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The Epstein-Barr virus (EBV) nuclear antigen (EBNA)-1 is the only
viral protein expressed in all EBV-carrying malignancies, but its
contribution to oncogenesis has remained enigmatic. We show
that EBNA-1 induces chromosomal aberrations, DNA double-strand
breaks, and engagement of the DNA damage response (DDR).
These signs of genomic instability are associated with the produc-
tion of reactive oxygen species (ROS) and are reversed by antioxi-
dants. The catalytic subunit of the leukocyte NADPH oxidase,
NOX2/gp91rhox, is transcriptionally activated in EBNA-1-express-
ing cells, whereas inactivation of the enzyme by chemical inhibitors
or RNAI halts ROS production and DDR. These findings highlight a
novel function of EBNA-1 and a possible mechanism by which
expression of this viral protein could contribute to malignant
transformation and tumor progression.

EBNA-1 | ROS | EBV | DNA damage

pstein-Barr virus (EBV) is a human gamma-herpesvirus that

establishes latent infections in B lymphocytes, where only a
subset of viral genes is expressed and virus replication is
suppressed (1). The proteins encoded by the latency genes,
including 6 EBV-encoded nuclear antigens (EBNA-1, -2, -3A,
-3B, -3C, and -5) and 3 latent membrane proteins (LMP1, -2A,
and -2B), induce growth transformation by capturing multiple
signaling pathways that control B cell proliferation and apopto-
sis. It is generally assumed that the continuous expression of viral
genes underlies the association of EBV with a variety of human
malignancies, including Burkitt’s lymphoma (BL), Hodgkin’s
disease (HD), nasopharyngeal carcinoma (NPC), and posttrans-
plant lymphoproliferative disease (PTLD) (2). Some EBV-
positive tumors do not express all of the latency proteins, leading
to restricted forms of latency in which EBNA-1 is detected either
alone (latency I, found in BL) or together with the LMPs (latency
II, found in HD and NPC). Thus, EBNA-1 is the only viral
protein regularly expressed in all EBV-carrying malignancies.

EBNA-1 binds to the viral origin of replication (oriP) and is
required for the correct partitioning of the viral episomes in
proliferating cells (3). It may confer a growth advantage to BL
cells (4) and protect them from apoptosis (5) but does not act as
an autonomous oncogene (6) and seems to be dispensable for B
cell immortalization in vitro (7). Hence, the mechanism by which
EBNA-1 may contribute to malignant transformation is not
understood.

Genomic instability is common in malignant cells and was
observed in EBV-carrying tumors (8-10). EBNA-3C (11) and
LMP-1 (12) may promote this phenotype through inhibition of
DNA repair or inactivation of cell cycle checkpoints, which allow
the propagation of DNA damage. However, these viral proteins
are not expressed in EBV-carrying BLs, and only half of HDs and
NPCs express detectable levels of LMP1, suggesting a limited
role in EBV oncogenesis. A possible involvement of EBNA-1 in
the induction of genomic instability is suggested by a significant
increase of transient chromosomal aberrations, such as dicentric
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chromosomes, chromosome fragments, and gaps, in EBV-
positive BLs expressing latency I compared with EBV-negative
tumors (13). We have now investigated this finding in a panel of
EBV-positive and EBV-negative BL cell lines and sublines
of EBV-negative cell lines with stable or inducible expression of
EBNA-1. We show that EBNA-1 induces chromosomal aberra-
tions, DNA double-strand breaks, and engagement of the DNA
damage response (DDR) in malignant B cells. These effects are
mediated by the production of reactive oxygen species (ROS) via
transcriptional activation of the catalytic subunit of the leuko-
cyte NADPH oxidase, NOX2/gp91phox,

Results

EBNA-1 Induces Chromosomal Instability and DNA Damage. To ad-
dress the role of EBNA-1 in oncogenesis we searched for signs
of genomic instability in B cell lines that express either consti-
tutive or tetracycline-regulated EBNA-1. A 3- to 4-fold increase
of metaphases with dicentric chromosomes, chromosome frag-
ments, and gaps was observed in stable EBNA-1-expressing
sublines of the EBV-negative DG75 and BJAB (DG75-E1 and
BJAB-El). A similar increase was induced upon removal of
tetracycline in BJAB cells carrying a Tet-off-regulated EBNA-1
(BJAB-tTAEL; Fig. 14). These chromosomal aberrations are
generated by the improper rejoining of DNA breaks (14). We
therefore investigated whether EBNA-1 expression is associated
with DNA damage. A reproducible increase of DNA double-
strand breaks was detected in EBNA-1-expressing cells by
comet assays performed under neutral conditions (i.e., in the
absence of exogenously induced damage) (Fig. 1B). Analysis of
comet length in BJAB-tTAE1 after up- or down-regulation of
EBNA-1 by removal or addition of tetracycline (Fig. 1C) con-
firmed that the DNA fragmentation is directly proportional to
the amount of EBNA-1. Expression of EBNA-1 was also asso-
ciated with a subtle but reproducible slow-down of cell prolif-
eration [supporting information (SI) Fig. S1], which may reflect
a lengthening of the cell cycle because of activation of DNA
damage checkpoints. In line with this possibility, the phospho-
rylation-dependent activation of 2 proteins involved in DDR, the
kinase ataxia telangiectasia mutated (ATMpS1981) and its
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EBNA-1 induces genomic instability in B cells. (A) Metaphase chromosomes were analyzed in DG75 and BJAB (P), their sublines expressing stable EBNA-1

(E1), and BJAB transfectants expressing the tetracycline regulator alone (tTA) or tetracycline-regulated EBNA-1 (tTAE1) with and without treatment with 1 ug/ml
tetracycline (Tet). EBNA-1 was detected in Western blots probed with the OT1X antibody, and B-actin was used as a loading control. (B) Comet assays were
performed under neutral condition, and treatment with 1 g of DNase was used as positive control. Representative micrographs illustrating the increased comet
length in BJAB-E1 are shown. The mean + SD comet length in 3 experiments is indicated in each panel. (C) Double-strand DNA breaks were quantified in
BJAB-tTAE1 cells after EBNA-1 induction by removal of tetracycline (Left) or suppression by addition of tetracycline (Right). Minimal and maximal comet lengths
were determined in BJAB-tTAE1 kept with or without tetracycline for at least 3 weeks. (D) pATM (red) and pH2AX (green) were visualized by immunofluorescence
in cells untreated (Right) or pretreated for 18 h with 2 ug/ml etoposide (ETO) (Left). The nuclei were stained with DAPI (blue).

target histone H2AX (H2AXpSer139), was increased in
EBNA-1 positive cells (Fig. 1D).

EBNA-1 Induces the Production of ROS. DNA damage is induced by
DNA replication stress, as observed upon activation of onco-
genes such as myc (15) and ras (16), or by a variety of exogenous
or endogenous insults that converge on the production of ROS
(17). Because EBNA-1 does not promote cellular DNA repli-
cation, we surmised that production of ROS might be involved
in the induction of DNA damage. To investigate this possibility,
control and EBNA-1-expressing cells were labeled with the
membrane-permeable indicator 2,7-dichlorofluorescin diacetate
(DCFDA), which becomes fluorescent upon oxidation. A >10-
fold increase in ROS was observed in stable or inducible
EBNA-1-expressing sublines of BJAB, and a similar increase was
detected in EBV converted sublines of the EBV-negative BJAB
and Ramos and in a panel of cell lines derived from EBV-
carrying BLs (Fig. 24). These findings confirm previous obser-
vations of elevated ROS levels in EBV-carrying B cells (18, 19)
and demonstrate that EBNA-1 alone is sufficient for this effect.
In line with the involvement of ROS in the induction of genomic
instability, the intensity of pH2AX staining was decreased by
treatment of BJAB-E1 and BJAB-tTAE1 with ROS scavengers,
such as the glutathione peroxidase mimetic ebselen and citric
acid (Fig. 2B). Furthermore, prolonged treatment reduced the
number of aberrant chromosomes that returned to the levels
observed in EBV-negative cells within ~7 days of treatment
(Fig. 2C), thus establishing a direct link between the induction
of ROS, DNA damage, and chromosomal aberrations in EBNA-
1-positive cells.

EBNA-1 Activated the NADPH Oxides via Transcriptional Activation of
NOX2. Accumulation of ROS may be caused by enhanced oxi-
dative metabolism or by deregulation of enzymes involved in
their production and conversion to nontoxic compounds (20).
Because the increase of ROS was not abrogated by inhibition of

2314 | www.pnas.org/cgi/doi/10.1073/pnas.0810619106

the respiratory chain with natrium fluoride (Fig. S2 @ and b), we
took advantage of gene expression profiles available in public
databases to look for possible mechanisms by which EBNA-1
could induce ROS. The expression levels of genes involved in
ROS metabolism (Table S1) were extracted from a collection of
24 gene expression datasets, derived from 18 EBV-positive and
-negative B cell lines (Table S2), and significance analysis of
microarray was used to identify genes that are differentially
regulated in EBV-carrying cells. Two genes involved in ROS
production, Acyl-CoA oxigenase-1 (ACOXI) and cytochrome
b-245 heavy chain (CYBB, NOX2), and the ROS scavenger
glutathione peroxidase-1 (GPXI) were significantly up-
regulated, whereas lysyl oxidase like-2 (LOXL2) was down-
regulated in EBV-positive cells (Fig. S3 @ and b). However, only
NOX2 mRNA was strongly up-regulated in EBV-carrying
Ramos and BJAB (Fig. 34), whereas minor or no differences
were observed for ACOX1, GPX1, and LOXL?2 (data not shown).
The up-regulation of NOX2 was confirmed by detection of the
protein only in EBV-carrying cell lines. Because we did not
observe a consistent correlation between the levels of NOX2
mRNA and the EBV latency type of the cell lines included in the
analysis (Table S1, Fig. S3¢), we surmised that EBNA-1 might be
sufficient for NOX2 up-regulation. Confirming this possibility,
higher levels of NOX2 mRNA and protein were detected in
BJAB expressing stable or inducible EBNA-1, whereas LMP-1,
a diagnostic marker of EBV latency III, had no effect (Fig. 3a).
To explore the mechanism by which EBNA-1 may regulate
NOX2, we took advantage of the virtually complete switch-off of
EBNA-1 in BJAB-tTAEI cultured in the presence of tetracy-
cline. EBNA-1 is rapidly up-regulated in these cells upon re-
moval of tetracycline, is readily detected after 24 h, and reaches
maximal levels within 1 to 2 weeks. Up-regulation of EBNA-1
was accompanied by an equally rapid up-regulation of NOX2.
The levels of NOX2 seemed to be maximal after only 24 h (Fig.
3B), suggesting that EBNA-1 may be directly involved in the
regulation. To test this possibility, we constructed a reporter
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EBNA1 induces DNA damage and chromosomal aberrations via production of ROS. (A) The endogenous levels of ROS were determined by DCFDA

staining in EBNA-1—positive and -negative BJAB (Top), in vitro EBV-converted BJAB and Ramos (Middle), and a panel of originally EBV-negative or -positive BL
lines (Bottom). Representative FACS plots are shown for each cell line. The mean =+ SD molecule equivalent of fluorescence (MEFL) of 3 experiments is shown.
(B) Induction of DNA damage is abrogated by treatment with antioxidants. The cells were treated for 18 h with 3.5 uM ebselen (Ebs) or 1 mM citric acid (CA).
Top:representative FACS plots and the mean + SD MEFL of 3 independent experiments; Bottom: representative immunostaining for pH2AX. (C) Metaphase plates
were analyzed in untreated cells and cells treated for the indicated time with 1.7 uM ebselen or 500 uM citric acid. Mean =+ SD of 3 experiments.

plasmid in which a fragment of the NOX2 promoter that contains
several regulatory elements (21) drives expression of the firefly
luciferase gene (Fig. S4). Because it is difficult to consistently
achieve high levels of transfection in B lymphoma lines, the
NOX2-positive promyelocytic leukemia line HL60 was used to
assess the effect of EBNA-1 on transcription. Coexpression of
NOX2-Luc with EBNA-1 resulted in a dose-dependent increase
of luciferase activity (Fig. 3C). In keeping with the notion that
NOX2 is preferentially expressed in the hematopoietic lineage,
and supporting our failure to induce the production of ROS and
expression of NOX2 by transfecting EBNA-1 in epithelial cells
(Fig. S5 a and b), the NOX2-Luc reporter was inactive in
HEK?293 (Fig. S5¢), HeLa, and TWO3 (data not shown) and was
not induced by EBNA-1. Thus, EBNA-1 and transcription
factors expressed in B cells seem to cooperate in regulating the
NOX2 promoter.

NOX2 (gp91Phox) is the catalytic subunit of the NADPH
oxidase expressed in leukocytes, which also contains the p22Phox,
p47Phox pd(phoxand p67PROX subunits (22). NOX2/p22pPhox het-
erodimers form the inactive flavinocytochrome bsss in the
plasma membrane. Activation of the enzyme requires the phos-
phorylation-dependent binding of cytosolic p47phox to p22phox
and subsequent recruitment of p40PhoX, p67Phox and activated
RaclGTP. We therefore asked whether the protein levels of
p22prhox p47phox pe7Phox and Racl and Racl activation are also
affected by EBNA-1. Western blot analysis of BIJAB-E1 or BJAB
carrying Tet-regulated EBNA-1 or LMP-1 did not reveal signif-
icant changes in the steady-state levels of p22Phox, p47phox
p67Phox and Racl compared with the parental BJAB (Fig. 3d),
whereas the levels of activated RaclGTP were significantly
increased in EBNA-1-positive cells (Fig. 3e). Thus, EBNA-1
expression is associated with selective up-regulation of NOX2,
which seems to be sufficient for functional activation of the
NADPH oxidase in B cells.

Gruhne et al.

Activation of the NADPH Oxidase Induces DNA Damage. In the final
set of experiments we asked whether activation of the NADPH
oxidase is directly involved in the increase of ROS and induction of
genomic instability in EBNA-1-expressing cells. BJAB-E1 and
BJAB-tTAE1 were treated with the NADPH oxidase inhibitors
diphenylene iodonium (DPI) and apocynin (Apo) or transduced
with recombinant lentiviruses expressing NOX2-specific ShRNAs.
Treatment with DPI or Apo reduced the levels of ROS to those
observed in EBNA-1-negative cells (Fig. 44). DNA double-strand
breaks detected by comet assay were also diminished by both
treatments (Fig. 4B), and this correlated with a significant decrease
of pH2AX (Fig. 4C). Transduction of BJAB-E1 or BJAB-tTAE1
(data not shown) with 2 lentiviruses expressing NOX2-specific
shRNAs (cl.1, cl.2) resulted in =50% reduction of NOX2 expression
(Fig. 4D), which correlated with a dramatic decrease in ROS levels
(Fig. 4E) and with decreased DNA damage and DDR as assessed
by pH2AX staining (Fig. 4F). Collectively, these findings demon-
strate that NOX2 is responsible for the production of ROS and
consequent induction of genomic instability in EBNA-1-expressing
B cells.

Discussion

This study addresses a longstanding question of EBV oncogen-
esis by linking EBNA-1 to the induction of genomic instability,
a key feature of malignant cells that contributes to the progres-
sive selection of clones with enhanced growth and metastatic
potential. Several latency-associated EBV proteins have been
proposed to promote genomic instability by suppressing the
checkpoint machineries that safeguard genome integrity (11, 12,
23). However, their overall contribution to the tumor-promoting
effect of EBV is likely to be limited, given that the viral proteins
associated with these effects are either not expressed or ex-
pressed only in a subset of the tumors.
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Only EBNA-1 is regularly detected in all EBV-associated
malignancies. Our findings demonstrate that expression of
EBNA-1 alone is sufficient to initiate a cascade of events that will
eventually result in the generation of chromosomal aberrations
and double-strand DNA breaks. This type of DNA damage is
induced by cellular oncoproteins, such as Ras (16) and Myc (15),
that promote aberrant DNA replication by augmenting the
number of active replicons and/or altering the progression of
DNA replication forks. EBNA-1 does not interfere with cellular
DNA replication but could nevertheless synergize with cellular
oncogenes by inducting S-phase-independent DNA damage,
thus providing a rational explanation for the increased incidence
of EBV-carrying variants of tumors, such as BL, in which
oncogene activation is believed to be the primary initiating
event. The capacity of EBNA-1 to induce a mutator phenotype
is substantiated by the increased frequency of ongoing somatic
hypermutations in EBV-carrying BL lines (24) and in biopsies
from EBV-positive endemic and HI'V-associated BLs compared
with EBV-negative tumors (25).

The increased levels of ROS, together with the reversal of
chromosomal aberrations, DNA damage, and DDR by treat-
ment with antioxidants, demonstrate that EBNA-1 promotes
genomic instability via induction of ROS. Earlier studies have
reported increased levels of ROS during primary EBV infection
(26) and in EBV-carrying tumor cells (18, 19), attributing this
effect to virion-mediated triggering of the CR2 receptor (27),
induction of IL-10 by the viral EBV-encoded, untranslated
RNAs (EBERS) (18), or induction of lipoxygenases by unknown
viral genes (19). Although it is possible that EBV might have
evolved different strategies for inducing ROS during different

2316 | www.pnas.org/cgi/doi/10.1073/pnas.0810619106

phases of the infection, the selective up-regulation of NOX2 and
activation of the NADPH oxidase in EBNA-1-positive B cells
suggest a pivotal role of ROS in growth transformation. To-
gether with reactive nitrogen species, oxygen-free radicals, in-
cluding O,~, H,O,, and OH™, play a dual role in cell physiology
and pathology (20). In addition to inducing oxidative DNA
lesions, they oxidize proteins and lipids and interfere thereby
with a plethora of signaling cascades that regulate cell growth,
differentiation, and apoptosis. Growth transformation of B
lymphocytes is essential for the establishment of persistent EBV
infection and is critically required for entry of the virus into the
latent reservoir in memory B cells. Through the induction of
ROS, EBNA-1 may promote transformation by initiating sig-
naling cascades that are further activated by other viral genes
expressed in latently infected cells, exemplified by the activation
of NF-«B by LMP-1. This scenario is supported by the obser-
vation that the establishment of EBV-immortalized lymphoblas-
toid cell lines is promoted by oxidative stress (28) and inhibited
by antioxidants (29). Interestingly, the transport of extracellular
cystine, a rate-limiting substrate for the synthesis of the endog-
enous antioxidant glutathione, is deficient in B cells that may
therefore be primed to respond to small changes of intracellular
ROS (30). Collectively, these findings suggest that the induction
of genomic instability may be an accident of the strategy used by
EBV to colonize the B cell compartment. The potentially
dangerous consequences of this strategy are kept under strict
control in healthy virus carriers by potent virus-specific immune
responses that restrict the proliferation of virus-infected cells.
Our findings have interesting implications for the pathogenesis
of EBV-associated PTLD. The incidence of PTLD has increased

Gruhne et al.
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since cyclosporin A (CsA) became a treatment of choice for
transplant immunosuppression (31). In addition to its potent
immunosuppressive activity, CsA also induces oxidative stress
(28) and could thereby enhance the effect of EBNA-1. The
observation that PTLD lymphomas are almost invariably oligo-
or monoclonal (32) implies that clones with enhanced growth
potential are selected in vivo. EBNA-1 could promote the rapid
generation of these variants by driving genomic instability via
sustained production of ROS. This effect may be enhanced by the
expression of other viral proteins (e.g., EBNA3C and LMP-1) that
interfere with DNA repair. A better understanding of the cellular
and molecular mechanisms that regulate these events has a clear
potential to benefit the management of symptomatic EBV infec-
tions and the clinical practice of EBV associated malignancies.

Materials and Methods

Cell Lines. Details of the cell lines used in this study are shown in Table S3. A
BJAB subline expressing a tetracycline-regulated EBNA-1 (BJAB-tTAE1) was
produced by transfecting the pTRE2pur-FlagEBNA-1 plasmid into BJAB-tTA
cells that carry a tet-off-regulated transactivator (detailed in S/ Materials and
Methods).

Scoring of Chromosomal Abnormalities. Metaphase arrest was induced in
rapidly growing cells by treatment with colcemide (KaryoMAX; Invitrogen),
and chromosome spreads were mounted in DAPI containing Vectashield
(Vector Laboratories). Digital images were captured with a LEITZ-BMRB fluo-
rescence microscope (Leica) equipped with a CCD camera (Hamamatsu Pho-
tonics). At least 50 metaphases were examined for the presence of dicentric
chromosomes, chromosome fragments, rings, gaps, and double minutes.
Metaphases containing one aberration or more were scored as abnormal.

Detection of DNA Double-Strand Breaks and DNA Damage Response. Comet
assays were performed as described by Blasiak et al. (33). Phosphorylated ATM
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and H2AX were detected by immunofluorescence using specific antibodies
(Upstate and Novus Biologicals, respectively) and goat antirabbit or goat
antimouse IgG Alexa Fluor 488 (Molecular Probes, Invitrogen).

Analysis of EBV-Regulated Genes. Gene expression datasets from 18 EBV-
negative and EBV-carrying BL lines and EBV-transformed lymphoblastoid cell
lines (LCLs) (Table S2) were extracted from the gene expression profiles of 336
human B cell phenotypes representative of normal, transformed, and exper-
imentally manipulated B cells obtained using the Affymetrix GeneChip HG-
U95Av2 array that contains ~10,000 human genes (PubMed ID: 15778709;
National Center for Biotechnology Information Gene Expression Omnibus:
GSE2350). Genes involved in ROS metabolism (Table S1) were identified on the
basis of their annotation in the Gene Ontology database. One hundred
twenty-one probe sets corresponding to 103 of the 134 genes were present in
the HG-U95Av2 array. Significance analysis of microarray was used to identify
genes that are differentially regulated in EBV-positive compared with EBV-
negative cells. The expression of 4 genes showing a cut-off § value =2 was
examined by RT-PCR, and NOX2 protein expression was detected by Western
blots.

NOX2 Promoter Activity. A firefly luciferase reporter plasmid was constructed
by cloning a fragment corresponding to nucleotide —533 to +6 of the human
NOX2 gene into the pGL3-Enhancer vector (Promega). HL60 cells were trans-
fected with the NOX2-Luc reporter plasmid either alone or with increasing
amount of the EBNA-1-expressing plasmid pCDNA3-FlagEBNA-1. A Renilla
luciferase plasmid was cotransfected in all samples for normalization of
transfection efficiency.

Inhibition of NOX2. For chemical inhibition of NOX2 activity, the cells were
treated overnight with 0.1 mM Apo or 40 uM DPI (both from Sigma-Aldrich).
Lentiviruses expressing NOX2-specific shRNAs (TRC0000064588, cl.1,
TRC0000064590, cl.2; Mission shRNA NOX2 transduction particles; Invitrogen)
and nontarget shRNA (Mission nontarget shRNA control transduction parti-
cles; Invitrogen) were used for transduction of BJAB-E1 cellsat 2.7,2.9, and 9.6
transfection units per milliliter, respectively.
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