches to examine whether the activity of DNA-PKcs itself was
required to facilitate this interaction. First, we examined whether DNA damage affected
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the E4orf4 –DNA-PKcs association. E4orf4 expression was induced by Dox for 3 h in
HCT116 cells, and the cells were subjected to treatment with the radiomimetic drug
neocarzinostatin (NCS) for 1 h prior to harvest. NCS treatment resulted in activation of
DNA-PK, manifested by increased phosphorylation of DNA-PKcs at the autophosphor-
ylation site S2056, but the interaction with E4orf4 was not affected (Fig. 1G). In the

FIG 1 E4orf4 associates with DNA-PKcs and KU70. (A) HCT116 cells were transfected with a plasmid expressing the
tetracycline repressor together with a plasmid expressing doxycycline (Dox)-inducible E4orf4 or an empty vector.
The cells were induced for 3 h by Dox to activate E4orf4 expression or were left untreated, and E4orf4 was
immunoprecipitated (IP) from the cell extracts. Proteins from input lysates and immune complexes were separated
on SDS gels and subjected to Western blot analysis with the indicated antibodies. A representative blot is shown.
(B) Cell extracts as described above for panel A were subjected to immunoprecipitation with a DNA-PKcs-specific
antibody or with a control, isotype-matched, Flag tag-specific antibody. Western blot analysis of input and
immunoprecipitated proteins was performed, and a representative blot is shown. (C) MO59J-Fus9 and MO59J-Fus1
cell extracts were subjected to Western blot analysis with the indicated antibodies. (D) MO59J-Fus9 cells were
transfected as described above for panel A, and cell extracts were subjected to immunoprecipitation with
E4orf4-specific antibodies. A representative blot shows analysis with the indicated antibodies. (E) HCT116 cells were
transfected with a plasmid expressing the tetracycline repressor together with plasmids expressing Dox-inducible
WT-E4orf4 or the R81F84A mutant or an empty vector. The cells were induced for 3.5 h by Dox to activate E4orf4
expression or were left untreated. One set of cells was subjected to treatment with 0.4 �M okadaic acid for 1 h prior
to harvest. A representative blot is shown. (F) HCT116 cells were treated as described above for panel E. Whole-cell
extracts were prepared in SDS buffer, and a Western blot was stained with antibodies against pAkt-S473 and total
Akt, which served as a loading control. (G) HCT116 cells were transfected with a plasmid expressing WT-E4orf4 from
a Dox-inducible promoter or with an empty vector. The cells were induced with Dox for 3.5 h and treated with
0.5 ng/�l NCS or 0.01 mM the DNA-PK inhibitor NU7441 (DNA-PKi) for 1 h and 1.5 h prior to harvest, respectively.
One set of cells was left untreated. Whole-cell extracts were prepared and subjected to immunoprecipitation with
an E4orf4-specific antibody. The presence of DNA-PKcs and PP2A-C in the immune complexes or input lysates was
determined by Western blot analysis using the specified antibodies, and a representative blot is shown.
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second approach, we examined the interaction between E4orf4 and DNA-PKcs in the
presence of a DNA-PK inhibitor. This inhibitor, NU7441, is a widely used, highly specific
DNA-PK inhibitor, which is more than 1,000-fold less effective against ATM and ATR
(55). As demonstrated in Fig. 1G, although the inhibitor efficiently reduced DNA-PKcs
autophosphorylation at S2056, it did not affect the E4orf4 –DNA-PKcs interaction.
Therefore, DNA-PK activity is not required for the association of this enzyme with
E4orf4.

Inhibition of DNA-PK activity obstructs the ability of E4orf4 to reduce virus- or
DNA damage-induced phosphorylation of ATM and Chk1. We have previously
reported that E4orf4 inhibits DNA damage signaling through the ATM and ATR
branches of the DDR, as demonstrated by its ability to reduce the phosphorylation of
ATM and ATR substrates (26). However, we obtained no indication that E4orf4 interacts
with ATM or ATR. Since E4orf4 associates with DNA-PK (Fig. 1), we examined whether
DNA-PK activity was required for the ability of E4orf4 to reduce ATM and ATR signaling.
HeLa cells were mock infected or infected with an Ad mutant lacking the E4 region
(dl366*), which is unable to inhibit the DDR, or with the mutant virus dl366*�E4orf4,
which lacks all E4 open reading frames (ORFs) except E4orf4. These mutant viruses were
utilized to investigate the effect of E4orf4 on the virus-induced DDR without the
additional complexity introduced by the presence of other E4 proteins that affect the
DDR. As previously reported (26) and as shown in Fig. 2A to C, the dl366* mutant virus
activated the DDR, as manifested by enhanced phosphorylation of ATM and the ATR
substrate Chk1, whereas the presence of E4orf4 in the dl366*�E4orf4 virus resulted in
significantly reduced ATM and Chk1 phosphorylation levels. In contrast, when the cells
were infected with the same virus mutants in the presence of a DNA-PK inhibitor,
phosphorylation of ATM and Chk1 was not reduced as efficiently by E4orf4. It should be
noted that incubation of cells with the DNA-PK inhibitor for several hours consistently
reduced total Chk1 protein levels, as shown in Fig. 2A. Overall, the results demonstrate
that an active DNA-PK is required for inhibition of ATM and ATR signaling by E4orf4
during Ad infection.

Similar results were obtained when E4orf4 was expressed alone and DNA damage
was induced by NCS treatment. Figure 2D demonstrates that WT-E4orf4 reduced
NCS-induced Chk1 phosphorylation, whereas inhibition of DNA-PK prevented the
reduction of Chk1 phosphorylation by E4orf4 and even led to an increase in pChk1
levels. As described above, the R81F84A E4orf4 mutant that is unable to bind PP2A did
not decrease Chk1 phosphorylation. Furthermore, when expressed alone, WT-E4orf4
did not reduce DNA-PKcs autophosphorylation at S2056 to a significant degree (Fig. 1G
and Fig. 2D).

Because the interaction between E4orf4 and PP2A was shown to be required for
inhibition of ATM and ATR signaling by E4orf4 (26), we examined whether DNA-PK
inhibition affected this interaction. However, as demonstrated in Fig. 1G, E4orf4 could
bind the PP2A-C subunit equally well in the presence or absence of the inhibitor,
indicating that inhibition of DNA-PK did not interfere with E4orf4 signaling by disrupt-
ing the E4orf4-PP2A interaction.

E4orf4 reduces DNA-PKcs autophosphorylation during Ad infection, but this is
not an immediate early event. Because E4orf4 inhibited ATM- and ATR-regulated
damage signaling in a DNA-PK-dependent manner, we examined whether DNA-PK
activity was influenced by E4orf4 during Ad infection. HCT116 cells were infected with
the mutant viruses dl366* and dl366*�E4orf4 or were left uninfected. Cell extracts were
prepared at various times postinfection (p.i.), and DNA-PKcs autophosphorylation at
S2056 was determined as an indication of DNA-PK activity. Figures 3A and B demon-
strate that at 14 h postinfection, dl366* infection enhanced DNA-PKcs S2056 phosphor-
ylation, and E4orf4 in the dl366*�E4orf4 virus did not reduce this phosphorylation and
even augmented it. ATM and Chk1 phosphorylation levels were reduced in the pres-
ence of E4orf4 (dl366*�E4orf4) at the same time point, compared with their levels in
cells infected with dl366*. However, as infection with the dl366*�E4orf4 virus pro-
gressed, DNA-PKcs autophosphorylation was decreased compared with its levels in
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FIG 2 DNA-PK activity is required for inhibition of the ATM and ATR signaling pathways by E4orf4. (A)
HeLa cells were either mock infected or infected with the Ad mutants dl366* lacking the whole E4 region
and dl366*�E4orf4 expressing E4orf4 as the only E4 ORF. A DNA-PK inhibitor (DNA-PKi) (NU7441) was
added to the infected cells for the duration of the infection starting at 2 h p.i., and another group of
infected cells was left untreated. Proteins were harvested at 24 h p.i., and Western blot analysis was
carried out with the indicated antibodies for phosphorylated and nonphosphorylated proteins. One
representative blot is shown. The parts of this blot showing proteins in the presence or absence of a
DNA-PK inhibitor are from the same exposed blot, but some lanes were removed from the middle. An
additional short exposure of pATM in the presence of the DNA-PK inhibitor is shown to demonstrate
more clearly the similarities in band intensities between the two infections. (B and C) Blots as described
above for panel A from three independent experiments were subjected to densitometry. The levels of
phosphorylated ATM and Chk1 as well as of the total proteins were calculated, and phosphoprotein
levels were normalized to levels of the total corresponding protein. Normalized phosphoprotein 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 (n � 3). Error bars represent standard errors. Statistical
significance was determined by Student’s t test. *, P � 0.02. (D) HeLa cells were transfected with a
plasmid expressing WT-E4orf4 from a Dox-inducible promoter or with an empty vector. The cells were

(Continued on next page)
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dl366*-infected cells, and ATM and Chk1 phosphorylation continued to be reduced. The
DNA-PKcs phosphorylation level remained low in the presence of E4orf4 at least up to
24 h p.i. The transition point from higher to lower DNA-PKcs phosphorylation levels
observed in cells infected with the dl366*�E4orf4 virus was identified following exam-
ination of DNA-PKcs autophosphorylation at several time points during infection.
Similarly, a transition from slightly increased pDNA-PKcs-S2056 phosphorylation to

FIG 2 Legend (Continued)
induced with Dox for 4 h and treated with 0.5 ng/�l NCS or 0.01 mM the DNA-PK inhibitor NU7441 for
1 h and 1.5 h prior to harvest, respectively. One set of cells was left untreated. Whole-cell extracts were
prepared and subjected to Western blot analysis with the specified antibodies, and a representative blot
is shown.

FIG 3 E4orf4 effects on DNA-PKcs autophosphorylation. (A) HCT116 cells were either mock infected or infected with the Ad mutant dl366*, lacking the E4 region,
or with dl366*�E4orf4, lacking all E4 ORFs except E4orf4. Proteins were harvested at the indicated times p.i., and Western blot analysis was carried out with
the specified antibodies. Samples from the 14- to 16-h and from the 24-h time points of this experiment were run on separate gels. (B) Protein bands in blots
from two independent experiments performed as described above for panel A were quantified by densitometry, the levels of phosphorylated proteins were
normalized to the levels of the corresponding total proteins, and the ratios between normalized phosphorylation in dl366*-infected cells (defined as 1) and
parallel values in dl366*�E4orf4-infected cells are shown in a graph (n � 2). Error bars represent the standard errors. (C) HeLa cells were infected as described
above for panel A and harvested for analysis at the indicated time points. All lanes shown are from the same exposed blot, but some lanes were removed from
the middle.
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reduced phosphorylation at this site in the dl366*�E4orf4 virus infection was also
observed in HeLa cells, although its timing was different (Fig. 3C). These E4orf4 effects
did not result from reduced virus concentrations in the cells, as indicated by the similar
levels of the early E1B-55K protein in various infections. Therefore, the results support
the conclusion that E4orf4 inhibits DNA-PK activity, but this E4orf4 effect is delayed in
comparison with inhibition of ATM and ATR signaling.

Inhibition of DNA-PK activity reduces E4orf4 recruitment to DNA damage sites
but does not affect E4orf4 localization to viral replication centers. One mechanism
that could account for the finding that inhibition of DNA-PK prevented E4orf4 from
reducing ATM and ATR signaling is DNA-PK-dependent recruitment of E4orf4 to DNA
damage sites or to viral replication centers (RCs). E4orf4 may not be able to influence
DNA damage signaling if it is unable to reach the damage sites. To examine this
possibility in the case of non-virus-induced DNA damage, we used laser microirradia-
tion to induce localized DNA damage in the nuclei of living cells and determined the
kinetics of recruitment of E4orf4 fused with green fluorescent protein (GFP) to the
damage site by time-lapse microscopy. As shown in Fig. 4A and B, GFP-tagged E4orf4

FIG 4 E4orf4 recruitment to DNA damage sites requires DNA-PK activity. (A) E4orf4-GFP was expressed
for 3 h in U2OS cells. The cells were then treated with Hoechst stain and subjected to laser microirra-
diation. Images were taken by time-lapse microscopy. Recruitment of E4orf4-GFP to a laser-
microirradiated site at various times after irradiation is shown (marked with a white arrow). (B) Recruit-
ment of WT-E4orf4 –GFP, the GFP-tagged R81F84A E4orf4 mutant, and GFP alone to laser-microirradiated
sites was quantified at several time points postirradiation and is plotted in a graph (n � 10). Error bars
represent standard deviations. (C) Recruitment of WT-E4orf4 –GFP to DNA damage sites and the effect of
a specific DNA-PK inhibitor (DNA-PKi) (NU7441) are shown as the percentage of cells in which E4orf4-GFP
accumulated at the laser-microirradiated site (n � 30 from three independent experiments). Error bars
represent standard deviations.
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was efficiently recruited to laser-microirradiated sites, whereas GFP alone was not. The
E4orf4 mutant protein (R81F84A), which is unable to bind PP2A, was recruited to DNA
damage sites as efficiently as the WT-E4orf4 protein (Fig. 4B) suggesting that an
interaction with PP2A was dispensable for this recruitment. However, inhibition of
DNA-PK activity by a highly specific inhibitor (NU7441 [55]) significantly reduced E4orf4
recruitment to laser-microirradiated regions (Fig. 4C). These results demonstrate that an
active DNA-PK is required for E4orf4 recruitment to DNA damage sites.

Next, we examined whether E4orf4 was recruited to virus RCs. HeLa cells were
infected for 24 h with WT-Ad5, and the localization of the Ad DNA binding protein
(DBP), marking viral RCs, and of E4orf4 was determined by immunofluorescence
detected using high-resolution microscopy. Various views of a representative infected
cell nucleus are shown in Fig. 5, including a topological view (Fig. 5A), orthogonal
projections (Fig. 5A and B), and three-dimensional (3D) renderings of two types of RCs,
an early RC in the shape of a small focus and a ring-shaped late RC structure (Fig. 5C)
(56). These images demonstrate that E4orf4 surrounds and grasps DBP-marked RCs,

FIG 5 E4orf4 is recruited to viral RCs in a DNA-PK-independent manner. (A) HeLa cells were infected with WT-Ad5 and were fixed and stained at 24 h p.i. A
high-resolution image of a representative infected nucleus is shown with horizontal and vertical orthogonal projections. (B) Enlarged image of a horizontal
orthogonal projection from the nucleus presented in panel A. (C) Representative 3D renderings of early and late replication centers prepared with Imaris
software. (D) HeLa cells were either mock infected or infected with WT-Ad5 in the presence of the solvent dimethyl sulfoxide (DMSO) or the DNA-PK inhibitor
(DNA-PKi) NU7441. Representative confocal images of cells fixed at 24 h p.i. are shown. (E) MO59K and MO59J cell extracts were subjected to Western blot
analysis with the indicated antibodies. (F) MO59K and MO59J cells were infected with WT-Ad5, fixed at 24 h p.i., and subjected to confocal microscopy.
Representative images are shown.
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with partial colocalization. To determine whether inhibition of DNA-PK influenced the
recruitment of E4orf4 to viral RCs, infections were carried out in the presence or
absence of a DNA-PK inhibitor and subjected to analysis by confocal microscopy. Figure
5D demonstrates that unlike the recruitment of E4orf4 to irradiation-induced damage
sites, the recruitment of E4orf4 to viral RCs was not affected by inhibition of DNA-PK
activity. Similarly, E4orf4 could be recruited equally well to Ad RCs in cells expressing
DNA-PKcs (MO59K) and in cells lacking it (MO59J) (Fig. 5E and F).

DNA-PKcs is recruited to viral replication centers, but colocalization with DBP
is transient. Because we found a biphasic functional interaction between E4orf4 and
DNA-PKcs, wherein DNA-PK was first required for inhibition of ATM and ATR signaling
by E4orf4 but was later inhibited by E4orf4 (Fig. 2 and 3), we investigated whether
DNA-PKcs was recruited to viral RCs and examined the kinetics of recruitment of both
proteins. As shown in Fig. 6A, DBP was found in a diffuse pattern in infected cell nuclei
at 8 h p.i. but concentrated in small replication foci at 12 h p.i. Ringlike RC structures
accumulated at 20 h p.i. and later. In most cells, E4orf4 localized to DBP-marked RCs
synchronously and similarly to DBP. In contrast, DNA-PKcs staining was more hetero-
geneous at 12 h p.i., with clear RC colocalization seen in most cells only later. Further-
more, unlike the focused appearance of DBP and E4orf4 in RCs, DNA-PKcs staining in
the vicinity of RCs appeared more diffuse. A comparison of DNA-PK recruitment to Ad
RCs during infection with phenotypically WT-Ad5 (dl309) or a mutant Ad lacking E4orf4
(dl358) established that the recruitment of this enzyme to RCs was not dependent on
E4orf4 (Fig. 6B).

To examine more concisely the relative localization of DNA-PKcs and DBP, high-
resolution microscopy was utilized to visualize the two proteins. Cells infected for 24 h
were examined because they contained early as well as late RC structures, facilitating
analysis of both. Orthogonal projections of images of the two proteins in a represen-
tative infected cell nucleus as well as 3D renderings of individual RCs indicate that DBP
and DNA-PKcs significantly colocalized in early RCs, whereas DNA-PKcs only slightly
colocalized with DBP in late ringlike RCs and appeared to have been distanced from
these RCs to a neighboring location (Fig. 7).

Inhibition of DNA-PK activity improves the efficiency of Ad replication. Because
we found that during Ad infection, DNA-PK was eventually inhibited by E4orf4 (Fig. 3),
and as it was reported that DNA-PK was the target of additional Ad proteins besides
E4orf4 (30, 31), we investigated the effect of DNA-PK inhibition on the efficiency of Ad
replication using three different cell lines. First, HeLa cells were infected with dl366* or
dl366*�E4orf4 virus, in the presence or absence of a DNA-PK inhibitor added at a
concentration that efficiently inhibited this enzyme (Fig. 2D), and the titer of progeny
virus obtained at 24 h p.i. was determined. As shown in Fig. 8A, the DNA-PK inhibitor
increased the dl366* virus titer significantly by an average of 71-fold, and the titer of
dl366*�E4orf4 was increased 29-fold. To substantiate these results, we also compared
the replication of the Ad mutants in MO59K cells containing WT DNA-PKcs and MO59J
cells lacking it (Fig. 5E). Efficiencies of infection of MO59K and MO59J cells were found
to be dissimilar, and flow cytometry analyses of infections with an Ad-GFP virus were
used to assess relative infectivity. Infection of MO59J cells with Ad-GFP at 50 PFU/cell
and infection of MO59K cells with the same virus at 250 PFU/cell resulted
in �99.9% GFP-positive cells. The cells were then infected with the dl366* and
dl366*�E4orf4 viruses at these multiplicities of infection, and the cytopathic effect of
infection (CPE) was visualized at 3 days p.i. As shown in Fig. 8B, no CPE was observed
in MO59K cells, while a strong CPE, manifested as rounding up and loss of cells, was
seen in MO59J cells infected with 5-fold less virus. These results strongly support the
conclusion that removal of DNA-PK enhanced Ad replication. Based on the findings that
DNA-PK activity at early infection times was required for inhibition of ATM and ATR
signaling by E4orf4 (Fig. 2 and 3) and that inhibition of ATM and ATR signaling also
contributed to Ad infection (26, 57, 58), we explored the possibility that delayed
inhibition of DNA-PK will enhance replication efficiency more effectively than inhibition
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starting at the onset of Ad infection. Immortalized human F-89 fibroblasts (59) were
used in this experiment because Ad infection is much slower in these cells, providing
enough time to track the production of progeny virus after the addition of a DNA-PK
inhibitor at a later time point. First, we confirmed that the early addition of a DNA-PK
inhibitor improved the efficiency of virus replication in these cells by monitoring the

FIG 6 Comparison of the recruitment of DNA-PKcs and E4orf4 to virus replication centers. (A) HeLa cells were infected with WT-Ad5 and fixed at various times
postinfection. One set of cells was stained with DBP and E4orf4 antibodies, while another set was stained with DBP and DNA-PKcs antibodies. Representative
images are shown for each time point. (B) HeLa cells were infected with phenotypically WT-Ad5 (dl309) or a mutant Ad lacking E4orf4 (dl358) and processed
as described above for panel A. hpi, hours postinfection.
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induction of CPE. CPE that accompanied Ad infection in F-89 cells included cell
shrinking, rounding up, and detachment. F-89 cells infected with the mutant Ad viruses
dl366* and dl366*�E4orf4 were subjected to the early addition of the DNA-PK inhibitor
at the onset of virus infection. Figure 8C clearly demonstrates that inhibition of DNA-PK
dramatically increased CPE in infected cells, establishing that virus infection proceeded
more efficiently in the inhibitor-treated cells than in the nontreated cells. Next, the
effects of early versus late addition of the DNA-PK inhibitor on virus titer were
determined at 64 h p.i. Early addition started at 2 h p.i., and late addition started at 24 h
p.i. Figure 8D demonstrates that a delayed inhibition of DNA-PK resulted in significantly
increased replication efficiency of the dl366*�E4orf4 virus in comparison to an early
addition of the inhibitor. However, during infection with the dl366* mutant virus, no
significant difference in virus titers was observed between early and late additions of
the inhibitor.

Since inhibition of DNA-PK increased the efficiency of virus propagation, we set out
to determine which stages of viral infection were most affected by a decline in DNA-PK
activity. Cell extracts were prepared from HeLa cells that were mock infected or infected
with the mutant viruses in the presence or absence of the DNA-PK inhibitor, added at
a concentration that efficiently inhibited this enzyme (Fig. 2D), and the levels of early
and late Ad proteins were determined by Western blot analysis. As shown in Fig. 9A and
B, inhibition of DNA-PK increased the expression of the early protein E1B-55K by an
average of 5- to 6-fold in cells infected with the two mutant viruses compared to
nontreated levels. Similarly, levels of a late protein, protein II (pII) (the hexon capsid
protein), were increased 3.5- to 6-fold. In contrast, the levels of one of the virus cement
proteins, protein IX, were increased more dramatically following DNA-PK inhibition, by
an average of 16-fold in dl366* virus-infected cells and by an average of 31.6-fold in
dl366*�E4orf4-infected cells. The effect of DNA-PK inhibition on Ad DNA levels was also

FIG 7 DNA-PKcs colocalizes with early replication centers but localizes at the vicinity of late, ringlike
replication centers. (A) HeLa cells were infected with WT-Ad5, fixed at 24 h p.i., and stained with
antibodies to DBP and DNA-PKcs. A high-resolution image of a representative infected nucleus is shown
with horizontal and vertical orthogonal projections. (B) Representative 3D renderings of early and late
replication centers prepared with Imaris software.
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determined and was found to be similar to its effect on E1B-55K and hexon protein
levels (up to a 7-fold increase) (Fig. 9C).

Inhibition of DNA-PK activity impedes E4orf4-induced cell death. We have
previously demonstrated that E4orf4 increased the accumulation of DNA damage
following treatment of cells with DNA-damaging drugs, resulting in sensitization of cells
to killing induced by sublethal concentrations of such drugs. We suggested that
inhibition of the DDR could contribute to the ability of E4orf4 to induce cancer-selective
cell death, as cancer cells already have deficiencies in DDR pathways and may be more
sensitive to further DDR inhibition (26). Because DNA-PK inhibition prevented E4orf4
from being recruited to damage sites (Fig. 4) and from reducing DDR signaling (Fig. 2D),
we hypothesized that it would consequently prevent E4orf4 from inducing cell death.
To test this hypothesis, DAPI (4=,6-diamidino-2-phenylindole) assays for determination
of E4orf4-induced cell death were performed in the presence or absence of a DNA-PK
inhibitor, added at a concentration that efficiently inhibited this enzyme (Fig. 2D). It
should be noted that many other apoptosis assays have been described as being
unsuitable for measuring caspase-independent E4orf4-induced cell death in many cell
lines (41, 60) and therefore were not employed here. As shown in Fig. 10, E4orf4

FIG 8 DNA-PK inhibition improves the efficiency of Ad infection. (A) HeLa cells were infected with 30 FFU/cell of the Ad mutant viruses
dl366* and dl366*�E4orf4. The DNA-PK inhibitor (DNA-PKi) NU7441 was added to the cells at 2 h p.i., and titers of viruses obtained at 24 h
p.i. were determined. Average results of two independent experiments are shown in the graph. Error bars represent the standard errors.
(B) MO59K and MO59J cells were infected with the Ad mutant viruses dl366* and dl366*�E4orf4 as described in the text. Representative
images captured at a �20 magnification at 72 h p.i. are shown. (C) F-89 cells were infected with 100 FFU/cell of the Ad mutant viruses
dl366* and dl366*�E4orf4. The DNA-PK inhibitor NU7441 was added to the cells at 2 h p.i. Representative images captured at a �20
magnification at 48 h p.i. are shown. (D) F-89 cells were infected as described above for panel C. The DNA-PK inhibitor prepared in DMSO
was added to the cells every 12 h starting at either 2 h p.i. (“Early”) or 24 h p.i. (“Late”). One set of cells was treated with the solvent alone
(�). Cells were harvested at 64 h p.i., and the virus titer was determined. Average results of three independent experiments are shown.
Error bars represent standard errors. Statistical significance was determined by Student’s t test. *, P � 0.05; NS, nonsignificant.
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FIG 9 Effect of DNA-PK inhibition on various stages of Ad replication. HeLa cells were infected with the
Ad mutants dl366* and dl366*�E4orf4 or were mock infected. A DNA-PK inhibitor (DNA-PKi) was added
to one set of cells at 2 h p.i. as described in Materials and Methods. (A) Proteins were harvested 24 h later,
and Western blot analysis was carried out with the indicated antibodies. A representative blot is shown.
Two different exposures of the blot stained with a capsid-specific antibody are shown (short and long).
(B) Graph summarizing data from three independent experiments performed as described above for
panel A. Protein bands were quantified by densitometry. Protein levels in cells infected without the
addition of an inhibitor were defined as 1, and relative protein levels in the presence of the inhibitor are
shown for E1B-55K, capsid protein II (hexon), and capsid protein IX (n � 3). Error bars represent the
standard errors. Statistical significance was determined by Student’s t test. *, P � 0.04. (C) Virus DNA
levels at 24 and 32 h p.i. were quantified by quantitative PCR and normalized to the level of cellular DNA
represented by the PRPH2 gene. Viral DNA levels in untreated dl366*-infected cells at each time point
were defined as 1, and relative DNA levels in the other samples are shown in a graph. Two replicates were
analyzed. Error bars represent standard errors.
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dramatically increased cell death levels compared with a control red fluorescent protein
(RFP). Incubation of control cells with the DNA-PK inhibitor enhanced cell death, likely
because of the accumulation of unrepaired DNA damage. However, when E4orf4-
expressing cells were subjected to treatment with the DNA-PK inhibitor, E4orf4-induced
cell death was significantly reduced, as expected.

DISCUSSION

In this report, we describe a novel interaction between the Ad E4orf4 protein and
the DNA damage sensor DNA-PK, and we investigate the consequences of this inter-
action.

Contribution of DNA-PK to inhibition of ATM and ATR signaling by E4orf4. Ad
utilizes several mechanisms to inhibit the cellular DDR network, which acts as an
antiviral defense mechanism. We have recently shown that the Ad E4orf4 protein
contributes to DDR inhibition by reducing DNA damage- or virus-induced ATM and ATR
signaling in a PP2A-dependent manner. It was also shown that ATM and ATR were not
mutually required for inhibition of their signaling pathways by E4orf4 (26). One
question arising from these results is whether E4orf4 inhibits ATM and ATR signaling
individually or whether it affects a joint upstream regulator. We show here that E4orf4
associates with DNA-PK (Fig. 1) and that DNA-PK activity is essential for the ability of
E4orf4 to reduce ATM and ATR signaling (Fig. 2). Consistent with these results, earlier
during Ad infection, E4orf4 reduces ATM and ATR activation but does not decrease
DNA-PK activation, represented by autophosphorylation at S2056, and even augments
it (Fig. 3). However, at later time points, DNA-PK autophosphorylation is also reduced
in the presence of E4orf4 (Fig. 3). The time scale of the transition from the utilization of
DNA-PK activity to its inhibition by E4orf4 differs in diverse cell lines, but the principle
remains the same. It should be noted that both E4orf4 and inhibition of DNA-PK do not
decrease but rather increase the levels of Ad DNA (Fig. 9C), demonstrating that reduced
ATM and ATR signaling does not result from reduced Ad DNA levels.

During Ad infection, E4orf4 is recruited to virus RCs concomitantly with DBP and
appears to surround and grasp these centers (Fig. 5 and 6). This localization may allow

FIG 10 DNA-PK inhibition reduces E4orf4-induced cell death. HeLa cells were transfected with a plasmid
expressing E4orf4 or with a control plasmid expressing RFP. The cells were treated with a DNA-PK
inhibitor (DNA-PKi) at 3 h posttransfection, and another DNA-PK inhibitor aliquot was added after 12 h.
The cells were fixed at 24 h posttransfection, immunostained with an antibody against E4orf4, and also
stained with DAPI. Induction of cell death was measured by a DAPI assay. The percentage of E4orf4-
expressing cells with apoptotic nuclei was determined by counting the total number of transfected cells
and the number of transfected cells with abnormal, apoptotic nuclei. Average results of two independent
experiments are shown. At least 150 transfected cells were analyzed in each experiment. Error bars
represent standard errors. Statistical significance was determined by Student’s t test. *, P � 0.04.
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E4orf4 to control events occurring at the RCs, including regulation of DDR processes.
DNA-PKcs is also recruited to WT-Ad5 RCs (Fig. 6), although its staining pattern around
them is more diffuse than DBP and E4orf4 staining. Interestingly, DNA-PKcs colocalizes
with DBP more distinctly in early, focus-like RCs than in late, ring-shaped centers (Fig.
7). This finding suggests that DNA-PKcs is distanced from RCs during Ad infection, and
this may contribute to the inhibition of DNA-PK, which occurs later in infection (Fig. 3).
In contrast, the early colocalization of DNA-PKcs with viral RCs (Fig. 7) could facilitate
the assistance that it provides to E4orf4 in inhibition of ATM and ATR signaling (Fig. 2).

When E4orf4 is expressed outside the context of virus infection, it does not consis-
tently reduce damage-induced DNA-PK autophosphorylation to a large extent (Fig. 1
and 2). This suggests that a decrease of DNA-PK activation during Ad infection is
induced by E4orf4 in collaboration with additional viral proteins encoded by transcrip-
tion units other than E4. However, chemical inhibition of DNA-PK attenuated the ability
of E4orf4 to decrease ATM and ATR signaling, even when expressed alone (Fig. 2D). In
this regard, we have shown that E4orf4 is recruited to DNA damage sites induced by
laser microirradiation and that this recruitment is significantly dependent on DNA-PK
activity (Fig. 4). It is likely that E4orf4 must localize to DNA damage sites to affect
damage-induced ATM and ATR signaling. In contrast, during virus infection, E4orf4 can
localize to virus replication centers regardless of DNA-PK activity, but it still requires this
activity to inhibit ATM and ATR signaling (Fig. 2 and 5). Therefore, it appears that
inhibition of the ATM- and ATR-regulated DDR pathways by E4orf4 requires an addi-
tional DNA-PK function that is not associated with regulation of E4orf4 localization to
damage sites.

PP2A is a major E4orf4 partner and was shown to be essential for the ability of
E4orf4 to reduce ATM and ATR signaling (26). In this work, we find that an association
of E4orf4 with PP2A is not required for E4orf4 recruitment to DNA damage sites (Fig. 4)
and that PP2A activity only mildly affects the ability of E4orf4 to interact with DNA-PK
(Fig. 1). Thus, PP2A must act after E4orf4 has been recruited to damage sites and has
associated with DNA-PK. One possible mechanism by which DNA-PK inhibition could
prevent attenuation of the DDR by E4orf4 is inhibition of the association of E4orf4 with
PP2A. However, as shown in Fig. 1G, PP2A was efficiently coimmunoprecipitated with
E4orf4 regardless of DNA-PK activity, revoking this possibility. It is also possible, but has
yet to be examined, that DNA-PK phosphorylates PP2A subunits or E4orf4 and inhibits
the enzymatic activity of the E4orf4-PP2A complex. It has been reported in the literature
that phosphorylation of various PP2A subunits modulates the affinity of PP2A for
diverse substrates and its activity toward them (61, 62). Sequence analysis of E4orf4 and
PP2A subunits demonstrates that they contain PIKK phosphorylation consensus sites,
and they may therefore act as DNA-PK substrates.

Contribution of DNA-PK inhibition to Ad replication. As discussed above, a
biphasic functional interaction exists between E4orf4 and DNA-PK during Ad infection,
which is demonstrated by the finding that DNA-PK activity is first required for E4orf4
function but is eventually inhibited by E4orf4 at later times. The inhibition of DNA-PK
is important for virus replication because the addition of a DNA-PK inhibitor from the
onset of Ad infection until virus harvest or deletion of DNA-PKcs increased the virus titer
significantly (Fig. 8). However, when DNA-PK was inhibited starting at a later time point
during Ad infection, the virus titer was further increased, likely because ATM and ATR
signaling could also be inhibited. The effect of delayed DNA-PK inhibition was more
pronounced in infection with the virus expressing E4orf4, consistent with the conclu-
sion that DNA-PK activity is required at the early stages of infection for E4orf4 effects
on the DDR but should be inhibited at the later stages for maximal efficiency of virus
replication.

Analysis of the effect of DNA-PK inhibition on Ad protein expression in HeLa cells
revealed 3.5- to 6-fold increases in the levels of the early E1B-55K protein and of the
major capsid protein hexon (pII). A similar, �7-fold increase in virus DNA levels was also
observed. However, the increase in the level of the pIX cement protein was much more
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pronounced (16- to 31.6-fold in cells infected with dl366* and dl366*�E4orf4, respec-
tively) (Fig. 9). Ad cement proteins, including proteins IIIa, VI, VIII, and IX, play crucial
roles in virion assembly, disassembly, cell entry, and infection and exclusively stabilize
the hexon shell (63). Therefore, it is possible that DNA-PK inhibition improves Ad
replication by increasing the levels of the cement protein pIX, which results in capsid
stabilization and increased infectivity of virions, rather than by causing a large increase
in the number of virus particles represented by levels of the major capsid protein or the
viral DNA.

Targeting DNA-PK by Ad appears to be very important for the virus, as this enzyme
was reported to be the target of additional Ad proteins besides E4orf4. The Ad E4orf3
and E4orf6 proteins were reported to bind DNA-PK and to inhibit viral DNA concate-
nation and V(D)J recombination, which relies on NHEJ, a repair process regulated by
DNA-PK (30). It was also shown that the Ad L4-33K protein associates with the catalytic
subunit of DNA-PK (31). L4-33K functions as an alternative splicing factor involved in
activating the shift from the earlier-appearing L1-52,55K mRNA to the later L1-IIIa
transcript. L4-33K was shown to be highly phosphorylated by DNA-PK in vitro, and
DNA-PKcs-deficient cells produced excessive L1-IIIa mRNA levels, suggesting an inhib-
itory role of DNA-PK in the temporal switch in L1 alternative RNA splicing. Thus, our
results together with data from previous reports indicate that after DNA-PK activity is
utilized to assist E4orf4 in inhibiting the ATM- and ATR-regulated DDR, inhibition of
DNA-PK facilitates several additional important activities that increase the efficiency of
virus replication. These include regulation of the progression of Ad infection from the
early to the late phase by control of alternative splicing, increased expression of a viral
cement protein required for increased infectivity of Ad virions, and any direct effects on
DNA-PK-regulated repair processes that may occur.

Contribution of DNA-PK to E4orf4-induced cell death. As reported previously,
when E4orf4 is expressed alone, it induces cancer-selective cell death (49). We have
previously suggested that one of the mechanisms that may account for the cancer
selectivity of E4orf4-induced cell killing involves increased susceptibility of several types
of cancer to DDR inhibition due to the inherent disruption of DDR pathways in cancer
cells (26). In this report, we show that E4orf4 is rapidly recruited to DNA damage sites
in a DNA-PK-dependent manner (Fig. 4) and that inhibition of this recruitment by a
specific DNA-PK inhibitor attenuates the ability of E4orf4 to cause cell death (Fig. 10).
These results support the notion that localization of E4orf4 to DNA damage sites and
DDR inhibition at these sites contribute to E4orf4-induced cell death.

In summary, the findings that E4orf4 inhibits ATM and ATR signaling during virus
infection and also inhibits DNA-PK suggest that it is involved in multipathway control
of the DDR to assist other Ad proteins that neutralize various DDR branches. The
biphasic functional interaction of E4orf4 with DNA-PK during infection allows this viral
protein to take advantage of DNA-PK activity at early times of infection to inhibit DDR
signaling by ATM and ATR, a beneficial event for Ad replication, and to inhibit DNA-PK
itself at later times to achieve additional goals that further enhance Ad replication
efficiency. DNA-PK also facilitates the induction of cancer cell death by E4orf4 via its
effect on E4orf4 recruitment to DNA damage sites, where E4orf4 can manipulate the
DDR network and cause cell death in cancer cells with inherent deficiencies in DDR
pathways. These consequences of the E4orf4 –DNA-PK functional interaction are sum-
marized in Fig. 11.

MATERIALS AND METHODS
Cells, plasmids, transfection, virus mutants, and infections. HeLa, HCT116, U2OS, MO59J, and

MO59K cells (American Type Culture Collection) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS). Immortalized human F-89 fibroblasts were a gift
from Y. Shiloh’s laboratory at Tel Aviv University (59) and were cultured in the same medium as the other
cell lines. MO59J-Fus9 and MO59J-Fus1 cells were a gift from M. Aladjem, NIH (64), and were grown in
DMEM supplemented with 10% FCS and 250 �g/ml G418 (Invitrogen). Cells used for transfection with
tetracycline-inducible plasmids were cultured for 3 days prior to the start of the experiment in medium
containing 10% FCS guaranteed to be tetracycline free (BD Bioscience or PAN-Biotech GmbH).
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WT-E4orf4 (32), WT-E4orf4 –GFP, and the R81F84A E4orf4 mutant that does not bind PP2A (52) 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
(Thermo Fisher Scientific) for HeLa cells and CalFectin (SignaGen) for HCT116 cells, according to the
manufacturers’ instructions. One day later, the cells were induced with 1 �g/ml doxycycline (Dox) for 3
to 4 h. When required by the experiment, neocarzinostatin (NCS; Sigma) was added 1 h prior to harvest
at a concentration of 0.5 �g/ml, the DNA-PK inhibitor (NU7441; Tocris Bioscience) was added 1.5 h prior
to harvest at a final concentration of 10 �M, and okadaic acid (Santa Cruz Biotech) was added to a final
concentration of 400 nM for the last hour of E4orf4 induction.

Adenoviral mutants dl366*, lacking the complete E4 region, and dl366*�E4orf4, lacking all E4 open
reading frames (ORFs) except E4orf4, were previously described (65) and were propagated on W162 cells
(from T. Shenk, Princeton University) (66). W162 cells were also used for determination of virus titers.
Virus infections were performed at multiplicities of 30 fluorescence-forming units (FFU) per cell in HeLa
and HCT116 cells and 100 FFU/cell in F-89 cells. MO59J and MO59K cells were infected with 50 and 250
PFU per cell, respectively, as described above. The DNA-PK inhibitor (NU7441; Tocris Bioscience) was
added to infected cells at 2 h postinfection at a final concentration of 10 �M. This inhibitor was added
again to HeLa cells at 13 h postinfection at a final concentration of 5 �M. For F-89 cells, the DNA-PK
inhibitor was added at a concentration of 10 �M every 12 h during virus infection, up to 12 h before
harvest. When late addition of the DNA-PK inhibitor was required, the first portion of this inhibitor was
added at 24 h p.i. Untreated cells received equal quantities of the solvent. Infected cells were harvested
for protein extraction, immunostaining, or virus collection at the indicated times.

Cell extracts, immunoprecipitation, and Western blot analysis. Whole-cell extracts were prepared
in sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 50 mM dithiothreitol
[DTT], 10% glycerol), and viscosity was reduced by passing the extracts several times through a 27-gauge
needle after a 3-min incubation at 65°C. Proteins were analyzed by Western blotting using the indicated
antibodies. For immunoprecipitation assays, cell extracts were prepared in radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 100 mM Tris-HCl [pH 7.4], 10 mM EDTA, 1% IGEPAL CA-630, and 0.2%
SDS, 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]).

Blot images were scanned with an Epson Photo 4990 scanner and processed using Adobe Photoshop
5.0 or 7.0. Band intensities were quantified using TotalLab software.

Antibodies specific for the following proteins were used in this work: E4orf4 (43); E1B-55K (clone 2A6)
(67); Ad capsid proteins (a gift from T. Dobner); PP2A-C (BD Transduction Laboratories); hemagglutinin
(HA) (Covance); pATM-S1981 (Epitomics); pChk1-S345, pAkt-S473, and Akt (Cell Signaling); ATM, Chk1,
and DNA-PKcs (Santa Cruz); pDNA-PKcs-S2056 (Abcam); and alpha-tubulin (Sigma).

Relative quantitation of viral DNA. Relative levels of viral DNA were determined by quantitative
PCR, as previously described (26). Briefly, total infected cell extracts were prepared in RIPA buffer
(150 mM NaCl, 50 mM Tris [pH 8.0], 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS),
sonicated, and treated with proteinase K. Quantitative real-time PCR was performed using the hexon-
specific primers hexon-qPCR-fw (5=-CGCTGGACATGACTTTTGAG-3=) and hexon-qPCR-rev (5=-GAACGGTG
TGCGCAGGTA-3=). Results were normalized to levels of the cellular PRPH2 gene determined by a parallel
quantitative PCR with the primers TM684-fw (5=-CTGAAGCCGTACCTGGCTATC-3=) and TM685-rev (GTGT
CCCGGTAGTACTTCATGC).

FIG 11 Contribution of the E4orf4 –DNA-PK interaction to Ad replication and induction of cancer cell
death. A model summarizing the consequences of the functional interaction between E4orf4 and DNA-PK
during Ad infection and following induction of DNA damage is shown. The details are discussed in the
text.
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Laser microirradiation. U2OS cells were presensitized with 10 �M Hoechst 3334 dye (Sigma) for
15 min at 37°C. Laser microirradiation was then 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 then acquired using a 488-nm laser at 15-s time intervals. The
fluorescence intensity of enhanced green fluorescent protein (EGFP) 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 (68, 69). Briefly, cells were transfected with plasmids expressing E4orf4. At 24 h
posttransfection, the cells were fixed with 4% paraformaldehyde and stained with antibodies to E4orf4
and with DAPI (Sigma). Fluorescent cells were visualized by using a Zeiss Axioskop microscope at a �40
magnification. The fraction of E4orf4-expressing cells with condensed, abnormal, or fragmented nuclei
was determined in each experiment by counting at least 150 transfected nuclei.

Immunofluorescence microscopy. HeLa cells were seeded onto 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), anti-E4orf4 mouse monoclonal antibody (48), and anti-DNA-PK
catalytic subunit mouse monoclonal antibody (Sigma-Aldrich). The cells were washed and incubated
with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse and tetramethyl rhodamine isothio-
cyanate (TRITC)-conjugated goat anti-rabbit IgG (Invitrogen). The cells were washed a final time and
mounted onto slides with Immu-Mount (Thermo Shandon). Images were captured using a 63� objective
with a Zeiss Axiovert 200M digital deconvolution microscope and analyzed with AxioVision 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.
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