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ABSTRACT Viral manipulation of cellular proteins allows viruses to suppress host
defenses and generate infectious progeny. Due to the linear double-stranded DNA
nature of the adenovirus genome, the cellular DNA damage response (DDR) is con-
sidered a barrier to successful infection. The adenovirus genome is packaged with
protein VII, a virally encoded histone-like core protein that is suggested to protect
incoming viral genomes from detection by the cellular DNA damage machinery. We
showed that protein VII localizes to host chromatin during infection, leading us to
hypothesize that protein VII may affect DNA damage responses on the cellular ge-
nome. Here we show that protein VII at cellular chromatin results in a significant de-
crease in accumulation of phosphorylated H2AX (�H2AX) following irradiation, indi-
cating that protein VII inhibits DDR signaling. The oncoprotein SET was recently
suggested to modulate the DDR by affecting access of repair proteins to chromatin.
Since protein VII binds SET, we investigated a role for SET in DDR inhibition by pro-
tein VII. We show that knockdown of SET partially rescues the protein VII-induced
decrease in �H2AX accumulation on the host genome, suggesting that SET is re-
quired for inhibition. Finally, we show that knockdown of SET also allows ATM to lo-
calize to incoming viral genomes bound by protein VII during infection with a mu-
tant lacking early region E4. Together, our data suggest that the protein VII-SET
interaction contributes to DDR evasion by adenovirus. Our results provide an addi-
tional example of a strategy used by adenovirus to abrogate the host DDR and
show how viruses can modify cellular processes through manipulation of host chro-
matin.

IMPORTANCE The DNA damage response (DDR) is a cellular network that is crucial
for maintaining genome integrity. DNA viruses replicating in the nucleus challenge
the resident genome and must overcome cellular responses, including the DDR. Ad-
enoviruses are prevalent human pathogens that can cause a multitude of diseases,
such as respiratory infections and conjunctivitis. Here we describe how a small ade-
novirus core protein that localizes to host chromatin during infection can globally
downregulate the DDR. Our study focuses on key players in the damage signaling
pathway and highlights how viral manipulation of chromatin may influence access
of DDR proteins to the host genome.
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The double-stranded linear DNA genome of adenovirus (Ad) is packaged with several
core proteins, the most abundant of which is the histone-like protein VII (1–3).

Infection and replication of the viral DNA genome have been suggested to elicit a
damage response through recognition by host cell proteins (4–7). Host DNA repair
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proteins and damage signaling pathways can inhibit viral DNA replication (6, 8–11).
Thus, adenovirus has evolved numerous mechanisms to manipulate the cellular DNA
damage response (DDR) during infection (4, 5, 7, 10, 12–16). The DDR is a complex
signal transduction network that senses DNA damage and transduces this information
to a myriad of downstream proteins which then effect repair (17, 18). Depending on the
type of damage incurred, different members of the phosphatidylinositol 3-kinase-like
protein kinase (PIKK) family of damage transducers (ATM, ATR, and DNA-PK) are
activated and then phosphorylate numerous protein targets (18, 19). Damage sensors
include the MRN (Mre11, Rad50, and Nbs1) complex, which can recognize double-
strand DNA breaks and promote ATM activation (20–22). ATM becomes activated by
autophosphorylation, and the histone variant H2AX is one of the earliest substrates to
be phosphorylated (23, 24). Together, the H2AX phosphorylation mark at serine 139
(�H2AX) and activated ATM phosphorylated at serine 1981 (pATM) are considered
classic markers of double-strand breaks and DDR activation (23, 24). Spreading of
phosphorylated H2AX (�H2AX) around the damage site leads to recruitment of medi-
ators, such as MDC1 (25, 26). Mediators further amplify the signaling cascade, leading
to activation of downstream effectors (17, 27–29). The �H2AX mark can extend up to
1 Mb around the break, and this spreading is thought to facilitate amplification of the
damage signal and recruitment of further downstream proteins (27). This cascade leads
to activation of cell cycle checkpoints and arrest until the damage is repaired, or it may
signal apoptosis.

Chromatin compaction of the cellular genome has recently come to light as a factor
influencing the efficiency of the DNA damage response (30–35). At sites of heterochro-
matin, compaction serves to protect DNA from damage, but this compaction can
restrict access of repair proteins when lesions do occur (30, 36, 37). The oncoprotein SET
was recently implicated in mediating heterochromatin formation at double-strand
breaks through recruitment of factors such as HP1� (38). In addition, SET was shown to
localize to incoming adenovirus genomes, was suggested to facilitate deposition of
histones to promote transcription on viral genomes, and binds viral protein VII (39–43).
However, the ability of SET to modulate heterochromatin and the DDR on viral
genomes has not yet been investigated. It is important to note that the oncoprotein
SET, also known as TAF-1 (for template activating factor) (44), does not contain a
histone methyltransferase domain (45) and should not be confused with this family of
enzymes.

Protein VII coats packaged viral genomes in what has been described as a “beads on
a string” assembly (3, 46–48). Although structural details remain unclear, protein VII is
not required for virion formation (49). Protein VII is a small basic protein rich in arginine
and lysine residues (50), but does not appear to contain a histone fold domain. Due to
its high positive charge, protein VII binds DNA (3, 51) and has been well described to
bind the acidic C terminus of SET (41–43, 52). We recently reported that protein VII also
binds the nuclear factor and immune danger signal HMGB1 (51), which similarly
contains an acidic C terminus (53). It has been suggested that protein VII is removed
from viral genomes and replaced by histones, allowing effective transcription to begin
(40, 54, 55). Once early viral proteins are expressed, adenovirus (Ad) E1b55K and E4orf6
form an E3 ubiquitin ligase complex that targets several host proteins for degradation,
including MRN and DNA ligase IV (4, 12, 56–60). To study the DDR during infection, viral
mutants deficient in the E4 region have been employed (6–8, 15, 16, 61). By use of a
mutant virus deficient in E4 proteins, protein VII was suggested to protect incoming
viral genomes from recognition by the DDR (61). However, the relationship between
the DDR and the removal of protein VII from viral genomes is currently unclear.

In light of the above-mentioned studies, we investigated whether protein VII in
concert with SET can modulate the DDR on both viral and host genomes. We recently
reported that protein VII localizes to the host genome during infection, where it directly
binds nucleosomes and leads to changes in the appearance and composition of cellular
chromatin (51). Here we show that protein VII is sufficient to block accumulation of
�H2AX upon irradiation of cellular DNA. We found that this block occurs after the
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autophosphorylation of ATM but before MDC1 recruitment and is dependent on
chromatin localization of protein VII. We further investigated whether binding partners
of protein VII are involved in limiting the DDR and found that SET, but not HMGB1,
contributes to the DDR block. Finally, we show that SET is also required to block pATM
association with viral genomes early during infection. Taken together, our data suggest
that protein VII limits the DDR through recruitment of SET to both the viral and host
genomes. Our results highlight how viral proteins can manipulate cellular processes
through chromatin and reveal a previously unknown mechanism of DDR inhibition by
adenovirus.

RESULTS
Protein VII downregulates accumulation of �H2AX foci on cellular chromatin.

Protein VII on incoming viral genomes is thought to block activation of the DDR (61).
We therefore hypothesized that protein VII may also affect the damage response on the
cellular genome. To investigate the role of protein VII on the host genome, we utilized
an inducible cell line that expresses hemagglutinin (HA)-tagged protein VII upon
treatment with doxycycline. Expression of protein VII results in a characteristic increase
in nuclear size and a punctate pattern of DAPI (4=,6-diamidino-2-phenylindole)-stained
DNA (51). To investigate the impact of protein VII on the DDR, we expressed protein VII
in our inducible cell line and then irradiated cells to cause double-strand DNA breaks.
We used Western blot analysis to investigate the levels of the classic markers of
double-strand breaks, i.e., H2AX phosphorylated at serine 139 (�H2AX) and activated
ATM phosphorylated at serine 1981 (pATM) (17, 23, 24, 62). We observed a dramatic
decrease in accumulation of �H2AX and pATM in the presence of protein VII at 2 h
postirradiation (Fig. 1A). We then visualized �H2AX by immunofluorescence assay and

FIG 1 Protein VII expression results in downregulation of the DDR postirradiation. (A) Western blot analysis after irradiation
(IR) for A549 cells with inducible protein VII-HA. Cells were treated with doxycycline (dox) for 4 days to induce protein VII
expression prior to treatment (0, 1, 5, 10, or 20 Gy). Samples were collected 2 h after irradiation and probed for proteins
or phospho-specific marks as indicated. Decreases in �H2AX and pATM were observed in the presence of protein VII-HA.
Actin is shown as a loading control. (B) Immunofluorescence assay and quantification under the same conditions as those
for panel A. �H2AX is shown in red and DAPI staining in gray to indicate the change in chromatin structure characteristic
of protein VII expression. Bar, 10 �m. Quantification of the number of �H2AX foci per nucleus was carried out for each
condition, as indicated. Significantly fewer foci were observed in cells expressing protein VII-HA (orange dots) than in
no-dox control cells (gray dots). Each dot represents one cell (n � 25 per condition). The differences are statistically
significant within each dose (**, P � 0.0001 by two-tailed t test). We also employed a Poisson-based regression which
demonstrated that the trend across the doses was significantly different (P � 2e�16). (C) Western blot analysis over the
time course after irradiation with 10 Gy, with or without dox treatment to express protein VII-HA. The �H2AX signal
displayed a steady increase for up to 1 h and then a decrease toward 4 h in control cells (no dox), whereas no �H2AX signal
was observed in the presence of protein VII-HA. Total H2AX and tubulin are shown as loading controls.
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observed significant decreases in the number and intensity of foci at 1, 5, and 10 Gy of
irradiation upon protein VII expression (Fig. 1B). At 20 Gy, the quantification of �H2AX
immunofluorescence showed more individual foci in the presence of protein VII,
although each focus was smaller and less intense than those in control cells (Fig. 1B),
consistent with the total decrease in �H2AX observed by immunoblotting. To represent
the robust difference, we therefore chose to use 10 Gy of irradiation for the rest of this
study. We also confirmed by pulsed-field gel electrophoresis that the presence of
protein VII did not affect the amount of fragmented DNA under each irradiated
condition (data not shown). To determine whether the lack of �H2AX in protein
VII-expressing cells was dependent on the response time, we carried out a time course
assay with 10 Gy of irradiation. In the presence of protein VII, we did not detect
accumulation of �H2AX at time points up to 4 h postirradiation (Fig. 1C). These data
indicate that expression of protein VII results in decreased accumulation of �H2AX and
pATM upon DNA damage, suggesting that protein VII limits a robust DDR.

Protein VII blocks the DDR after ATM phosphorylation but before MDC1
accumulation. We hypothesized that protein VII may inhibit signaling required for
recruitment of downstream DDR proteins or may block access to sites of damaged DNA.
We investigated whether downstream DDR proteins accumulate at the few remaining
foci that are present in protein VII-expressing cells. We observed that pATM colocalizes
with �H2AX foci both in control cells and in cells expressing protein VII (Fig. 2A). We
quantified the colocalization coefficient for �H2AX and pATM and found that despite
the smaller number of total foci, the colocalization was not significantly different in
the presence of protein VII. To investigate the recruitment of downstream DDR pro-
teins, we next examined colocalization of the mediator MDC1 with �H2AX foci. MDC1
functions to amplify DDR signaling by recruiting additional proteins to damage sites
(26–29). We found that in the presence of protein VII, the colocalization coefficient for
�H2AX and MDC1 was significantly reduced compared to that for control cells (Fig. 2B).
These data indicate that protein VII blocks recruitment of DDR proteins downstream of
pATM, suggesting an impairment of repair signaling.

Protein VII localization to chromatin contributes to downregulation of the
DDR. To determine whether the decrease in damage signaling upon protein VII
expression was caused by protein VII accumulation at chromatin, we examined whether
the chromatin distortion caused by protein VII correlates with downregulation of the
cellular response. We induced protein VII expression by doxycycline treatment over the
course of 4 days, irradiated cells, and visualized �H2AX foci by immunofluorescence
assay. We compared equivalent doxycycline treatment, irradiation, and �H2AX immu-
nofluorescence conditions in parental A549 cells as a control (Fig. 3A). We observed an
inverse correlation between the protein VII effect on chromatin and �H2AX accumu-
lation: as the effect of protein VII on host chromatin increased, the �H2AX signal upon
damage decreased, which did not occur in the control cells. We also observed the
protein VII-induced decrease in total �H2AX upon irradiation by Western blotting (Fig.
3B). To determine whether localization of protein VII to chromatin contributes to
downregulation of the DDR, we utilized point mutants previously shown to affect
protein VII localization (51). Alanine substitution of specific posttranslationally modified
(PTM) residues results in nucleolar localization of protein VII (51). We used an immu-
nofluorescence assay to analyze whether these nucleolar mutants affect �H2AX accu-
mulation similarly to wild-type protein VII. We found that mutating all five PTM sites
resulted in a protein VII mutant (ΔPTM) that did not affect the appearance of chromatin
or the �H2AX level (Fig. 3C and D). Two lysines found to be acetylated contribute
significantly to chromatin localization of protein VII (51). We found that mutation of
these lysines (K2AK3A) resulted in a partial effect on chromatin and normal levels of
�H2AX after damage. Replacement of the K3 residue with the acetyl mimic glutamine
generated a mutant (K3Q) that affected the chromatin appearance similarly to wild-
type protein VII and resulted in a decrease in �H2AX (Fig. 3C and D). Taken together,
these data suggest that chromatin localization of protein VII is required for downregu-
lation of the DDR.
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The protein VII interactor HMGB1 is not required for the protein VII-mediated
block to the DDR. In our previous report, we found that protein VII significantly altered
the association of SET and the HMGB family proteins with chromatin (51). To investigate
the mechanism of protein VII’s effect on the DDR, we examined the roles of these
known binding partners of protein VII. Since the protein VII interaction partner HMGB1
has a reported role in the DDR (63–65), we asked whether HMGB1 is required for
protein VII to downregulate the DDR on host DNA. We used clustered regularly
interspaced short palindromic repeat-Cas9 (CRISPR-Cas9) technology to knock out
HMGB1 in A549 cells, expressed protein VII by using a recombinant vector (66), and
investigated the levels of �H2AX postirradiation. We found that despite the loss of
HMGB1, protein VII still decreased �H2AX levels at all doses of irradiation, most notably
with 10 Gy, in each cell line (Fig. 4A). We visualized the transduction efficiency of our

FIG 2 Protein VII blocks the DDR after ATM autophosphorylation but before MDC1 recruitment. (A) Immunofluorescence
assay of pATM (green) and �H2AX (red) 30 min and 4 h after irradiation with 10 Gy in the absence (no dox) or presence
(� dox) of protein VII-HA expression. DAPI staining is shown in blue. The top panels show multiple cells, while the bottom
zoom shows one nucleus, as indicated by the arrowhead in the 4-h �H2AX image. Yellow in the merge image indicates
colocalization of the red and green channels. Quantification of the colocalization coefficient indicated no significant
difference between �H2AX and pATM colocalization in the presence or absence of protein VII. (B) Same as for panel A, but
for �H2AX and MDC1. Quantification indicated a significant decrease in the colocalization coefficient of �H2AX and MDC1
upon protein VII induction. Each dot represents one cell (n � 25 per condition), **, P � 0.0001 by two-tailed t test; n.s.,
not significant. Bars, 10 �m.
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protein VII-green fluorescent protein (protein VII-GFP) vector and observed that not all
cells expressed the fluorescent protein due to variability in transduction efficiency.
Nevertheless, we found that in cells that expressed protein VII-GFP, �H2AX foci were
markedly reduced after 10 Gy of irradiation. Conversely, in cells within the same
population that did not express protein VII-GFP, the �H2AX foci accumulated normally
(Fig. 4B). Thus, the loss of HMGB1 appears to have no effect on the downregulation of
�H2AX caused by protein VII.

The protein VII interactor SET contributes to downregulation of the DDR. The
oncoprotein SET (also known as TAF-1) was shown to interact with protein VII (42, 52)
and to localize to incoming viral genomes (39, 41). SET was also recently reported to
modulate the damage response on the cellular genome by affecting access of DDR
proteins to damage sites (38). We therefore investigated whether protein VII is able to
downregulate the DDR in the absence of SET. Knockdown of SET led to an increase in
�H2AX levels in the absence of any treatment (Fig. 5, compare lanes 1 and 4), as
reported by Kalousi et al. (38). Upon irradiation, we found that the levels of �H2AX were
higher in the absence of SET than in irradiated control cells (Fig. 5, compare lanes 2 and
3 with lanes 5 and 6). In cells with SET, induction of protein VII blunted the response
to irradiation, as observed by a reduced �H2AX level (Fig. 5, compare lanes 3 and 9). The
degree of block achieved by protein VII for �H2AX in irradiated cells was lower in the
absence of SET (Fig. 5, compare lanes 8 and 9 with lanes 11 and 12). It should be noted
that the baseline levels of �H2AX were increased in the absence of irradiation upon SET
knockdown alone, regardless of the presence of protein VII (Fig. 5, compare lanes 1 and
7 with lanes 4 and 10). Since protein VII did not prevent the increase in �H2AX when

FIG 3 Downregulation of the DDR by protein VII correlates with chromatin localization. (A) Immunofluorescence
assay showing �H2AX (red) and DAPI (gray) staining of either parental A549 cells or cells with inducible protein
VII-HA. All cells were treated with doxycycline for the indicated number of days (d � days with dox), irradiated with
10 Gy, and fixed at 2 h postirradiation (IR). DAPI staining (gray) is shown to indicate the change in chromatin
structure observed after 3 days of protein VII expression. Bar, 10 �m. (B) Western blot analysis of the samples from
panel A, showing that the increase in protein VII-HA levels over the course of doxycycline treatment correlates with
the �H2AX level decrease. (C) Immunofluorescence assay of irradiated (10 Gy) cells expressing wild-type (WT)
protein VII or the indicated mutants with C-terminal HA tags, showing �H2AX (red), HA (green), and DAPI (gray)
staining. �H2AX was evident only in cells that did not have chromatin-localized protein VII. Bar, 10 �m. DAPI is
shown in blue in the merged images. (D) Western blot analysis of the samples from panel C, probed with the
indicated antibodies.
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SET was depleted, this result implies that SET is required for protein VII to block the
signaling event. Taken together, these results suggest that SET plays a role in down-
regulation of the DDR by protein VII.

SET is required for protein VII to prevent ATM recognition of incoming viral
genomes. Protein VII was reported to protect incoming viral genomes from association

FIG 4 HMGB1 is not required for DDR downregulation by protein VII. (A) Western blot analysis of the indicated
proteins upon irradiation for A549 cells expressing protein VII-GFP and with HMGB1 deleted. Cells were harvested
at 2 h postirradiation. Deletion of HMGB1 did not affect the ability of protein VII-GFP to decrease �H2AX
accumulation postirradiation. (B) Immunofluorescence assay of the 10-Gy-treated samples from panel A, showing
�H2AX (red), protein VII-GFP (green), and DAPI (blue in merged images) staining. Cells that expressed protein
VII-GFP did not accumulate �H2AX irrespective of the HMGB1 level, whereas those that did not express protein
VII-GFP show a normal �H2AX signal. Dotted circles indicate nuclei that are present. Bar, 10 �m.

FIG 5 SET contributes to protein VII downregulation of the DDR. The Western blot shows �H2AX levels
upon SET knockdown in the presence or absence of protein VII-HA, with or without irradiation (0, 1, or
10 Gy), as indicated. A549 cells were transfected with siRNAs, incubated for 3 days, and then induced with
doxycycline for 4 days. On the first day of induction, cells were transfected a second time to ensure
efficient knockdown. On the fourth day, cells were irradiated at the doses indicated and harvested at 2
h postirradiation. Loss of SET led to higher �H2AX levels under all conditions (compare lane 3 with lane
10 and lane 9 with lane 12). Actin is shown as a loading control.
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with the DDR kinase ATM (61). This was determined using an adenovirus deficient in E4
proteins such that it cannot inactivate the damage response through degradation or
mislocalization of MRN (61, 67). Karen and Hearing showed by immunofluorescence
assay that pATM and protein VII are mutually exclusive on early viral genomes (61).
They confirmed that both protein VII and pATM foci colocalized with 5-ethynyl-2=-
deoxyuridine (EdU)-labeled viral genomes but not with each other. Therefore, they
concluded that protein VII prevents pATM from binding to viral genomes. Based on our
results and the finding that SET also localizes to incoming viral genomes (39, 41), we
hypothesized that protein VII may recruit SET to incoming viral genomes to prevent
recognition by ATM. To test this hypothesis, we first titrated the multiplicity of infection
(MOI) to visualize incoming protein VII from an E4-deleted virus at 10 h postinfection
(Fig. 6A and B). Similar to the experiment first described by Karen and Hearing, we
found that increasing the MOI resulted in more protein VII foci, confirming that foci
represent incoming viral genomes bound by protein VII. We chose to use an MOI of 100
to test the role of SET in pATM colocalization with these discrete foci. It is important
that the antibody and virus used here differ from those used by Karen and Hearing, and
the precise staining patterns are slightly different. However, the images shown here are
comparable to those previously reported in that pATM and protein VII do not overlap
spatially in siControl-infected cells (Fig. 6B). We used small interfering RNA (siRNA) to
knock down SET, infected cells with an E4-deleted virus, and visualized pATM and
protein VII at 10 h postinfection. We showed mutually exclusive protein VII and pATM
staining on incoming viral genomes in our control cells. Conversely, we found that
protein VII and pATM colocalized in the absence of SET under the same conditions (Fig.
6B). We quantified the colocalization coefficient and found significantly more colocal-
ization of protein VII and pATM in the absence of SET (Fig. 6B). Taken together, our data
suggest that protein VII recruits SET to incoming viral genomes, where it limits
activation of the DDR.

DISCUSSION

Adenovirus infection systematically inactivates the host DDR signaling and repair
pathways (7). This inactivation is considered to block the activity of DNA repair proteins

FIG 6 Protein VII requires SET on incoming viral genomes to disrupt detection by pATM. (A)
Immunofluorescence assay of protein VII (red) visualized on incoming viral genomes at increasing
MOIs. The higher the MOI, the more discrete foci are visible. (Right) Infection with the E4-deleted
mutant dl1004 was fixed at 10 h postinfection, and the intensity across four separate images was
quantified using ImageJ. (B) Immunofluorescence assay of pATM (green) and protein VII (red) on
incoming viral genomes (E4-deleted mutant dl1004) upon knockdown of SET. Quantification of the
colocalization coefficient showed a significant increase in colocalization of protein VII with pATM in
the absence of SET. Each dot represents one cell (n � 29 per condition). **, P � 0.0001 by two-tailed
t test. Bars, 10 �m.
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on viral genomes, thereby facilitating efficient viral replication (6–8, 10, 11). Incoming
viral genomes are “chromatinized” to incorporate histones, and it is thought that
repressive protein VII-only regions are removed (40, 54, 55). The resulting “viral chro-
matin” is not well understood but is highly active and likely represents open or easily
accessible DNA. The host damage response is more effective when DNA is easily
accessible (31–33), making the viral genome a prime trigger for damage signaling. Thus,
the virus has evolved multiple mechanisms for manipulating the host DDR (7). In this
study, we have demonstrated that the histone-like protein VII can blunt DDR activation
on both viral and host DNA genomes. Our investigation of the molecular mechanism
suggests a role for the nuclear oncoprotein SET, which is recruited to DNA through
binding to protein VII (Fig. 7).

It has been observed that removal of protein VII from incoming viral genomes
correlates with the beginning of viral transcription (54, 68). On early viral genomes, SET
has been reported both to act as a histone chaperone to deposit histones and to
activate transcription (44, 69). SET binds directly to protein VII, presumably on incoming
viral genomes, but the mechanism of protein VII replacement by histones is unclear.
Chromatin immunoprecipitation followed by PCR (ChIP-PCR) showed that viral ge-
nomes contain both histones and protein VII (55), suggesting that viral chromatin may
contain regions exclusively comprised of either protein VII or histones. However, ChIP
experiments cannot distinguish between multiple copies of the viral genome, and it is
therefore possible that some genomes have protein VII only, whereas others have only
histones. After viral transcription begins, protein VII has also been suggested to bring
E1A to the viral genome and to promote transcription activation, since protein VII and
E1A directly interact on DNA (54). These data have not been reconciled with protein VII
removal from viral genomes or SET-facilitated deposition of histones. Regardless of the
order of events, it is clear from the previous work of Karen and Hearing (61) and the
data reported here that the protein VII-SET complex on the viral genome is key to
preventing pATM activation and accumulation of �H2AX (Fig. 7A). These observations
come from mutant viruses that lack the E4 region and therefore have a crippled ability
to suppress the damage response through the known interactions of E4 proteins
(E4orf3 and E4orf6) with host repair pathways. Although �H2AX cannot spread to the

FIG 7 Model of protein VII and SET on host and viral genomes. (A) Model of protein VII blocking ATM recognition of viral genomes
through SET. Protein VII on incoming viral genomes forms “beads on a string”-like structures that are replaced by histones. The protein
VII-bound genome recruits SET and blocks ATM from associating with the viral genome. Upon knockdown of SET, ATM is now able
to phosphorylate H2AX on nucleosomes assembled on the viral genome. (B) Model of protein VII blocking pATM spread on the host
genome. pATM colocalizes with �H2AX on the host genome upon irradiation, but protein VII binding nucleosomes with SET blocks
the spread of �H2AX and the recruitment of downstream DDR proteins. Upon knockdown of SET, pATM is able to access neighboring
H2AX histones and leads to a more robust DDR.
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length of megabases on the 36-kb viral genome, as noted by Shah and O’Shea (6),
blocking recruitment of downstream DDR proteins may still be crucial to prevent
inhibition of viral DNA replication, and potentially processing of viral genomes into
end-to-end joined concatemers (4, 12, 70).

In addition to their impact on proteins that associate with viral genomes, adenovirus
proteins can also affect histones and chromatin-associated proteins on the host ge-
nome (51, 71–74). For example, the viral E1A transactivator can affect specific chroma-
tin marks, such as decreasing global histone H3 lysine 18 acetylation (H3K18ac) and
increasing nucleosome density to promote transcriptional repression at specific anti-
viral gene promoters (72, 75). In addition, mass spectrometry studies have identified
significant changes to global histone modification patterns during adenovirus infection
(76). Host chromatin contains regions with differing degrees of chromatin accessibility,
including “open” or euchromatin that is highly transcriptionally active and multiple
states of closed or repressed heterochromatin. Expression of protein VII results in a
characteristic change to host chromatin appearance that may result from directly
binding to nucleosomes (51), but it is not yet clear how protein VII affects the extent
of chromatin accessibility. We recently reported that high levels of protein VII expressed
late during infection accumulate in the host chromatin, retaining the host proteins SET
and HMGB family members (51). Here we have shown that protein VII on the host
genome is sufficient to block accumulation of �H2AX and recruitment of MDC1. By
blocking the spread of �H2AX, protein VII robustly inhibits the damage response on the
host genome (Fig. 7). It is clear from our results that loss of SET, but not HMGB1, results
in higher levels of �H2AX in the presence of protein VII. This result can be interpreted
in two ways: (i) protein VII may be unable to block �H2AX spread in the absence of SET,
or (ii) loss of SET leads to an increase in �H2AX that is still somewhat suppressed by
protein VII. We are unable to distinguish between these two possibilities. The second
possible explanation is consistent with the result observed by Kalousi et al. (38)
showing that knockdown of SET results in an increase in �H2AX. But since protein VII
does not prevent the increase in �H2AX when SET is depleted, we interpret this to
mean that SET is required for protein VII to block the signaling event. Therefore, given
the well-established binding of protein VII to SET, we conclude that the accumulation
of �H2AX observed upon knockdown of SET indicates a role for SET in DDR inhibition
by protein VII on the host genome.

The abundance of protein VII on the host genome during adenovirus infection can
lead to several perturbations within host nuclei. The impacts of protein VII on host
responses and gene expression patterns are only beginning to be understood. We have
suggested that protein VII alters the composition of host chromatin to prevent down-
stream inflammation through HMGB1 (51), and here we show that retention of SET
affects DDR signaling. Our model, building upon previous findings, proposes that
protein VII blocks the spread of �H2AX on the host genome (Fig. 7B). Although
adenovirus has been suggested to activate global �H2AX on the host genome (77), we
suggest that abundant protein VII on the host genome may block the spread of �H2AX
during infection to prevent downstream events that could inhibit viral replication. Since
protein VII is produced in the late phase of infection, it accumulates in the host
chromatin only after replication has begun, suggesting that the functional relevance of
downregulating the DDR on the host genome may be important for late stages of
infection. In addition, it should be noted that protein VII is expressed as a larger
precursor protein that is proteolytically cleaved after the first 24 amino acids by a viral
protease (50, 78), and only the mature version localizes to host chromatin (51, 66).
Future studies will determine the roles of other proteins, such as linker histones, in
chromatin manipulation by adenovirus and will investigate the impact of protein VII on
other functions of SET and HMGB1. This study advances our understanding of protein
VII’s impact on host genome processes while highlighting the importance of chromatin
on both the viral and host genomes.
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MATERIALS AND METHODS
Cell culture. A549 and 293T cells were purchased from the American Type Culture Collection (ATCC)

and cultured in Kaighn’s modification of Ham’s F-12 medium (F-12K) containing 100 U/ml of penicillin
and 100 �g/ml of streptomycin and supplemented with 10% fetal bovine serum (FBS) as recommended
by the provider. Protein VII-inducible cells were generated and cultured as previously described (51, 79).
Doxycycline was administered at 0.2 �g/ml and replenished every 24 h for 4 days unless otherwise
indicated.

Construction of HMGB1 knockout A549 cells. Small guide RNAs (sgRNAs) for HMGB1 knockout
were chosen from a public sgRNA database (80). A total of 3 sgRNA sequence pairs were used for HMGB1,
one of which resulted in HMGB1 knockout (forward primer, CACCGGGCGATACTCAGAGCAGAAG; and
reverse primer, AAACTTCTGCTCTGAGTATCGCCC). These primers (IDT) were annealed and inserted into
the pLentiCRISPR plasmid (Addgene) according to a protocol available from the Gecko lentiviral CRISPR
toolbox (http://sanjanalab.org/library/protocol_lentiOligo.pdf). HMGB1 was knocked out either by stable
transduction of A549 cells with a lentivirus containing the HMGB1-LentiCRISPR construct [HMGB1 (�/�)
1] or by transfection of the plasmid [HMGB1 (�/�) 2]. To generate the lentivirus, 1.2 � 106 293T cells
were transfected with 4 �g of the HMGB1-LentiCRISPR plasmid together with 2.5 �g pMDL, 1.5 �g
pVSVg, and 1 �g pREV in 250 �l of Opti-MEM (Gibco) and 13.5 �l of Lipofectamine 2000 (Invitrogen) in
250 �l of Opti-MEM. Supernatant containing the lentivirus was collected at 24 and 48 h posttransfection,
combined, and passed through a 0.45-�m filter (Life Technologies). Lentivirus was used to transduce
A549 cells (1.2 � 106 cells) by addition of 750 �l of virus combined with 750 �l of medium and 1.5 �l
10-mg/ml Polybrene (Santa Cruz), followed by spinoculation for 30 min at 1,500 relative centrifugal force
(RCF) and 37°C. At 48 h posttransduction, cells were cultured in medium containing 1 �g/ml of
puromycin (Clontech) for 7 days. Puromycin-selected cells were serially diluted into 96-well plates to
achieve single-cell clones. For the transfection strategy, A549 cells (0.8 � 106 cells) were transfected with
3 �g of the HMGB1-LentiCRISPR plasmid in 250 �l of Opti-MEM and 7.5 �l of Lipofectamine 2000 in 250
�l of Opti-MEM. At 24 h posttransfection, cells were cultured in medium containing 1 �g/ml of
puromycin for 3 days. Puromycin-selected cells were serially diluted into 96-well plates to achieve
single-cell clones. HMGB1 knockout in the cell lines was confirmed using immunoblotting, sequencing
of the genomic locus (forward primer, GGACAAGGCCCGTTATGAAAG; and reverse primer, CAGCTTCGC
AGCCTTCTTTTC), and RT-qPCR for the HMGB1 mRNA (forward primer, TAACTAAACATGGGCAAAGGAG;
and reverse primer, TAGCAGACATGGTCTTCCAC).

Immunofluorescence assay. Cells were seeded on glass coverslips and treated as indicated. Protein
VII was induced by doxycycline treatment at 0.2 �g/ml. Cells were irradiated at the indicated dose. Cells
were harvested for immunofluorescence assay at the indicated times following irradiation and prepared
by standard methods (81). Briefly, coverslips were washed in Dulbecco’s phosphate-buffered saline (PBS)
and fixed in cold 4% paraformaldehyde for 15 min. The coverslips were permeabilized with 0.5% Triton-X
in PBS, blocked in 3% bovine serum albumin (BSA) in PBS, incubated with primary antibodies (see
“Antibodies”) for 1 h in 3% BSA in PBS, washed three times in blocking buffer, incubated with secondary
antibodies (Life Technologies) and 4=,6-diamidino-2-phenylindole (DAPI) for 1 h, and washed again with
PBS. The coverslips were then mounted using ProLong Gold antifade reagent (Life Technologies) and
visualized with a Zeiss LSM 710 confocal microscope (Cell and Developmental Microscopy Core at the
University of Pennsylvania). Images were processed using ImageJ and Adobe CS6.

Antibodies. Commercially available antibodies were purchased through Abcam (ATM [ab32420], GFP
[ab290], phosphorylated S139 H2AX [ab111174], HMGB1 [ab18256], MDC1 [ab11169], pATM [ab81292],
and SET [ab1183]), BioLegend (HA [901514]), Cell Signaling (H2AX [2595S]), Millipore (phosphorylated
S139 H2AX [05-636]), Santa Cruz (HA [sc-805] and tubulin [sc-69969]), and Sigma (actin [A5441]). The
protein VII antibody was a generous gift from H. Wodrich (39). Secondary antibodies used for immuno-
blotting were purchased from Jackson ImmunoResearch, and secondary antibodies used for immuno-
fluorescence assay were purchased from Life Technologies.

Immunoblotting. Western blot analysis was carried out using standard methods. Briefly, samples
were prepared with lithium dodecyl sulfate (LDS) sample buffer (NuPage) and boiled for 10 min. Total
protein lysates of equal concentrations were separated by SDS-PAGE and transferred to a nitrocellulose
membrane (Amersham) at 30 V for a minimum of 40 min. Even protein loading was confirmed by
Ponceau staining, and the membrane was blocked in 5% milk in Tris-buffered saline with Tween (TBST)
containing 0.1% azide for 30 min. Membranes were incubated overnight with primary antibodies,
washed with TBST for 30 min, and incubated with secondary antibodies conjugated to horseradish
peroxidase (Jackson ImmunoResearch) for 1 h. The membranes were then washed in TBST, and the
proteins were detected with enhanced chemiluminescence (ECL) Western blotting substrate (Thermo
Scientific) on a Syngene G-Box.

Transduction and infection. For expression of protein VII-GFP, A549 cells and HMGB1 knockout cells
were transduced with a recombinant adenovirus vector according to standard protocols, as previously
described (51, 66). A multiplicity of infection (MOI) was used that resulted in approximately 50 to 60%
of the cells expressing protein VII-GFP at 24 h posttransduction. For infection using the E4-deleted
adenovirus dl1004 (82), A549 cells were seeded on glass coverslips, infected at an MOI of 100, adsorbed
for 1 h before addition of complete medium, and fixed using 4% paraformaldehyde at 10 h postinfection
to recapitulate the previously reported conditions (61).

Quantification of immunofluorescence. For colocalization analysis, representative cells were quan-
tified using ImageJ on the red and green channels, using the standard method (83). Each representative
cell was selected individually, and the colocalization coefficient (Pearson’s correlation coefficient) was
calculated. For each condition analyzed, the minimum number of cells analyzed was 25 (n � 25), and the
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results were plotted using GraphPad Prism. To score the total number of �H2AX foci per cell, images
were quantified using ImageJ on the blue and red channels, using standard methods (84). The
background was removed, a threshold was set, and any cytoplasmic pixels were set to zero, using a
region of interest based on the DAPI channel. The number of foci per cell was counted for at least 25 cells
(n � 25) for each condition and was plotted using GraphPad Prism.

Small interfering RNA knockdown of SET. Our previously described A549 cells that inducibly
express protein VII-HA were transfected with 20 nM siRNA for 1 � 106 cells (SMARTpool siGENOME SET
or siControl) by use of Lipofectamine RNAiMAX (Life Technologies) diluted in Opti-MEM medium. At 3
days posttransfection, the cells were split, and half were induced to express protein VII by use of 0.2
�g/ml of doxycycline. The next day, cells were transfected a second time and harvested 72 h later, when
doxycycline treatment reached 4 days. The commercially available siRNAs siSET (M-019586-01-0005) and
siControl (D-001206-13-20) were purchased through Dharmacon GE Healthcare.
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