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Abstract
Epstein Barr virus (EBV), like other oncogenic viruses, modulates the activity of cellular DNA

damage responses (DDR) during its life cycle. Our aim was to characterize the role of early

lytic proteins and viral lytic DNA replication in activation of DNA damage signaling during the

EBV lytic cycle. Our data challenge the prevalent hypothesis that activation of DDR pathways

during the EBV lytic cycle occurs solely in response to large amounts of exogenous double

stranded DNA products generated during lytic viral DNA replication. In immunofluorescence

or immunoblot assays, DDR activation markers, specifically phosphorylated ATM (pATM),

H2AX (γH2AX), or 53BP1 (p53BP1), were induced in the presence or absence of viral DNA

amplification or replication compartments during the EBV lytic cycle. In assays with an ATM

inhibitor and DNA damaging reagents in Burkitt lymphoma cell lines, γH2AX induction was

necessary for optimal expression of early EBV genes, but not sufficient for lytic reactivation.

Studies in lytically reactivated EBV-positive cells in which early EBV proteins, BGLF4,

BGLF5, or BALF2, were not expressed showed that these proteins were not necessary for

DDR activation during the EBV lytic cycle. Expression of ZEBRA, a viral protein that is neces-

sary for EBV entry into the lytic phase, induced pATM foci and γH2AX independent of other

EBV gene products. ZEBRAmutants deficient in DNA binding, Z(R183E) and Z(S186E), did

not induce foci of pATM. ZEBRA co-localized with HP1β, a heterochromatin associated pro-

tein involved in DNA damage signaling. We propose a model of DDR activation during the

EBV lytic cycle in which ZEBRA induces ATM kinase phosphorylation, in a DNA binding de-

pendent manner, to modulate gene expression. ATM and H2AX phosphorylation induced

prior to EBV replication may be critical for creating a microenvironment of viral and cellular

gene expression that enables lytic cycle progression.
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Introduction
Infection with Epstein-Barr virus (EBV), the first tumor virus described in humans, is associat-
ed with B-cell lymphoproliferative syndromes, such as Hodgkin and endemic Burkitt lympho-
ma and with diseases of epithelial cell origin such as oral hairy leukoplakia, nasopharyngeal
carcinoma, and gastric carcinoma [1–4]. DNA damage signaling pathways are induced during
EBV infection and lytic reactivation in both lymphoid and epithelial cells [5–9]. Activation of
cellular DNA damage signaling pathways, which safeguard cellular genome integrity, may indi-
cate the presence of oncogenic stressors. Our study investigates the activation of DNA damage
responses (DDR) as a consequence of EBV lytic cycle reactivation and expression of EBV lytic
genes in cells of lymphoid and epithelial origin.

Phosphorylation of Ataxia telangiectasia mutated (ATM), a transducer protein in the ho-
mologous recombination (HR) pathway of DDR, is a classic marker of DNA damage signaling
activation. Following initiation of DNA damage signaling due to DNA breaks or chromatin re-
modeling, ATM, which exists as a dimer in its inactive state, autophosphorylates at S1981 and
dissociates into kinase-active monomers [10]. Upon activation, ATM phosphorylates several
mediators of DNA damage signaling and repair including H2AX, a histone 2A isoform, and
P53 binding protein 1 (53BP1), a scaffolding protein [10–13]. Several viral transcription activa-
tors, including HSV-1 ICP0, HIV-1 Tat protein, and HHV6 U19 protein, modulate DNA dam-
age signaling responses and functionally interact with proteins involved in chromatin
remodeling [14–17]. An emerging view is that chromatin remodeling may be a common mech-
anism for ATM kinase activation by viral transcription factors [18].

Reactivation of the EBV lytic cycle is characterized by a temporal cascade of viral gene ex-
pression [19]. In the very early stage of the cascade two transactivator genes, BZLF1 and BRLF1
encoding the ZEBRA (BamHI Z Epstein-Barr virus replication activator) protein and Rta (R
transactivator), respectively, are expressed. In subsequent stages of the lytic gene cascade,
ZEBRA and Rta, independently or synergistically, activate early lytic viral genes such as
BMRF1, which encodes EA-D, the EBV DNA polymerase processivity factor, and BGLF4,
BGLF5, and BALF2, which encode the BGLF4 protein kinase, BGLF5 alkaline exonuclease, and
BALF2 single-stranded DNA binding protein, respectively. Following expression of BRLF1 and
BMRF1 genes, their products, Rta and EA-D, adopt distinct, lytic-phase-dependent, intranuc-
lear localization patterns, diffuse or globular, which distinguish the early lytic phase from the
late lytic cycle stage [20–22]. Diffuse intranuclear distribution of EA-D coincides with early
stages of the lytic cycle during which there is no viral lytic DNA replication [21, 22]. Expression
of late genes, such as BFRF3, which encodes the structural capsid protein FR3, is dependent on
EBV lytic DNA replication.

The activity of viral proteins and introduction of viral DNA into cells are two pathways
through which viral infection can trigger DNA damage signaling [23, 24]. Several early EBV
proteins, Rta, BGLF4, BGLF5, and BALF2 induce phosphorylation of ATM or H2AX in EBV-
negative cells [25–28]. BGLF4 has been proven to play a role in inducing ATM phosphoryla-
tion during the EBV lytic cycle in Akata cells induced into the lytic cycle by treatment with
anti-IgG [26]. ATM kinase and several of its substrates are phosphorylated and recruited to
viral replication compartments during activation of the EBV lytic cycle [7, 9]. These observa-
tions support the prevalent hypothesis that ATM-mediated DDR is induced in response to
newly replicated viral DNA [29]. However, this hypothesis does not take into consideration the
activation of ATM-mediated-DDR by early EBV proteins in the absence of viral DNA replica-
tion. Ramasubramanyan et al. (2012) showed elevated association of phosphorylated H2AX to
specific regions of the EBV genome following lytic induction of Akata cells in the presence and
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absence of acyclovir [30]. This work provided evidence for activation of ATM-mediated DDR
during the pre-replicative phase of EBV lytic induction.

We used experimental systems that allowed for isolation of early, pre-replicative, lytic events
from late lytic events to identify components of the EBV lytic cycle that are associated with ac-
tivation of ATM and its substrates. We show, in several cell lines, that markers of DNA damage
signaling, phosphorylation of ATM (pATM) or 53BP1 (p53BP1), or H2AX (γH2AX), are acti-
vated early in the lytic cycle, in the absence of EBV lytic replication, as well as in EBV-positive
cells undergoing lytic DNA replication. Upon EBV lytic reactivation, foci of pATM were in-
duced in an epithelial cell line that did not express BGLF4 or BGLF5 genes. Expression of
ZEBRA in EBV-negative cells induced pATM foci. Using point mutants of ZEBRA, the mecha-
nism of ATM phosphorylation was shown to depend on ZEBRA’s capacity to bind DNA.
ZEBRA colocalized with HP1β, a heterochromatin associated protein linked to ATM activation
[31–33].

Our findings demonstrate a novel role for the pre-replicative stage of the EBV lytic cycle in
induction of DNA damage signaling. Furthermore, our studies expand the current understand-
ing of the role individual EBV proteins play in inducing ATM phosphorylation and provide a
novel perspective on triggers of DNA damage signaling pathways during the EBV lytic cycle.

Results

pATM and p53BP1 foci are induced in the presence or absence of EBV
DNA replication compartments
During the EBV lytic cycle, EA-D and Rta proteins are localized, using immunofloresence label-
ing, diffusely (Fig 1B: ii, Fig 2A: ii, and Fig 2B: ii) or in globular structures (Fig 1B: iii, Fig 2A: iii
and Fig 2B: iii). We studied activation of DNA damage signaling during the pre-replicative stage
of the EBV lytic cycle, characterized by diffuse staining of EA-D and Rta, and during replication
when these proteins are found in globular replication compartments (Fig 1 and Fig 2).

We transfected 2089 cells, carrying an inducible EBV bacmid, with an empty vector (CMV)
(Fig 1A: i, Fig 1B: i, Fig 1C: i, Fig 2A: i and Fig 2B: i) or the same vector expressing ZEBRA (Fig
1A: ii, Fig 1B ii–iii, Fig 1C and 1A and Fig 2A: ii–iii, Fig 2B ii–iii and Fig 2C). Using immuno-
fluorescence labeling, the cells were assessed, 32 hrs after transfection, for expression of
ZEBRA (Fig 1A), EBV lytic proteins, EA-D (Fig 1B) or Rta (Fig 2A), and markers of DNA
damage signaling, namely pATM (Figs 1A, 1C and 2A) and p53BP1 (Fig 1B and 1C). Intranuc-
lear foci of pATM (Fig 1A: ii and Fig 2A ii–iii) and p53BP1 (Fig 1C: i) were induced upon ex-
pression of ZEBRA in 2089 cells. A significantly greater percentage of cells transfected with the
ZEBRA expression vector contained foci of pATM (40–48%) or p53BP1 (38–45%) compared
to cells transfected with an empty vector (2–4% pATM-positive and 1–2% p53BP1-positive
cells; Fig 2C: i). ZEBRA was expressed in 46–56% (Fig 1A: ii and Fig 1C: ii), EA-D in 15–24%
(Fig 1B: ii–iii and Fig 1C: ii), and Rta in 22–25% (Fig 2A: ii–iii and Fig 1C: ii), of cells trans-
fected with the ZEBRA expression vector.

pATM foci were induced in cells expressing ZEBRA (Fig 1: ii) as well as in lytically reacti-
vated cells expressing Rta (Fig 2A: ii–iii). Foci of p53BP1, a substrate of pATM, were expressed
in cells expressing EA-D (Fig 1B: ii–iii). A majority of cells containing foci of pATM (83%)
were also positive for ZEBRA (Fig 1A: ii and Fig 1C: iii). Depending on the experiment, 35–
50% of pATM-positive cells were Rta-positive (Fig 2A ii–iii, Fig 1C: iii) and 30–60% of
p53BP1-positive cells were EA-D-positive (Fig 1B: ii–iii and Fig 1C: iii). Foci of p53BP1 and
pATM were induced in the majority of ZEBRA-positive and lytic cells. 86–88% of ZEBRA-pos-
itive cells contained pATM foci, 90–96% of EA-D-positive cells contained p53BP1 foci and 77–
80% of Rta-positive cells contained pATM foci (Fig 1C: iv). These data showed that two

DNA Damage Signaling Induction in the Pre-Replicative EBV Lytic Cycle

PLOS ONE | DOI:10.1371/journal.pone.0126088 May 7, 2015 3 / 29



classical markers of DNA damage signaling are activated in response to expression of ZEBRA
in the vast majority of lytically-reactivated 2089 cells.

Foci of p53BP1 and pATM were induced in cells expressing Rta or EA-D, irrespective of the
intranuclear localization pattern of these EBV lytic antigens. In p53BP1-positive cells where
EA-D was localized exclusively in a diffuse pattern (59–67% of cells expressing EA-D), p53BP1
foci were spread evenly over the entire nucleus (Figs 1B: ii and 2C). In 29–31% of EA-D-posi-
tive cells, EA-D and p53BP1 accumulated in globular structures within the nucleus (Figs 1B: ii
and 2C). Fifty percent of Rta-positive cells contained diffusely distributed Rta and pATM foci
(Fig 2A: ii and Fig 2C). In 28–30% of Rta- positive cells, both Rta and pATM localized to dis-
tinct globular viral replication compartments (Fig 2A: iii and Fig 2C). These

Fig 1. pATM and p53BP1 are induced in response to reactivation of the EBV lytic cycle. 2089 cells were
transfected with an empty vector (CMV) or a plasmid bearing the wild-type ZEBRA gene. Cells were fixed and
double-stained for (A) ZEBRA and pATM (S1981), or (B) EA-D and p53BP1 (S1778). EA-D-positive cells
with EA-D in a diffuse (B: ii) or globular pattern (B: iii) were identified. Scale bar = 10 μm. (C) The
percentages of cells containing DNA damage markers or lytic EBVmarkers were determined and the results
represented as means; n = 3. The percentages of total cells that were positive for pATM or p53BP1 were
determined and the results represented as average percentages. * denotes P<0.05; P = 0.047 for pATM
+ cells in ZEBRA vs CMV and P = 0.048 for p53BP1+ cells in ZEBRA vs CMV (C: i).The percentages of total
cells that were positive for ZEBRA, Rta, EA-D were determined and the results represented as average
percentages (C: ii). The percentages of pATM-positive cells that were also positive for ZEBRA or Rta, and
the percentages of p53BP1-positive cells that were also positive for EA-D was determined and the results
represented as average percentages (C: iii). The percentages of ZEBRA-positive, Rta-positive, or EA-D-
positive cells that were also positive for pATM or p53BP1 were determined and the results represented as
average percentages (C: iv). The differences between percentages in C: ii, C: iii, and C: iv were not
statistically significant (P>0.05).

doi:10.1371/journal.pone.0126088.g001
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immunofluorescence microscopy data suggest that activation of DNA damage signaling mark-
ers, pATM and p53BP1, during the EBV lytic cycle is not restricted to cells undergoing EBV
DNA replication, as indicated by viral replication compartments.

ATM is phosphorylated upon reactivation of the EBV lytic cycle in the
absence of the BGLF4 and BGLF5 early lytic gene products
The induction of pATM foci in lytically-reactivated 2089 cells in which EA-D and Rta were dif-
fusely distributed and not localized to globular intranuclear structures suggested that DNA
damage signaling occurs in the absence of EBV DNA replication. We hypothesized that EBV
proteins expressed early in the EBV lytic cycle, prior to DNA synthesis, may mediate pATM ac-
tivation in the lytic pre-replicative phase. Two early lytic proteins, BGLF4, a kinase, and
BGLF5, a nuclease, can induce DNA damage responses [26–28, 34].

To determine whether BGLF4 and BGLF5 are required for ATM phosphorylation during
the EBV lytic cycle, foci of pATM and expression of Rta were simultaneously assessed in
ΔG4ΔG5 cells, which do not express BGLF4 or BGLF5 genes. ΔG4ΔG5 cells were co-transfected

Fig 2. pATM and p53BP1 are induced in the presence or absence of replication compartments during
EBV lytic cycle reactivation. 2089 cells (A, C) or ΔG4ΔG5 cells (B, C) were transfected with an empty
vector (CMV) or a plasmid bearing the wild-type ZEBRA gene. Cells were fixed and double-stained for Rta
and pATM (A, B). Rta-positive cells with Rta in a diffuse (A: ii, B: ii) or globular pattern (A: iii, B: iii) were
identified. Scale bar = 10 μm. (C) The percentages of Rta and pATM-positive 2089 or ΔG4ΔG5 cells or EA-D
and p53BP-positive 2089 cells where Rta or EA-D were distributed in diffuse or globular intra-nuclear
patterns were determined and the results represented as average percentages (C) (n = 2, NS = not
significant, ** denotes P = 0.00015).

doi:10.1371/journal.pone.0126088.g002
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with plasmids bearing the genes encoding mGFP, as a marker for transfected cells, and ZEBRA
proteins. Foci of pATM were induced in a significant proportion (53–64%) of mGFP-positive
cells that were co-transfected with a ZEBRA expression vector compared to empty vector con-
trols (9–14%; Fig 3).

BGLF4 and BGLF5 proteins are expressed as early lytic genes but are important for late
gene expression and replication [26, 35]. In our experiments the absence of BGLF4 and BGLF5
reduced formation of replication compartments. In ΔG4ΔG5 cells, Rta was diffusely distributed
in a significantly greater proportion of cells (95–96%) and only present in replication compart-
ments in a minor fraction (4–5%) of Rta-positive cells (Fig 2B: ii and 2C). By contrast, in 2089
cells, Rta was diffusely distributed or localized to replication compartments in approximately
equal proportions of Rta-positive cells (Figs 1B, 2A and 2C). Therefore, in the absence of
BGLF4 and BGLF5, the population of lytic cells was enriched in the pre-replicative stage. Foci

Fig 3. pATM is induced in response to expression of BGLF4 in ΔG4ΔG5 cells. (A) ΔG4ΔG5 cells were
transfected with an empty vector (CMV); (A: i), or a plasmid bearing the wild-type ZEBRA gene (A: ii), or a
plasmid bearing the wild-type BGLF4 gene (A: iii), together with a plasmid bearing a membrane targeted
GFP gene (mGFP) then fixed and stained for pATM (S1981). Scale bar = 10 μm. (B) The percentages of
transfected cells (based on mGFP staining) that also contained pATM foci were determined and the results
represented as averages; n = 2. * denotes P<0.05; P = 0.016 for CMV+mGFP versus ZEBRA+mGFP and
P = 0.019 for CMV+mGFP versus BGLF4+mGFP. (C) Cell lysates were analyzed by immunoblots with
antibodies against ZEBRA. A non-specific band (NS) is shown as a loading control.

doi:10.1371/journal.pone.0126088.g003
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of pATM were present in the vast majority of Rta-positive ΔG4ΔG5 cells where the Rta protein
was diffusely distributed in the nucleus (Fig 2B: ii), and in the few cells in which Rta was re-
cruited to viral replication compartments (Fig 2B: iii). These data indicate that BGLF4 and
BGLF5 are dispensable for the pre-replication phase induction of pATM.

We also tested the possibility that BGLF4 might support induction of ATM phosphorylation
in ΔG4ΔG5 cells. pATM foci were induced in a significantly greater proportion of cells co-
transfected with BGLF4 and mGFP genes (42%–48% of mGFP-positive cells) compared to cells
co-transfected with empty vector and the mGFP gene (17–19% of mGFP-positive cells) (Fig
3A and 3B). The lytic cycle, indicated by Rta expression, was activated upon transfection of
ΔG4ΔG5 cells with the gene encoding ZEBRA (Fig 2B). The proportion of pATM-positive cells
was similar in ΔG4ΔG5 cells transfected with BZLF1 and mGFP genes (60–68% of mGFP-posi-
tive cells) as in cells transfected with BGLF4 and mGFP genes (42%–48% of mGFP-positive
cells). ZEBRA was not expressed in cells transfected with BGLF4 and mGFP genes (Fig 3C).
These data show that ATM is phosphorylated in response to BGLF4 expression in ΔG4ΔG5
cells, in the absence of EBV lytic reactivation, as reported in other cell types [26, 27]. Therefore,
although BGLF4 expression can generate pATM foci in the absence of EBV reactivation, it is
dispensable for ATM phosphorylation in lytically reactivated EBV-positive ΔG4ΔG5 cells.

Induction of γH2AX during the EBV lytic cycle in Burkitt lymphoma cell
lines is independent of viral DNA replication
The presence of pATM foci in lytically-reactivated 2089 cells with diffuse intranuclear distribu-
tion EA-D and Rta showed that DNA damage signaling can occur in the absence of replication
compartments, when the EBV lytic cycle is induced by ZEBRA expression (Figs 1 and 2). We
studied Burkitt lymphoma (BL) cell lines to determine whether DNA damage signaling can
occur in the absence of lytic EBV DNA replication in lymphoid cells induced into the lytic
cycle by various stimuli.

Twenty four hours after treatment of HH514-16 BL cells with AZA, ZEBRA, EA-D, and
FR3, a late protein (Fig 4A, lane 5), were expressed and EBV genome amplification was de-
tected (Fig 4D). Greater than 10-fold induction of γH2AX was detected in AZA-treated
HH514-16 cells expressing ZEBRA and FR3, while the unphosphorylated form, H2AX, re-
mained unchanged (Fig 4B, lane 5). While treatment of HH514-16 cells with AZA activated
the EBV lytic cycle and induced γH2AX (Fig 4A, lane 5), treatment of cells from the Raji EBV-
positive BL cell line with AZA did not induce the EBV lytic cycle or activate expression of
γH2AX (Fig 4A, lane 3). These data show that activation of DNA damage signaling markers in
AZA-treated HH514-16 cells correlates with induction of the EBV lytic cycle and is not likely
to be an effect of AZA itself.

To determine whether induction of γH2AX during the EBV lytic cycle was strictly depen-
dent on viral DNA replication, levels of γH2AX were measured in HH514-16 cells treated with
AZA with or without addition of phosphonoacetic acid (PAA), a specific inhibitor of the EBV
viral DNA polymerase [36]. After 24-hour treatment of HH514-16 cells with AZA and PAA,
lytic EBV DNA was at background levels (Fig 4D). The early lytic proteins EA-D and ZEBRA
were detected in HH514-16 cells treated with AZA or AZA and PAA (Fig 4A; lanes 5 and 6).
FR3, a late protein whose expression is dependent on lytic DNA replication, was not expressed
in cells treated with AZA and PAA (Fig 4A, lane 6; Fig 4C). γH2AX was induced to an equal
level (10-fold) in HH514-16 cells treated with AZA, where lytic EBV DNA was actively repli-
cating, as in cells treated with AZA and PAA, where viral DNA synthesis was inhibited (Fig
4A, lanes 5–6 and Fig 4C). In a time-course experiment, γH2AX induction coincided with lytic
reactivation and expression of ZEBRA, while levels of H2AX did not change markedly (S1 Fig).
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γH2AX was induced after 16 h and 24 h of treatment of HH514-16 cells with AZA, when
ZEBRA protein was expressed, but not 6h after treatment with AZA, when ZEBRA protein was
not detected (Fig 4E–4F). FR3, a capsid protein expressed during the late phase of the lytic
cycle after EBV replication has occurred, was only detected 24 hours after treatment with AZA.
These data showed that γH2AX can be induced prior to late stages of the EBV lytic cycle and
when lytic viral DNA replication is inhibited.

To confirm that γH2AX is induced in the early stage of the EBV lytic cycle, in the absence of
viral DNA replication, we used the Raji BL cell line. Raji cells cannot replicate EB viral DNA

Fig 4. γH2AX is induced upon EBV lytic reactivation in Burkitt lymphoma cells in the presence or
absence of viral DNA replication and coincides with expression of ZEBRA. (A and B)Raji and HH514-
16 cells were not treated (UN) or treated with phorbol-12-myristate-13-acetate (TPA) or 5-aza-2’-
deoxycytidine (AZA); HH514-16 cells were also treated with AZA and phosphonoacetic acid (AZA + PAA) or
PAA alone for 24 hours. Cell lysates were analyzed by immunoblots with antibodies against: (A) γH2AX
(S135), EA-D, ZEBRA, FR3, and GAPDH or (B)GAPDH and H2AX. (C) The average fold-induction of γH2AX
normalized to non-phosphorylated H2AX was determined (n = 3). * denotes P<0.05; ** denotes P<0.01;
P = 0.027 for TPA versus UN in RAJI cells. P = 0.00013 for AZA versus UN and P = 0.022 for AZA+PAA
versus UN in HH514-16 cells. (D) The relative EBV genome level for the experimental samples in Fig 4A lane
4, 5, and 6 was determined by real time PCR with primers specific for the EBV brlf1 promoter. The data
shown represent the average of 3 technical replicates. (E) Cell lysates from HH514-16 cells not treated (UN)
or treated with 5-aza-2’-deoxycytidine (AZA) for 6, 16, or 24 hours were analyzed by immunoblots with
antibodies against γH2AX (S135), β-actin, ZEBRA, and FR3; the average fold-induction values of γH2AX
based on densitometry values of γH2AX bands normalized to unphosphorylated H2AX bands are indicated.
(F) The average fold-induction values for γH2AX normalized to β-actin in untreated cells, relative to γH2AX
induction in the cells treated with AZA for 24 hours was determined (n = 2). *denotes P<0.05; ** denotes
P<0.01; P = 0.010 for ZEBRA in AZA-16 H versus in AZA-24H and P = 0.0026 for γH2AX in AZA-16 H versus
in AZA-24H.

doi:10.1371/journal.pone.0126088.g004
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due to a deletion of the viral BALF2 gene, encoding an indispensable replication protein [37].
ZEBRA and EA-D were induced Raji cells treated with phorbol-12-myristate-13-acetate (TPA)
(Fig 4A, lane 2); FR3 late protein was not detected (Fig 4A, lane 2). Approximately 8-fold in-
duction of γH2AX was detected in lytically active TPA-treated Raji cells (Fig 4A, lane 2, and
4C). Unlike Raji cells, HH514-16 cells are not lytically induced by TPA. To determine whether
TPA induces γH2AX independent of its effect on EBV reactivation, HH514-16 cells were treat-
ed with TPA. γH2AX was not detected in HH514-16 cells treated with TPA alone (Fig 4A, lane
8). Lytic reactivation of Raji cells by transduction with a lentivirus bearing the BZLF1 gene re-
sulted in γH2AX activation (Fig 5A and 5B). EBV genome amplification in Raji cells expressing
ZEBRA after lentivirus transduction was indistinguishable from the negative control (Fig 5C).
These data showed that DDR signaling was not unique to chemical reactivation by TPA in Raji
cells. Moreover, the experiments in Raji cells emphasize the conclusion that DDR signaling
does occur in the absence of lytic EBV replication. Furthermore, BALF2, which has been
shown to induce γH2AX in a proportion of EBV-negative nasopharyngeal cancer cells [25],
and is not present in Raji cells, was not necessary for early lytic phase.

Foci of phosphorylated ATM are induced exclusively in lytic cells,
independent of viral DNA replication, during EBV reactivation in Burkitt
lymphoma cell lines
We investigated whether pATM foci were induced during EBV reactivation in HH514-16 or
Raji cells in the same experimental samples in which induction of γH2AX was demonstrated
(Fig 4A–4D). Foci of pATM were present exclusively in TPA-treated Raji cells (Fig 6A: i), in
AZA-treated (Fig 6A: iii), and AZA-and-PAA-treated (Fig 6A: iv) HH514-16 cells expressing
ZEBRA, and not in similarly treated cells where ZEBRA was not present. Therefore, in both
HH514-16 and Raji cells, pATM foci were only detected in cells where EBV was reactivated
(Fig 6). Foci of pATM were detected in a significant proportion (approximately 20%) of
HH514-16 cells activated into the lytic cycle by AZA treatment, relative to untreated cells (Fig
6: iii). A similar percentage (18–20%) of AZA-treated and AZA-and-PAA-treated HH514-16
cells were positive for both ZEBRA and pATM (Fig 6B). Approximately 15% of TPA-treated
Raji cells were positive for both ZEBRA and pATM. These data showed that ATM was phos-
phorylated in lytically-reactivated HH514-16 cells in which lytic EBV DNA replication was
chemically inhibited with PAA, as well as in lytically-reactivated, replication-deficient, Raji
cells. Treatment of Raji cells with AZA or HH514-16 cells with TPA (S3 Fig), stimuli that did
not induce the EBV lytic cycle in these cell lines, did not induce pATM foci. Therefore, ATM
phosphorylation was induced specifically in response to induction of the EBV lytic cycle and
not as a general response to treatment with chemical reagents used to induce EBV. Further-
more, these data show that BALF2, which has been shown to induce markers of DNA damage
signaling [25], was not necessary for formation of pATM foci in lytically activated Raji cells.

Induction of γH2AX is not sufficient for activation of the EBV lytic cycle
Phosphorylation of ATM during the EBV lytic cycle in HH514-16 and Raji cells (Figs 4–6)
raised the question whether ATM-dependent DNA damage signaling, as shown by induction
of γH2AX, is sufficient for activation of the EBV lytic cycle in these cell lines. To investigate
this question, we studied lytic reactivation in HH514-16 or Raji cells treated with reagents, in-
cluding sodium butyrate (NaB), ionizing radiation (IR), or camptothecin, which induce ATM
kinase activity and subsequent phosphorylation of H2AX at serine 135 (γH2AX) [10, 38–44].

We tested the effects of NaB, a histone deacetylase inhibitor (HDACi), on lytic reactivation
and γH2AX induction in Raji cells. Treatment of Raji cells with NaB resulted in robust
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(approximately 80-fold) induction of γH2AX but did not activate the EBV lytic cycle, as shown
by the absence of EA-D protein (Fig 7A, lane 3). As previously illustrated (Fig 4), treatment of
Raji cells with TPA induced expression of ZEBRA (Fig 7A, lane 2). Induction of γH2AX in
TPA-treated Raji cells (Fig 7A, lane 2) was modest (8-fold) compared to NaB-treated cells (Fig
7A, lane 3). Treatment of Raji cells with both NaB and TPA led to a 6-fold increase of the level
of γH2AX relative to Raji cells treated with TPA alone. However, levels of EA-D expression
were similar in both samples (Fig 7A, compare lane 4 with lane 2). There was approximately
50% reduction in γH2AX induction in NaB-and-TPA-treated Raji cells relative to NaB-treated
cells (Fig 7A, compare lane 4 with lane 3), but no corresponding decrease in the level of EA-D.
These experiments in Raji cells showed no correlation between the extent of expression of
γH2AX, a marker of DNA damage signaling, and EA-D, a marker of EBV lytic cycle activation.

Fig 5. γH2AX is activated in Raji cells induced into the lytic cycle by expression of ZEBRA.Raji cells
were infected with an empty vector lentivirus (V) or a lentivirus bearing the bzlf1 gene (Z) for 2h or 4h. After
infection, cells were washed and incubated for an additional 22 or 20 hours, for a total of 24 hours. (A)
Immunoblots with antibodies against ZEBRA, γH2AX (S135), EA-D, and GAPDH (A: i) and H2AX and
GAPDH (A: ii) are shown. (B) The average fold-induction of γH2AX by ZEBRA relative to vector transfected
cells, normalized to GAPDHwas determined (n = 2). * denotes P<0.05; ** denotes P<0.01; P = 0.0024 for Z-
2H versus V-2H and P = 0.012 for Z-4H versus V-4H. (C) EBV genome amplification for Raji cells infected
with an empty vector lentivirus (V) or a lentivirus bearing the ZEBRA gene (Z) for 2h was determined by real
time PCR with primers specific for the EBV brlf1 promoter. The data shown represent the average of 3
technical replicates.

doi:10.1371/journal.pone.0126088.g005
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There was a 4-fold induction of γH2AX after 30 min of treatment of HH514-16 cells with a
20 Gy dose of IR (Fig 7B, lane 2). As expected from the known kinetics of γH2AX induction
[45], levels of γH2AX in irradiated cells returned to baseline 24 h after exposure to a 20 Gy
dose of IR (Fig 7B, lane 3 and 4 to lane 1 and 2). ZEBRA protein was induced in response to
AZA treatment but was absent 30 min and 24 h after exposure to a 20 Gy dose of IR (Fig 7B;
compare lane 5 with lane 4 and 2). Transcription of the BZLF1 gene was not activated 24 h or
48 h after treatment with increasing doses of IR, delivered at 1.46 Gy/min (Fig 7C). In experi-
ments with camptothecin, there was a 6-fold induction of γH2AX in HH514-16 cells treated
with camptothecin for 2 hours (Fig 8A: ii) and a 3-fold induction of γH2AX in Raji cells after
treatment with camptothecin for 2 hours (Fig 8A: i). ZEBRA protein was not detected 22 hours
after treatment of HH514-16 cells (S2A Fig) or Raji cells (S2B Fig) with camptothecin for 2
hours. These data indicate that induction of γH2AX by canonical DNA damaging reagents is
not sufficient to reactivate the EBV lytic cycle in Raji or HH514-16 cells.

Fig 6. pATM is induced exclusively in lytic cells following chemical induction of the EBV lytic cycle in
Burkitt lymphoma cell lines. (A) Raji cells treated with TPA (A: i) or left untreated (UN) (A: ii) and HH514-16
cells treated with AZA (A: iii), or with AZA and PAA (A: iv), or left untreated (UN) (A: v) were double-stained
for ZEBRA and pATM (S1981). (B) The percentages of total cells that were positive for both ZEBRA and
pATMwere obtained and the results represented as averages (n = 3). * denotes P<0.05 and ** denotes
P<0.01; for the average percentages of ZEBRA+ cells P = 0.027 in TPA versus UN RAJI samples and
P = 0.025 for AZA versus UN HH514-16 samples. For the average percentages of ZEBRA+ and pATM+ cells
P = 0.021in TPA versus UN RAJI samples, P = 0.0070 in AZA versus UN, and P = 0.047 in AZA+PAA versus
UN HH514-16 samples. Scale bar = 10 μm.

doi:10.1371/journal.pone.0126088.g006
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Treatment of HH514-16 and Raji Burkitt Lymphoma cell lines with an
ATM inhibitor prevents maximal ZEBRA and EA-D expression
To investigate whether ATM kinase activity is necessary for induction of the EBV lytic cycle in
HH514-16 and Raji we studied EBV reactivation in the presence of an ATM kinase inhibitor,
KU55933 [46]. To verify that the inhibitor was functional we assayed γH2AX induction in the
presence or absence of KU55933. After 2h of treatment of Raji cells with camptothecin and
KU55933, induction of γH2AX was inhibited by approximately 70% compared to camptothe-
cin-treated Raji cells (Fig 8A, i). Compared to Raji cells treated with TPA, treatment of Raji
cells with TPA and KU55933 resulted in a 90% reduction of γH2AX activation (Fig 8B, iii), and
approximately 75% inhibition of both EA-D (Fig 8B, i and iv) and ZEBRA (Fig 8B, ii) protein
expression. There was 60% inhibition of γH2AX induction after treatment of HH514-16 cells
with KU55933 and camptothecin for 2h relative to cells treated with camptothecin alone (Fig
8A, ii). Compared to HH514-16 cells treated with AZA, treatment of HH514-16 cells with
AZA and KU55933 resulted in a 90% reduction in γH2AX activation (Fig 8C, ii), approximate-
ly 50% inhibition of ZEBRA (Fig 8C, ii), and 70% inhibition of EA-D proteins (Fig 8C, i and
iii). These data suggest that ATM kinase activity is required for maximal activation of the EBV
lytic cycle.

Fig 7. Induction of γH2AX is not sufficient for activation of the EBV lytic cycle in Burkitt lymphoma
cell lines. (A) Cell lysates of Raji cells treated with AZA, TPA, sodium butyrate (NaB), NaB and TPA, or
untreated (UN) were analyzed by immunoblots with antibodies against γH2AX, EA-D, and GAPDH (A: i) or
H2AX and GAPDH (A: ii); fold-stimulation values of γH2AX normalized to H2AX are indicated. (B) HH514-16
cells were irradiated with 0 Gy or 20 Gy dose of ionizing radiation (IR) and harvested after 0.5 h or 24 h, or
treated with AZA for 24 h. Cell lysates were analyzed by immunoblots with antibodies against γH2AX (S135),
ZEBRA, and GAPDH (B: i) or GAPDH and H2AX (B: ii); fold-stimulation values of γH2AX normalized to
H2AX are indicated. (C) HH514-16 cells were irradiated with 0 Gy, 2Gy, 5 Gy, 10 Gy, 20 Gy, or treated with
AZA. Total RNA was extracted from cell lysates after 24 h or 48 h and relative levels of BZLF1 mRNAs were
measured by qRT-PCR using the standard-curve method. Individual samples were assayed in triplicate; in
two biological replicates.

doi:10.1371/journal.pone.0126088.g007
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ZEBRA is sufficient to induce ATM phosphorylation and γH2AX in EBV-
negative 293 cells
Our data in BL cells showed that DNA damage signaling occurs early during the EBV lytic
cycle and is not dependent on viral lytic replication. Three EBV proteins expressed during the
early lytic cycle, BGLF4, BGLF5, and BALF2 induce markers of DNA damage signaling, includ-
ing γH2AX, in EBV-negative cells [25, 26, 34]. In our experiments, we showed that BGLF4 and
BGLF5 proteins were not essential for early lytic phase induction of pATM foci (Figs 2B and
3B). The detection of pATM foci or γH2AX in the absence of BGLF4, BGLF5, and BALF2 in ly-
tically-reactivated ΔG4ΔG5 and Raji cell lines led us to conclude that these proteins may not be
the only EBV proteins that contribute to induction of markers of DNA damage signaling in the

Fig 8. ATM kinase activity mediates maximal reactivation of the EBV lytic cycle in Burkitt lymphoma
cells. (A) Cell lysates from Raji (A: i) and HH514-16 cells (A: ii) untreated or treated with camptothecin
(CAMPTO), in the presence or absence of KU55933, were analyzed by immunoblots with antibodies against
γH2AX (S135) and GAPDH; fold induction of γH2AX normalized to unphosphorylated H2AX are shown. (B)
Cell lysates of Raji cells untreated, or treated with TPA, in the presence or absence of KU55933, were
analyzed by immunoblots with antibodies against EA-D and GAPDH (B: i), ZEBRA and β-Actin (B: ii), and
γH2AX (S135) and GAPDH (B: iii); The fold stimulation values of EA-D and ZEBRA normalized to GAPDH or
γH2AX normalized to unphosphorylated H2AX are shown. The average fold-induction of EA-D normalized to
GAPDHwas determined (n = 3); ** denotes P<0.01; P = 0.00013 for TPA+KU55933 versus TPA (B: iv). (C)
Cell lysates of HH514-16 cells untreated, or treated with AZA, in the presence or absence of KU55933, were
analyzed by immunoblots with antibodies against EA-D and GAPDH (C: i) and ZEBRA, γH2AX, and β-Actin
(C: ii); The fold stimulation values of EA-D, ZEBRA, and γH2AX are shown. The average fold-induction of
EA-D normalized to GAPDHwas determined (n = 3). ** denotes P<0.01; P = 0.00020 for AZA+KU55933
versus AZA (C: iii).

doi:10.1371/journal.pone.0126088.g008
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pre-replicative stage of the EBV lytic cycle (Figs 3–5). Our subsequent studies explored the hy-
pothesis that ZEBRA may activate DNA damage signaling during the EBV lytic cycle.

ZEBRA is sufficient and indispensable for EBV lytic reactivation and is expressed during
the very early phase of the lytic cycle [47]. Two observations in our previous experiments led
us to hypothesize that ZEBRA may play a direct role in activating markers of DNA damage sig-
naling. First, in experiments in 2089 cells, where the EBV lytic cycle was induced by transfec-
tion with a ZEBRA expression vector, the percentage of pATM-positive cells containing
ZEBRA was greater than the percentage of pATM-positive cells containing Rta (Fig 1C: iii).
This finding could be explained if expression of ZEBRA was sufficient to activate pATM in
some cells, without activating downstream lytic genes. Secondly, induction of γH2AX in
HH514-16 cells temporally correlated with expression of ZEBRA (Fig 4E). To determine
whether ZEBRA is sufficient for induction of markers of DNA damage signaling, we expressed
ZEBRA in 293 cells, the parental cell line for the EBV-bacmid bearing 2089 and ΔG4 ΔG5 cells.

pATM foci were detected in a significant proportion (about 30%) of ZEBRA-positive 293
cells (Fig 9A and 9B; Fig 10A: ii). We co-transfected 293 cells with CMV and mGFP plasmids
or ZEBRA and mGFP plasmids and quantified the proportion of mGFP-positive cells with
pATM foci in each sample, in an observer-blinded fashion (Fig 9B). With this blinded ap-
proach, there were consistently greater proportions of pATM-positive cells in ZEBRA-trans-
fected cells (Fig 9B). γH2AX was also detected by immunoblot in EBV-negative 293 cells
expressing ZEBRA (Fig 9C: i and 9D). These data showed that ZEBRA expression is sufficient
for induction of pATM and γH2AX, biochemical markers of DNA damage signaling.

Induction of DNA damage signaling may lead to apoptosis or perturbation of cell cycle pro-
gression. Cells expressing ZEBRA were not preferentially stained with 7-aminoactinomycin D
(7AAD), which stains apoptotic and dead cells (S4 Fig). These data indicate that cells express-
ing ZEBRA do not undergo apoptosis or cell death.

Single amino-acid substitutions in the DNA binding domain of ZEBRA
affect its capacity to induce ATM phosphorylation
Some viral transcription factors induce DNA damage in a DNA-binding-dependent manner.
We therefore studied ZEBRA mutants with single amino-acid substitutions within the DNA
recognition domain that affect binding to a high affinity ZEBRA response element (ZRE),
ZIIIB, to determine whether ZEBRA’s ability to induce phosphorylated ATM correlated with
its DNA binding capacity. We have previously studied DNA binding and lytic cycle activation
properties of ZEBRA mutants, including Z(R179A), Z(S186A), Z(S186E), Z(N182E), and Z
(R183E) (Table 1 and [48]). Z(R179A) activates expression of Rta but not EA-D or late lytic
proteins when expressed in 2089 EBV-positive cells (Table 1). Z(S186A), Z(S186E), Z(N182E),
and Z(R183E) mutants are defective in EBV lytic cycle activation. Of these defective mutants,
only Z(S186A) binds to the ZIIIB ZEBRA binding DNA site (Table 1; [48]). Although Z
(N182E) is defective in binding ZIIIB sites, it binds to AP1 DNA sequences comparably to wild
type ZEBRA (S5 Fig).

We compared the relative ability of Z(R179A), Z(S186A), Z(S186E), Z(N182E), and Z
(R183E) mutants to activate pATM foci relative to wild type ZEBRA. Expression of ZEBRA
mutants was similar to that of wild type ZEBRA (S6 Fig). As seen with wild-type ZEBRA (Fig
9A and 9B and Fig 10A:ii), the Z(S186A) (Fig 10A:iii and 10B) and Z(N182E) (Fig 10A:iv and
10B) mutants induced pATM foci in a significant proportion of 293 cells relative to the nega-
tive control (Fig 10B). Foci of pATM were also detected in EBV-positive Raji cells expressing
the Z(R179A) (Fig 11A:ii) and Z(S186A) (Fig 11A:iii) mutants. However, the proportion of
pATM positive cells in response to expression of DNA binding defective mutants Z(S186E)
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(Fig 10A: v and 10B) and Z(R183E) was not significantly different from negative control cells
(Fig 10A: i and 10B). These data provide additional evidence that ATM phosphorylation in re-
sponse to expression of ZEBRA is not dependent on ZEBRA’s ability to activate the EBV lytic
cycle, but is related to its ability to bind DNA.

ZEBRA co-localizes with HP1β, a heterochromatin associated protein
involved in DNA damage signaling, in electron-dense regions of the
nucleus
We have previously shown that ZEBRA localizes to electron dense regions of the nucleus,
which are known sites of heterochromatin [49]. To explore a possible mechanism by which
ZEBRA may interact with DNA damage signaling pathways, we examined its intra-nuclear dis-
tribution relative to HP1β, a heterochromatin associated protein linked to ATM

Fig 9. pATM is induced in response to ZEBRA expression in cells lacking EBV. (A) 293 cells were
transfected with a plasmid expression vector for ZEBRA. Cells were double-stained for ZEBRA and pATM
(S1981). White arrows indicate cells expressing ZEBRA. The blue arrow indicates a cell positive for pATM.
Scale bar = 10 μm. (B) 293 cells were co-transfected with a plasmid expressing a membrane-targeted EGFP-
farnesylated construct (mGFP) and an empty vector (CMV) or an expression vector for ZEBRA and stained
for pATM (S1981). The percentage of total cells that were positive for both pATM and mGFP was determined
in blinded experiments and the results represented as average percentages (n = 4), ** denotes P<0.005;
P = 0.0048 for ZEBRA versus CMV. (C) 293 cells were transfected with an empty vector (CMV) or a plasmid
expression vector for ZEBRA. Cell lysates were analyzed by immunoblots with antibodies against γH2AX
and ZEBRA and β-Actin (C: i), or H2AX and β-Actin (C: ii). γH2AX fold stimulation (FS) levels are shown;
n = 3, ** denotes P<0.005; P = 0.0014 for γH2AX FS in CMV versus ZEBRA 293 samples (C: iii).

doi:10.1371/journal.pone.0126088.g009
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phosphorylation [31]. Immuno-electron microscopy with antibodies conjugated to gold parti-
cles showed HP1β localization in numerous foci within electron dense regions of 293 cells (Fig
12). ZEBRA co-localized with HP1β in electron dense regions of the nucleus in EBV- negative
293 cells (Fig 12A and 12B). In the presence of ZEBRA, there were significantly fewer HP1β
specific gold particles in electron dense regions of the nucleus (Fig 12C). This finding suggests
that ZEBRA may displace HP1β from its binding sites on cellular chromatin (see Discussion).

Fig 10. pATM is induced in response to expression of WT ZEBRA, and ZEBRAmutants Z(S186A), and
Z(N182E) in 293 cells. (A) 293 cells co-transfected with an empty vector (CMV) and a membrane-targeted
EGFP-farnesylated construct (mGFP) (A: i) or singly transfected with expression vectors for ZEBRA (A: ii), Z
(S186A) (A: iii), Z(N182E) (A: iv), Z(S186E) (A: v), or Z(R183E) (A: vi) were fixed and double-stained for
ZEBRA and pATM (S1981); Arrows indicate transfected cells expressing transfected genes or pATM or
transfected genes and pATM. Detector settings were kept constant during confocal image acquisition. (B)
293 cells were fixed and stained for pATM (S1981) after co-transfection with a membrane-targeted EGFP-
farnesylated construct (mGFP) and an empty vector (CMV), or expression vectors for ZEBRA, or Z(S186A),
or Z(N182E), or Z(S186E), or Z(R183E). The percentage of total cells that were positive for both pATM and
mGFP was determined in blinded experiments (n = 4). **P<0.01; P = 0.0001 for WTZ vs. CMV, 0.00017 for Z
(S186A) vs. CMV, and 0.0013 for Z(N182E) versus CMV.

doi:10.1371/journal.pone.0126088.g010
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Table 1. Summary of DNA binding activity, EBV lytic gene activation, and DNA damage signaling phenotypes of ZEBRAmutants compared to
wild-type ZEBRA.

Protein Binding to ZIIIB sequence BRLF1 gene activation BMRF1 gene activation BFRF3 gene activation pATM foci

WT ZEBRA + + + + +

Z(R179A) + + - - +

Z(S186A) + - - - +

Z(N182E) - - - - +

Z(S186E) - - - - -

Z(R183E) - - - - -

Capacities for DNA binding and activation of EBV lytic genes by WT and mutant ZEBRA were determined previously [48]. Generation of pATM foci was

determined by immunofluorescence assays, in 293 cells, as described in Fig 11.

+ denotes proficiency, relative to WT, in performing the respective activity.

- denotes deficiency, relative to WT, in performing the respective activity.

doi:10.1371/journal.pone.0126088.t001

Fig 11. ATM is phosphorylated upon expression of WT ZEBRA, and ZEBRAmutants Z(R179A), and Z
(S186A) in Raji cells. (A) Raji cells infected with an empty vector lentivirus (V), or lentiviruses expressing the
wild-type ZEBRA gene (A: i), Z(R179A) (A: ii), or Z(S186A) (A: iii) were fixed and double stained for ZEBRA
and pATM. Detector settings were kept constant during confocal image acquisition. Scale bar = 10 μm. (B)
The percentage of total cells that were positive for ZEBRA or ZEBRA and pATMwas obtained.

doi:10.1371/journal.pone.0126088.g011
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Discussion
We show here that activation of DNA damage response signaling proteins can be elicited in the
early phase of the EBV lytic cycle and in the absence of EBV DNA replication. Our findings
raised two questions: 1) which viral factors are responsible for induction of DNA damage sig-
naling during the early phase of the EBV lytic cycle? 2) What is the function of DNA damage
signaling activation associated with the early phase of the EBV lytic cycle? We addressed these
questions by investigating the role of early lytic proteins, ZEBRA, BGLF4, BGLF5, and BALF2,
in inducing markers of DNA damage signaling and by exploring how the EBV lytic cycle is af-
fected by DNA damage signaling.

The role of early EBV proteins in inducing DNA damage signaling during
the EBV lytic cycle
Although several EBV proteins, including BGLF4 (Fig 3 and [26]), BGFL5 [34], and BALF2
[25], are sufficient to induce markers of DNA damage signaling in EBV-negative cells, we find
that these proteins are not necessary for activation of foci of pATM during the EBV lytic cycle
(Fig 2B and 2C and Fig 6). pATM foci were detected in ΔG4ΔG5 cells lacking both BGLF4 and
BGLF5, upon lytic reactivation by expression of ZEBRA (Fig 2B and 2C). In Raji cells, lacking
BALF2, γH2AX (Fig 4A) and pATM foci (Fig 6A; i) were induced in cells lytically reactivated
by treatment with TPA.

One scenario that may account for the dispensability of BGLF4, BGLF5, BALF2 in activa-
tion of pATM or γH2AX hinges on the roles these proteins play in replication. In the cell

Fig 12. ZEBRA localizes to electron dense regions of the nucleus containing HP1β. 293 cells were
transfected with (A) an empty vector (CMV), or (B) a ZEBRA expression vector, fixed and processed for
immunogold labeling with antibodies against ZEBRA and Protein A-conjugated 15 nm gold particles and
HP1β and Protein A-conjugated 5 nm gold particles. The percentage of HP1β clusters with�10 or >10 5nm
gold particles was determined and represented as means (n = 2), 20 nuclei sections were photographed and
scored for the presence of each marker with Cell Profiler software. Scale bar = 10 μm.

doi:10.1371/journal.pone.0126088.g012
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systems we studied, BGLF4, BGLF5, or BALF2 were not required for inducing DNA damage
signaling events and cells were predominantly in the pre-replicative phase of EBV. The majori-
ty of lytically reactivated ΔG4ΔG5 cells did not have replication compartments (Fig 2B and
2C). In Raji cells, due to the absence of the single stranded DNA binding replication protein,
BALF2, there was no evidence of EBV DNA replication upon activation of the EBV lytic cycle
(Fig 5). It is therefore possible that these lytic proteins may not be necessary for DNA damage
signaling in the pre-replicative stages of EBV but may be important for DNA damage signaling
induced during or after lytic DNA replication.

Functional redundancy of early lytic proteins in pATM activation may explain why BGLF4,
BGLF5, and BALF2 were not necessary for activation of markers of DNA damage signaling
during the EBV lytic cycle. BRLF1, an EBV transcriptional activator, has been shown to induce
pATM and γH2AX [50]. Additionally, we now show that expression of ZEBRA can also induce
pATM (Fig 9 and Fig 10A: i) and γH2AX (Fig 9C) in EBV-negative 293 cells. Thus other early
EBV proteins may function to induce DNA damage signaling in the absence of BGLF4,
BGLF5, or BALF2 during the EBV lytic cycle.

Induction of DNA damage signaling markers during the early phase may
promote progression of the EBV lytic cycle
The detection of foci of phosphorylated ATM exclusively in EBV-positive cells expressing lytic
proteins (Figs 1, 2 and 6) led us to conclude that DNA damage signaling is activated down-
stream of lytic reactivation. Although ATM kinase activity was not sufficient for EBV reactiva-
tion (Fig 7), it was necessary for maximal expression of ZEBRA and EA-D (Fig 8). These data
confirm results in the EBV-positive gastric carcinoma AGS-Akata cell line which established a
role for ATM in EBV reactivation [8] and show that the requirement for ATM kinase activity
is not cell-specific or inducing agent-specific. ATM likely plays a role in enhancing expression
of early lytic EBV genes, as previously described [8], and not just viral DNA replication as re-
cently proposed [9]. We therefore propose a model whereby induction of DNA damage signal-
ing is important for progression of the EBV lytic cycle.

A proposed model for the roles and mechanisms of DNA damage
signaling induction during progression of the EBV lytic cycle
In our model of DNA damage signaling induction during the EBV lytic cycle, we propose that
inducing agents such as AZA and TPA initially induce low levels of ZEBRA in target cells
which activate target promoters such as the BMRF1 promoter to express low levels of EA-D
(Fig 13A; Steps 1–3). ZEBRA is known to activate its own promoter during the EBV lytic cycle
[51]. Therefore, the inhibition of maximal ZEBRA and EA-D expression in the presence of the
ATM kinase inhibitor, KU55933, (Fig 8) may be explained by a requirement of ATM kinase ac-
tivity for auto-activation of the ZEBRA promoter (Zp) by ZEBRA (Fig 13B). Other explana-
tions are that the ability of inducing agents to stimulate the Z promoter is enhanced by ATM
kinase activity or that ATM enhances ZEBRA or mRNA stability.

The finding that ZEBRA mutants Z(S186E) and Z(R183E), which are deficient in DNA
binding (Table 1), were also deficient in inducing foci of ATM phosphorylation (Fig 10) points
to a possible role for DNA or chromatin interaction in ZEBRA-induced DNA damage signal-
ing. Z(N182E), a ZEBRA mutant which cannot bind ZIIIB sites (Table 1 and [48]) but binds
AP1 sequences comparably to wild type ZEBRA and Z(S186A) (S5 Fig), induced foci of phos-
phorylated ATM unlike other ZIIIB binding deficient ZEBRA mutants used in this study (Fig
10). Since ZEBRA has the capacity to bind to a heterogeneous group of DNA sequences, in-
cluding AP1 sites, it is likely that the ability of ZEBRA to induce phosphorylation of ATM, in
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EBV-negative cells, based on its interactions with DNA, chromatin, or chromatin modifying
proteins, may depend on its capacity to bind DNA at AP1 sites or other cellular
DNA sequences.

The ATM-mediated pathway of DNA damage signaling can be activated independent of
DNA lesions by stable association of DNA repair proteins with chromatin [55] and by chroma-
tin remodeling [10]. ZEBRA may rely on its DNA binding activity to achieve functional prox-
imity with proteins, such as 53BP1[53], which associate with chromatin and are involved in
DNA damage signaling. Therefore, a plausible model for ZEBRA-induced ATM phosphoryla-
tion may involve interaction between ZEBRA and 53BP1 (Fig 13B; Step 4) at ZEBRA target
sites on viral DNA and cellular DNA. ZEBRA may promote stable association of 53BP1 with
chromatin and subsequent recruitment and activation of ATM and its substrates (Fig 13B Step
7 and 8).

ZEBRA binds to methylated DNA on viral DNA promoters [56] that contain epigenetically re-
pressive histones, such as H3K9Me [52, 57]. ZEBRAmay also bind specifically to methylated
DNA on cellular chromatin. Repressive histone marks such as H3K9Me are associated with HP1
β and DNAmethylation [58, 59]. This may explain why ZEBRA co-localizes with HP1β on het-
erochromatin (Fig 13). We noted decreased labeling of HP1 β in cells expressing ZEBRA. ZEBRA
may displace HP1 β from electron dense regions of the nucleus (Fig 12). Displacement of HP1β
from chromatin in the earliest phase of ATM-dependent DNA damage signaling may recruit the
Tip60 acetyltranferase to trimethylated lysine 9 on Histone 3 (H3K9Me). This process amplifies
subsequent activation of the ATM-mediated DNA damage signaling pathway [31, 32, 54, 60–62].
Therefore, during the EBV lytic cycle the localization of ZEBRA to genetically repressed chroma-
tin on viral or cellular DNA (Fig 13B) leads to chromatin changes that may displace HP1 β from

Fig 13. Proposedmodel for the role of ZEBRA in induction of ATM phosphorylation during the EBV
lytic cycle. The model has two broad phases of lytic induction: A) Initial activation of the BZLF1 promoter (Zp)
following induction of the lytic cycle, and B) Further activation of Zp through autoactivation [51] by ZEBRA
and induction of ATM phosphorylation and DNA damage signaling by ZEBRA and other early lytic proteins. 1)
Inducing agents such as AZA in HH514-16 cells or TPA in Raji cells target Zp which is epigenetically
repressed by modified histones such as H3K9Me3 that recruit HP1β [52]. 2) ZEBRA, expressed at low levels
3) stimulates target promoters such as the BMRF1p resulting in expression of EA-D. 4) ZEBRA binds its own
promoter where it associates with 53BP1 [53] and 5) and displaces HP1β from H3K9Me. 6) This process
allows recruitment of Tip60 which acetylates and activates ATM [54]. 7) ATM phosphorylates H2AX and 8)
53BP1. 9) Other EBV lytic proteins including BGLF4, BGLF5, BALF2, and BRLF1, which are early lytic gene
products, may also contribute to ATM kinase activation. ATM kinase activity leads to maximal autoactivation
of the ZEBRA promoter leading to 10) increased levels of ZEBRA and 11) increased levels of BMRF1. The
ATM inhibitor KU55933 prevents maximal activation of ZEBRA and BMRF1 promoters.

doi:10.1371/journal.pone.0126088.g013
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H3K9Me (Fig 13B; Step 5) allowing for Tip 60 recruitment (Fig 13B; Step 6) and subsequent acti-
vation of ATM kinase and phosphorylation of ATM substrates (Fig 13B; Step 7 and 8). Further
studies are required to investigate displacement of HP1β by ZEBRA and the involvement of HP1β
in ZEBRA’s induction of DNA damage signaling.

Several viral lytic proteins expressed during the early phase of the lytic cycle may cooperate
with ZEBRA to induce DNA damage signaling (Fig 13B; step 9). Both ZEBRA and its target
genes are maximally activated in the presence of ATM kinase activity (Fig 13B; steps 10 and
11). Our findings showing that induction of markers of DNA damage signaling is not contin-
gent on EBV DNA replication provide a novel perspective on the role of the early phase of the
EBV lytic cycle in activating DNA damage responses. Our data support a role for DNA damage
signaling in promoting transcriptional activation of viral genes during the EBV lytic cycle.

Materials and Methods

Cell Lines
The 293 cell line, a human embryonic kidney (HEK) cell line immortalized by the early region
of adenovirus [63], was obtained from the American Type Culture Collection (Cat #: CRL-
1573). The 2089 cell line is a 293 cell line stably transfected with a bacmid containing the full-
length EBV genome and a hygromycin B-resistance gene [64]. The ΔG4ΔG5 cell line is a 293
cell line stably transfected with a bacmid containing an EBV genome which does not express
BGLF4 or BGLF5 proteins due to replacement of a large part of the BGLF4 gene and BGLF5
gene promoter with a kanamycin resistance gene cassette [65]. 293, 2089, and ΔG4ΔG5 cells
were maintained in DMEM complete media, supplemented with 8% fetal bovine serum,
50 U/mL penicillin–streptomycin, and 1 μg/mL amphotericin B. 100 μg/mL hygromycin B
(Calbiochem) was added to media used to grow 2089 and ΔG4ΔG5 cells for bacmid selection.
The HH514-16 cell line, developed in our laboratory, is a subclone of the P3J-HRIK Burkitt
lymphoma cell line [66]. The Raji cell line, a Burkitt lymphoma cell line lacking the BALF2
gene, was obtained from the American Type Culture Collection (Cat #: CCL-86) [67]. Burkitt
lymphoma cell lines were cultured in RPM1 1640 supplemented with 8% fetal bovine serum,
50 U/mL penicillin–streptomycin, and 1 μg/mL amphotericin B. Cells were grown at 37°C
under 5% CO2. 293 T cells were obtained from ATCC (Cat#: CRL- 1126). The HKB5 (hybrid
kidney B-cell) cell line is a somatic cell hybrid between the 293 human embryonic kidney cell
line and the HH514-16 subclone of the P3J-HR1K line from Burkitt lymphoma. HKB5 cells
were obtained from Sam Cho [68, 69].

EBV lytic cycle induction
Burkitt lymphoma cell lines in logarithmic-phase growth, usually at 48 h after the last sub
culture, were resuspended at 106/ml in fresh medium and treated with lytic cycle-inducing
chemicals. The inducing chemicals 5 μM 5-aza-2’-deoxycytidine (AZA) (Sigma no. 3656) or
20 ng/ml TPA (Calbiochem no. 524400) and 3 mM sodium butyrate (NaB) (Sigma no. B5887)
were used in HH514-16 or Raji cells, respectively. Cells were treated with inducing agents for
24 h. 2089 and ΔG4ΔG5 cells and were induced into the lytic cycle by transfection with a plas-
mid containing the ZEBRA gene. Transfections were conducted for 32 hours.
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Treatment of cells with DNA damaging reagents and ATM kinase
inhibitor
Cells were irradiated with a 137Cs source at a dose rate of 1.46 Gy per min or treated with
30 μg/ml of camptothecin (Sigma C9911). Cells were treated with KU55933 (KuDos pharma-
ceuticals) at a final concentration of 15 μM to inhibit ATM kinase activity.

Expression constructs, transfection, and lentivirus transduction
The plasmids pHD1013/Z, pHD1013/Z(S186A), pHD1013/Z(S186E), pHD1013/Z(R179A),
pHD1013/Z(R183E), pHD1013/Z(N182E) were described previously [48, 70]. The construct
expressing BGLF4 was provided by Mei-Ru Chen [71]. The membrane-targeted EGFP-farnesy-
lated construct (mGFP) was provided by Tony Hunter. For transfection experiments cells were
transfected with plasmid DNA using DMRIE-C reagent (Invitrogen). After 8 h the transfection
reagent was replaced with growth media and cells were incubated for another 24 hours.The
lentivirus construct P3465V was kindly provided by Bill Sugden. PCR fragments of wild-type
ZEBRA or ZEBRA mutants with BamHI and EcoRI restriction sites at 5’ and 3’ ends, respec-
tively, were created from respective pHD1013 plasmids. PCR fragments were digested with
BamH1 and EcoRI and ligated into the P3465V construct digested with BamH1 and EcoRI.
For packaging of lentiviruses, transient transfection experiments in 293T cells were undertaken
with lenti-Rev, lenti-Gag/pol, lenti-Tet, and lenti-vsvG plasmid constructs (kindly provided by
Stephen Elledge) and respective lentiviral DNA at the ratio of 1:1:1:2:10 and the DMRIE-C re-
agent (Invitrogen) transfection protocol. Lentivirus medium was collected after 52 and 72
hours and centrifuged. After centrifugation supernatants were collected and immediately used
to infect target cells. For lentivirus transduction cells were infected with P3465 lentivirus con-
taining the respective gene upstream of IRES-GFP or no gene for empty vector controls by cul-
turing cells with mixture of lentivirus supernatant and 8μg/ml Polybrene (Millipore no. TR-
1003-G).

Antibodies
In immunoblot and immunofluorescence experiments, ZEBRA was detected using a rabbit
polyclonal antibody (S1605-1)described previously [72]. EA-D was detected using the mouse
monoclonal antibody R3.1 [73].Rta and BFRF3 proteins were detected using rabbit polyclonal
antisera described previously [48, 74]. pATM (S1981) was detected with a mouse monoclonal
antibody (Rockland Immunochemicals #200-301-400). γH2AX (S139) was detected with a
mouse monoclonal antibody (Millipore #05–636). H2AX was detected with a rabbit polyclonal
antibody (Millipore #07–627). p53BP1 (S1778) was detected by a rabbit polyclonal antibody
(Cell Signaling Technology no. 2675). Mouse antibodies to β-actin (A5316; Sigma) or GAPDH
were used to control for protein loading. The following secondary antibodies, used in immuno-
fluorescence experiments, were purchased from Jackson ImmunoResearch Laboratories, Inc.:
FITC-conjugated sheep anti-mouse IgG (#515-095-062), Texas Red-conjugated donkey anti-
rabbit IgG (#711-075-152), FITC-conjugated donkey anti-goat IgG (#705-095-147). Alexa
Fluor 647-anti-mouse IgG (#715-605-150). Alexa Fluor 647-anti-rabbit IgG (#711-605-152).

Indirect immunofluorescence
293, 2089, or ΔG4ΔG5 cells were grown on glass coverslips and transfected for 32 hours with
respective plasmid DNA using DMRIE-C reagent (Invitrogen). Cells were fixed with methanol
for 30 min at − 20°C, washed with PBS and incubated in blocking solution (10% human serum
in PBS) for 1 h at room temperature and stained with primary antibody diluted in blocking
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solution for 1 h at room temperature in humidified chambers. Cells were washed with PBS,
then incubated with secondary antibody diluted 1:200 in blocking solution for 1 h at room tem-
perature. Cells were washed with PBS, briefly rinsed in distilled H2O to remove salts, and
mounted on glass slides using Vectashield mounting media (Vector Laboratories). HH514-16
and Raji cells were fixed for 20 min with 4% paraformaldehyde after treatment with inducing
agents or other chemicals, or lentivirus transduction. For permeabilized cells were incubated
for 5 minutes in 0.1% TritonX-100 twice and washed with PBS between incubations. The stain-
ing protocol described above was used in Raji and HH514-16 cells. After staining, Raji and
HH514-16 cells were pelleted and resuspended in 300 μl of liquefied glycerol gelatin aqueous
slide mounting medium (Sigma) then pipetted onto glass slides and covered with cover slips. A
Zeiss LSM510 confocal laser scanning microscope was used to obtain digital images of fluores-
cence and transmitted light. Excited fluorophore emissions were collected either individually
or simultaneously under detection settings that reduced cross-talk between the green and red
channels to non-detectable levels. For quantification approximately 300 cells or 100 cells were
counted per experiment in EBV-positive cell lines or EBV-negative cell lines. The percentage
of ZEBRA or ZEBRA mutant tranfected cells with pATM foci was obtained in blinded assays
where the operator was blinded to sample identities during data collection. In these blinded
assays, mGFP was co-transfected with respective DNA and used as a surrogate marker for
transfection.

Flow Cytometry
7-aminoactinomycin D (7AAD) (Calbiochem Cat. # 129935) was used to stain apoptotic and
dead cells per previously established protocols [75]. Briefly, 106 cells cotransfected with an
mGFP plasmid and emty vector or were stained with 20 μg/ml of 7AAD solution for 20 min-
utes at 4°C in the dark. The supernatant was removed and cells were resuspended in 500 μl 2%
paraformaldehyde solution (Sigma). Unstained, fixed, cells were used as negative controls.
7AAD stained samples were analyzed on a FACSCalibur flow cytometer (Beckton Dickinson,
Mountain View, CA) within 30 minutes of fixation. Data on 50,000 cells was acquired and pro-
cessed using FlowJo software. Gates for low or high 7AAD staining were set using camptothe-
cin-treated versus untreated cells.

Real-time RT-PCR and quantitative PCR
Total RNA was isolated using an RNeasy kit with on-column DNase digestion (Qiagen). The
relative transcript levels of the bzlf1 gene were determined using real-time RT-PCR with
BZLF1 specific primers (forward, TACAAGAATCGGGTGGCTTC; reverse, GCACATCTGC
TTCAACAGGA) using the iScript SYBR green RT-PCR kit (Bio-Rad). Serial dilutions of
gel-purified BZLF1 cDNA fragments were used to generate standard curves to quantitate the
BZLF1. Individual samples were assayed in triplicate; in two biological replicates. Primers have
been described previously [76]. Quantitative PCR for detection of viral genome amplification
was previously described [77].

Immunoelectron Microscopy
293 cells were transfected with the pHD1013/Z plasmid bearing the ZEBRA gene or pHD1013
empty vector plasmid using DMRIE-C reagent (Invitrogen). Samples were fixed in 2% parafor-
maldehyde for 30 min at 4°C, rinsed in PBS, resuspended in 10% gelatin, chilled, trimmed to
smaller blocks, and placed in cryoprotectant (2.3 m sucrose) overnight at 4°C. Blocks were
transferred to aluminum pins and frozen rapidly in liquid nitrogen. Frozen blocks were
trimmed on a Leica cryo-EM UC6 UltraCut, and 75-nm-thick sections were collected using the
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method of Tokuyasu [78]. Sections were placed on a nickel Formvar/carbon-coated grid and
floated in a dish of PBS for immunolabeling. Grids were placed section side down on drops of
0.1 m ammonium chloride for 10 min to quench untreated aldehyde groups, and then blocked
with 1% fish skin gelatin in PBS for 20 min. Single labeled grids were incubated with rabbit
anti-ZEBRA rabbit IgG (1:50) or anti- HP1βmouse IgG (1:10) (Pierre Chambon’s laboratory)
followed by a rabbit anti-mouse bridge (JacksonImmuno). 10 nm Protein A gold (University of
Utrecht Medical Center) was used as secondary antibody. Double labeling was done as above
fixing in 2% formaldehyde before running the secondary primary antibody. Either 5 nm or
15 nm Protein A gold was used for antibody differentiation. All grids were rinsed in PBS, fixed
using 1% glutaraldehyde for 5 min, rinsed again, transferred to a uranyl acetate/methylcellulose
drop for 10 min, then collected, and dried. Samples were viewed on a FEI Tencai Biotwin trans-
mission electron microscope at 80 kV. Images were taken using a Morada charge-coupled de-
vice camera and iTEM (Olympus) software. The open-source high-throughput image analysis
software CellProfiler was used to analyze electron micrographs.

Electrophoretic Mobility Shift Assays (EMSAs)
EMSAs were conducted as previously described [48]. Briefly, EMSA binding reactions con-
tained 10 μg protein from HKB5/B5 cell extracts, 10 μl 2× buffer (20 mMHEPES, pH 7.5,
100 mMNaCl, 4 mMMgCl2, 5 μMZnSO4, 1 mM EDTA, 2 mMDTT, 30% glycerol), 500 ng
poly(dI-dC) in 0.5 μl, duplex oligonucleotide probe at approximately 0.1 ng in 0.5 μl, and dou-
ble-distilled H2O to a 20-μl final volume. A probe containing ZEBRA recognition element
ZIIIB (TTAGCAA) was made by annealing two oligonucleotides: (50-GATCGGTACATT
AGCAATGCCTG-30 and 50-GATCCAGGCATTGCTAATGTACC-30), which were end la-
beled with γ-32P by T4 polynucleotide kinase. A probe containing the AP1 heptamer (TGAGT
CA) was made by annealing two oligonucleotides: (5’GATCCAGGCA TGAGTCATGTACC3’
and 5’GATCGGTACATGACTCA TGCCTG3’). For supershift reactions, 1 μl to 4 μl of BZ-l
monoclonal antibody (MAb), purchased from DAKO, was added to the reaction mixture. Sam-
ples were loaded onto a 6% polyacrylamide gel made with 0.5× TBE (Tris-borate-EDTA) buffer.
The gel was pre-run for 0.5 h at 225 V in 0.5× TBE buffer before being loaded. After the samples
were loaded, the gel was run at 225 V until a bromphenol blue marker lane reached three-fourths
down the gel. The gel was vacuum dried onto Whatman paper at 80°C for 1 to 2 h. The gel was
exposed to Kodak XAR-5 film overnight.

Supporting Information
S1 Fig. Levels of H2AX do not change in response to treatment of HH514-16 cells with
AZA. Cell lysates from HH514-16 cells not treated (UN) or treated with 5-aza-2’-deoxycyti-
dine (AZA) for 6, 16, or 24 hours, used in Fig 4E, were analyzed by immunoblots with antibod-
ies against β-actin and H2AX (S135). The indicated average fold-induction values of H2AX,
based on densitometry values of H2AX bands normalized to unphosphorylated β-actin bands
in untreated versus AZA samples at each time point, were used in calculations of fold induction
values of γH2AX bands normalized to unphosphorylated H2AX in Fig 4F.
(TIF)

S2 Fig. The EBV lytic cycle is not activated in response to treatment of Burkitt Lymphoma
cells with camptothecin. Cell lysates from (A)HH514-16 cells untreated or treated with AZA
for 24 hours or camptothecin (CAMPTO) or (B) Raji cells untreated or treated with TPA or
Camptothecin were analyzed by immunoblots with antibodies against ZEBRA and β-actin. In
both panels, camptothecin was washed off after 2 hours of treatment and cells incubated for an
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additional 22 hours.
(TIF)

S3 Fig. pATM is not induced following treatment of Burkitt lymphoma cell lines with
AZA, TPA, or PAA in the absence of EBV lytic reactivation. (A) Raji cells treated with AZA
or HH514-16 cells treated with (B) PAA or (C) TPA were double-stained for ZEBRA and
pATM (S1981).
(TIF)

S4 Fig. Expression of ZEBRA in 293 cells does not increase apoptotic and dead cells. 293
cells were transfected with CMV (B, i) or WTZ (B, ii) and a plasmid bearing prenylated GFP
that localizes to the membrane (mGFP), as a marker for transfected cells. After 32 hours, cells
were treated with 7-Amino-actinomycin D (7AAD) and analyzed by flow cytometry to detect
apoptotic (low 7AAD staining) and dead cells (high 7AAD staining). Flourescent activated cell
sorting (FACS) plots of cells are shown. The percentages of total GFP positive or negative cells
with high, low or no 7AAD staining are shown.
(TIF)

S5 Fig. The Z(N182E) mutant binds better than to an AP1 DNA sequence compared to a
ZIIIB DNA sequence.HKB5/B5 cells were transfected with Z(N182E), wild type ZEBRA
(WTZ), or CMV plasmids, or mock-transfected (Mock). Shown are EMSAs using whole cell
extracts of transfected cells. Relative binding of Z(N182E) or WT Z to a radioactive probe con-
taining A) a ZIIIB DNA sequence (TTAGCAA) or B) AP1 DNA sequence (TGAGTCA) was
determined using 1 μl of a monoclonal antibody to ZEBRA (BZ1 MAb). SS denotes super
shifted band; NS denotes non-specific band.
(TIF)

S6 Fig. Wild-type ZEBRA and ZEBRA mutants are expressed to similar levels in 293 cells.
Cell lysates of 293 cells transfected with wild type ZEBRA, ZN182E, ZS186A, ZS186E, or
ZR183E mutants were analyzed by immunoblots with antibodies against ZEBRA and β-
ACTIN.
(TIF)
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