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Abstract
Epstein–Barr virus (EBV) immortalizes human B-lymphocytes and is implicated in the pathogenesis of lymphoid and
epithelial cell malignancies. The EBV nuclear antigen (EBNA)-1 induces the accumulation of reactive oxygen species
(ROS), which enables B-cell immortalization but causes oxidative DNA damage and triggers antiproliferative DNA damage
responses. By comparing pairs of EBV-negative and -positive tumor cell lines we found that, while associated with the
accumulation of oxidized nucleotides, EBV carriage promotes the concomitant activation of oxo-dNTP sanitization and
purging pathways, including upregulation of the nucleoside triphosphatase mut-T homolog 1 (MTH1) and the DNA
glycosylases 8-oxoguanine-glycosylase-1 (OGG1) and mut-Y homolog (MUTYH). Expression of EBNA1 was reversibly
associated with transcriptional activation of this cellular response. DNA damage and apoptosis were preferentially induced in
EBNA1-positive cell lines by treatment with MTH1 inhibitors, suggesting that virus carriage is linked to enhanced
vulnerability to oxidative stress. MTH1, OGG1, and MUTYH were upregulated upon EBV infection in primary B-cells and
treatment with MTH1 inhibitors prevented B-cell immortalization. These findings highlight an important role of the cellular
antioxidant response in sustaining EBV infection, and suggests that targeting this cellular defense may offer a novel
approach to antiviral therapy and could reduce the burden of EBV associated cancer.

Introduction

Chronic infections by DNA tumor viruses, including
oncogenic papilloma (HPV) and polyoma (HPyV) viruses,
hepatitis B virus (HBV) and the herpesviruses Epstein–Barr
virus (EBV) and Kaposi sarcoma virus (KSHV), account for
approximately ten percent of all human malignancies
worldwide [1]. A characteristic feature of the virus-induced
cancers is the long period, often years or decades, that
separate primary infection from clinical manifestation,
suggesting that infection acts as the initiating event while
the accumulation of genetic and epigenetic alteration is

required for progression to full malignancy [2]. Viral
oncogenesis can be regarded as the failure of host controls
to restrain viral activities that are primarily devoted to
promote efficient replication and spread. A corollary of this
scenario is the continuous expression in tumor cells of viral
products, including proteins and noncoding RNAs, that
drive infection by remodeling cellular functions, such as
DNA replication, apoptosis, and cell metabolism, whose
deregulation constitutes the hallmark of malignancy.

Malignant transformation is often associated with ele-
vated intracellular levels of reactive oxygen species (ROS).
Low levels of ROS are required for intracellular signaling
while, at high levels, ROS cause irreversible damage to
lipids, proteins, and DNA, and may contribute to the
genomic instability that characterize many tumor types
[3–5]. A major oxidized base lesion generated by ROS is 8-
oxodG that is stable and highly mutagenic because it can
pair with cytosine as well as adenine, causing G to T or A to
C transversion mutations [6]. Thus, the accumulation of 8-
oxodG has been widely used as a biomarker for oxidative
stress and carcinogenesis [7]. Viral products are known to
drive the establishment of an oxidative environment in the
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infected cells [8–11]. A noticeable example is the capacity
of the EBV nuclear antingen-1 (EBNA1), the only viral
antigen consistently expressed in all EBV carrying cells, to
upregulate the catalytic subunit of the NADPH oxidase
NOX2 [12]. Upregulation of NOX2 correlates with the
accumulation of intracellular ROS and consequent induc-
tion of chromosomal instability and telomere dysfunction in
EBV carrying malignant cells [13]. The need for high levels
of ROS is a defining feature of EBV infection since treat-
ment with ROS scavengers severely impairs the growth
transformation of B-lymphocytes [14], which prevents the
establishment of a reservoir of latently infected cells from
which the virus may reactivate and spread to new suscep-
tible host [15].

The oxidative DNA damage caused by excessive intra-
cellular levels of ROS triggers a variety of cell intrinsic
antiproliferative and antitumor responses such as cell cycle
arrest, cell senescence, and apoptosis [16]. To avoid the
harmful effects of ROS, many tumors develop adaptive
responses, including the upregulation of protective redox
buffering systems [17], the activation of sanitization path-
ways that prevent the incorporation of damaged nucleotides
into newly synthesized DNA [18], and the activation of
DNA repair pathways such as nucleotide and base excision
repair (NER and BER) that purge DNA from oxidated bases
to restore nucleic acid integrity [19]. It has been argued that
the reliance on these protective mechanisms may render
malignant cells particularly vulnerable to therapeutic inter-
ventions that alter the cellular redox balance or specifically
target the repair of oxidated DNA [20].

In this investigation we have explored the mechanisms
by which EBV infected cells overcome the antiproliferative
effects of the elevated levels of ROS induced by EBNA1.
By comparing pairs of EBV-negative and -positive cell lines
derived from lymphoid and epithelial cell malignancies, we
found that EBV carriage is consistently associated with
upregulation of the nucleoside triphosphatase mut-T
homolog 1 (MTH1) that sanitizes oxidized purines from
the free nucleotide pool, and components of the BER and
NER pathways, including the glycosylases 8-Oxoguanine
glycosylase (OGG1) and mut-Y homolog (MUTYH) that
purge oxidized bases from DNA. Expression of EBNA1
from a tetracycline-regulated promoter induced a reversible
dose-dependent increase of MTH1, OGG1, and MUTYH
confirming that the viral protein is directly involved in
driving their expression. Treatment with the MTH1 inhibi-
tors TH588 and (S)-Crizotinib selectively induced DNA
damage and apoptosis in EBV-positive cell lines and pre-
vented the establishment of EBV transformed lympho-
blastoid cell lines from freshly infected B-lymphocytes,
suggesting that activation of the cellular defense against
oxidative stress plays a central role in promoting the growth
transformation and survival of EBV infected cells.

Results

EBV carriage is associated with the accumulation of
oxidated nucleotides

Previous studies have shown EBV carriage promotes the
accumulation of high levels of ROS, which induces oxi-
dative DNA damage and activates the DDR. 8-Oxoguanine
(8-oxodG) is the major oxidized base in the free nucleotide
pool and in DNA [21], and is widely used as a biomarker
for oxidative stress [18]. To clarify the relationship between
EBV carriage and the accumulation of oxidated nucleotides,
the presence of 8-oxodG was detected by immuno-
fluorescence in EBV-negative cell lines derived from B-cell
lymphoma (BJAB, BL41), nasopharyngeal carcinoma
(TWO3), or gastric cancer (AGS) and in their EBV con-
verted sublines obtained by in vitro infection with trans-
forming stains of EBV. EBV carriage was confirmed in the
converted sublines: BL41-E95B, BJAB-B958, AGS-BX1,
and TWO3-EBV, by probing western blots of total cell
lysates with EBNA1 specific antibodies. Representative
micrographs illustrating the elevated expression of 8-oxodG
in EBV carrying cells are shown in Fig. 1a, c. Quantifica-
tion of fluorescence intensity in three independent experi-
ment (Fig. 1b, d) confirmed a significant increase of
fluorescence intensity in all EBV converted sublines com-
pared with the EBV-negative parentals, supporting the
conclusion that EBV carriage is associated with a shift of
the oxidative balance leading to the accumulation of oxi-
dated nucleotides. Of note, a comparable increase was
observed in both B-cell and epithelial cell lines suggesting
that the effect is not cell type specific. In line with our
previous finding that EBNA1 is responsible for the accu-
mulation of ROS via upregulation of NOX2 [12], we found
that stable expression of EBNA1 in the BJAB-E1 trans-
fected cell line (Fig. 2a), was sufficient for a strong increase
of 8-oxodG specific fluorescence (Fig. 2b). Furthermore, 8-
oxodG fluorescence was significantly increased in parallel
with upregulation of EBNA1 upon withdrawal of doxycy-
cline in BJAB-tTAE1 cell lines that carries the viral gene
under control of a tet-off regulated promoter (Fig. 2c, d).
Plotting the intensity of the EBNA1 specific band versus the
intensity of 8-oxodG florescence confirmed a significant
positive correlation between the levels of EBNA1 expres-
sion and the extent of 8-oxodG accumulation (Fig. 2e).

EBNA1 promotes the upregulation of antioxidant
defense systems

The capacity of EBNA1 to induce oxidative stress suggests
that EBNA1 or other viral products may counteract the
antiproliferative effects of oxidative DNA damage. An
effective defense strategy would be to limit the damage by

604 J. Wang et al.



sanitizing oxidized nucleotides, to prevent their incorpora-
tion into nascent DNA, or purging the oxidated DNA, via
activation of NER and BER pathways. The MTH1 pyr-
ophosphatase plays a key role in sanitization of the free
nucleotide pool by converting 8-oxo-7,8dihydro-2′deox-
oguanosine triphosphate (8-oxodGTP) into 8-oxodGDP that
cannot be incorporated into DNA [22]. In order to assess
whether EBNA1 activates this pathway, the expression of
MTH1 was investigated in the BJAB-tTAE1 cells cultured
in the presence or absence of doxycycline. A time course of
EBNA1 expression confirmed that while the viral protein is
expressed at high levels when the cells are cultured in the
absence of doxycycline, the expression decreased upon
addition of doxycycline to return at normal levels after
doxycycline withdrawal (Fig. 3a). In accordance with our
previous findings [12], this was accompanied by a corre-
sponding reversible increase of ROS levels (Supplementary
Fig. S1). Probing of western blots with specific antibodies
revealed that changes in the expression of EBNA1 were
paralleled by changes in the intensity of the MTH1 specific
band (Fig. 3a, b). The upregulation of MTH1 expression

was dependent in the expression of EBNA1 since treatment
with doxycycline had no effect on the expression of MTH1
in the control BJAB-tTA cell line (Supplementary Fig. S2).
The relationship between EBNA1 and MTH1 was further
supported by regression analysis that confirmed a sig-
nificant positive correlation between the expression levels
of the two proteins (Fig. 3c).

Oxidized dNTPs that are incorporated into DNA are
removed by DNA glycosylases, such as OGG1 or MUTYH,
to initiate BER, while the scaffold protein XRCC1 interacts
with DNA polymerase beta and DNA ligase III to complete
the repair process [23]. To examine whether this pathway is
involved in the rescue of oxidative stress induced by
EBNA1, we assessed the expression of MUTYH and OGG1
in BJAB-tTAE1 cultured in the presence or absence of
doxycycline. All three proteins were consistently upregu-
lated in the EBNA1 expressing cells with stronger effect
reproducibly observed for OGG1 followed by MTH1 and
by a small but reproducible upregulation of MUTYH
(Fig. 3d, e). In accordance with the capacity of EBNA1 to
regulate the transcription of a broad variety of cellular genes

Fig. 1 EBV carriage is associated with the accumulation of 8-oxodG.
a Pairs of EBV-negative and -positive B-cell lymphoma lines were
subjected to immunofluorescence staining with antibody against 8-
oxodG (green) and the nuclei were stained with DAPI (blue). Repre-
sentative micrographs illustrating the expression of 8-oxodG in the
BJAB and BL41 cell pairs. b Quantification of 8-oxodG specific
fluorescence in three independent experiments. Relative FL intensity is

the ratio between FL intensity in EBV positive and negative cells. c 8-
oxodG fluorescence was assayed in pairs of EBV-negative and
-positive epithelial cell lines. Representative micrographs illustrating
the expression of 8-oxodG (red). The nuclei were stained with DAPI
(blue). d Quantification of the 8-oxodG specific fluorescence in three
independent experiments. Significance was calculated using Student
T-test, *P < 0.05, **P < 0.01
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[24], qPCR analysis of mRNA isolated from cells cultured
in the presence or absence of doxycycline revealed repro-
ducible upregulation of the MTH1 and OGG1 transcripts in
EBNA1 expressing cells while only a minor effect was
observed for MUTYH (Fig. 3f).

In order to assess whether EBNA1 activates these path-
ways also under physiological levels of expression and in
originally EBV positive BLs, the expression of MTH1,
OGG1, and MUTYH was compared in pairs of EBV-
negative and converted cell lines and in a panel of EBV
positive and negative sublines of the Mutu BL (Fig. 4). As
illustrated by representative western blot shown in Fig. 4a
and quantification of the specific bands in four independent
experiments (Fig. 4b), a slight increase of MTH1 was
detected in four of the five EBV converted sublines com-
pared with their EBV-negative parental lines while two
independently established EBV converted sublines of
BL41 showed decreased MTH1 expression (Fig. 3a, b and
not shown). Different patterns of expression were observed
for OGG1 and MUTYH. A small increase of OGG1 was
detected in the BJAB-B958 and AGS-BX1, where MUTYH

was also increased, while only minor changes were detected
in the remaining cell lines. Two sublines of the originally
EBV positive BL Mutu expressed MTH1, OGG1, and
MUTYH at consistently higher levels compared with the
Mutu-30 subline that has lost the virial genome. In line with
the capacity of EBNA1 to induce oxidative stress and reg-
ulate the antioxidant pathways, the highest levels of MTH1
and MUTYH were detected in the Mutu III subline that
expressed a type III latency program with higher EBNA1
expression.

MTH1 inhibitors induce apoptosis and DNA damage
in EBNA1 positive cells

Collectively, these findings suggest that the activation of
antioxidant pathways may be critical for the survival of
EBV carrying cells. In order to test this possibility, we
compared the panel of EBV-negative and -positive cell lines
and transfectants with stable or inducible EBNA1 expres-
sion for their sensitivity to treatment with the MTH1 small
molecule inhibitors TH588 and S-Crizotinib [25, 26].

Fig. 2 The accumulation of 8-oxodG is dependent on EBNA1
expression. The accumulation of 8-oxodG was investigated in BJAB
sublines with stable or inducible EBNA1 expression. a Representative
western blots illustrating the expression of EBNA1 in BJAB and the
stably transfected subline BJAB-E1. GAPDH was used as loading
control. b BJAB and BJAB-E1 cells were subjected to immuno-
fluorescence staining with antibody against 8-oxodG (green) and the
nuclei were stained with DAPI (blue). Micrographs are representative
of three independent experiments. c Representative western blots

illustrating the upregulation of EBNA1 in BJAB-tTAE1 after removal
doxycycline. GAPDH was used as loading control. d Representative
micrographs illustrating the increase of 8-oxodG in BJAB-tTAE1 after
induction of EBNA1 by removal of doxycycline. Micrographs are
representative of two individual experiments. e Regression analysis of
the relationship between the expression levels of EBNA1 and 8-
oxodG. The data of two doxycycline withdrawal experiments were
plotted
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PI/Annexin-V staining of the BJAB/BJAB-B958 and BL41/
BL41-E95B cell pairs treated for 48 h with 10 μM TH588
(Fig. 5a, b) or 5 μM S-Crizotinib (Fig. 5c, d) revealed that,
while the treatment had a small or no effect on the survival
of the EBV-negative parental, both inhibitors induced a
significant increase of apoptosis in the EBV converted
sublines. Interestingly, the effect was stronger in the BL41-
E95B cells line that expresses relatively lower levels of
MTH1 (Fig. 4a, b), suggesting that these cells are particularly
dependent on MTH1 activity for their survival. The enhanced
sensitivity of EBV carrying cells was further confirmed in the
extended panel of paired cell lines that included both B-cells
and epithelial cells. As a rule, the converted lines were more
sensitive to both inhibitors compared with their EBV-negative
parentals (Table 1). Exceptions were Akata-BX1 that did not
respond to S-Crizotinib and the TWO3/TWO3-EBV cell pair,

where the EBV-negative parental was highly sensitive to
TH588. Conceivably, cell-specific adaptation strategies
established during long term in vitro propagation may account
for these discrepancies. In line with this possibility, the
upregulation of MTH1 induced by stable (BJAB-E1) or
inducible expression of EBNA1 (BJAB-tTAE1) was con-
sistently associated with enhanced sensitivity to both inhibi-
tors (Table 1). The sensitivity of the BJAB-tTAE1 cell lines
could be reversed in repeated cycles of doxycycline treatment
and withdrawal, which did not affect significantly the
response of control BJAB-tTA (Fig. S3), confirming that
EBNA1 is directly responsible for the enhanced sensitivity to
inhibition of MTH1. The effect of the inhibitor was also
independent of significant changes in the expression of viral
genes as confirmed by probing western blot of lysates from
treated cells with antibodies specific for the latency antigens

Fig. 3 EBNA1 expression is associated with upregulation of MTH1
and oxidative damage repair pathways. The expression of MTH1,
OGG1, and MUTYH was investigated by western blots and qPCR in
BJAB-tTAE1 cells upon addition and withdrawal of doxycycline.
a Representative western blots illustrating the correlation between the
reversible down- and upregulation of MTH1 and EBNA1 in BJAB-
tTAE1 cells upon addition and withdrawal of doxycycline. GAPDH
was used as loading control. b Densitometry quantification of MTH1
and EBNA1 expression in BJAB-tTAE1 cells. The mean intensity of
the MTH1 and EBNA1 specific bands relative to GAPDH in three
independent experiments is shown in the figure. c Regression analysis

of the relationship between expression levels of MTH1 and EBNA1.
The data from three independent experiments were used for the plot.
d Representative western blots illustrating the expression of MTH1,
MUTYH, and OGG1 in BJAB-tTAE1 cells cultured for two weeks in
the presence or absence of doxycycline. e Fold change is the ratio
between the intensity of the specific band in cells cultured without or
with doxycycline. The mean ± SD of four independent experiments is
shown. f qPCR analysis of the levels of MTH1, OGG1, and MUTYH
transcripts in BJAB-tTAE1 cells cultured for 2 weeks in the presence
or absence of doxycycline. The mean ± SE of the fold change in six
independent experiments each performed in triplicate is shown
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EBNA1 and LMP1 and the lytic immediate-early protein
BZLF1 (Fig. S4).

In order to gain insight on the mechanism by which
MTH1 inhibitors preferentially induce the apoptosis of EBV
positive cells, the expression levels of 8-oxodG and the
DDR activation marker γH2AX were monitored in the
BJAB/BJAB-B958 and BL41/BL41-E95B cell pairs treated
for 48 h with TH588 or S-Crizotinib (Fig. 6a, b). Both
inhibitors induced a significantly stronger increase of 8-
oxodG in the EBV positive cell lines (Fig. 6a, b upper
panels and Fig. 6c). In accordance with previous findings
[12], a higher number of γH2AX positive cells was detected
in the EBV converted cell lines compared with the EBV-
negative parentals. However, while treatment with MTH1
inhibitors has only a small effect in the EBV-negative cells,
EBV carriage was associated with a highly significant and
reproducible three- to four-fold increase in the number of
γH2AX positive cells (Fig. 6a, b lower panels and Fig. 6d).
Collectively these findings suggest that due to their
enhanced oxidative burden EBV carrying cell lines are
remarkably dependent on the function of cellular anti-
oxidant pathways.

Upregulation of MTH1 counteracts EBV-induced
oxidative stress in primary EBV infected cells

In the next set of experiments, we sought to gain insight on
the contribution of antioxidant pathways to the establish-
ment of EBV latency in normal B-lymphocytes. To this end,
we first monitored the expression of MTH1 in primary B-
cells infected with the transforming B95-8 strain of EBV.
As illustrated by the representative blots and densitometry
analysis of five independent experiments shown in Fig. 7a,
EBV infection was associated with progressive increase of
both EBNA1 and MTH1 expression, starting between day 3
and 6 when the peak of ROS begins to subside [14] and
culminating after ~2 weeks when immortalized lympho-
blastoid cell lines became established. We then compared
the expression of MTH1, MUTYH, and OGG1 in pro-
liferating EBV infected cells and B-cell blasts induced by
mitogen stimulation. Upregulation of the antioxidant path-
ways was observed in both types of proliferating cells but
the effect was approximately twofold stronger following
EBV infection (Fig. 7b, c). Finally, we tested whether
interference with the antioxidant balance by inhibition of

Fig. 4 EBNA1 promotes the upregulation of oxidative DNA damage
repair pathways in EBV converted cell lines and EBV positive BLs.
a Representative western blots illustrating the expression of MTH1,
OGG1, and MUTYH in pairs of EBV-negative and -positive cell lines.
GAPDH was used as loading control. b Densitometry quantification of
the specific bands. The intensity of the specific band in EBV positive

cells relative the EBV-negative parental is shown. Mean ± SE of four
independent experiments. c Representative western blots illustrating
the expression of EBNA1, MTH1, OGG1, and MUTYH in the Mutu
cell lines. d Densitometry quantification of expression in the EBV
positive cell lines relative to the EBV-negative Mutu-30. Mean ± SE of
four independent experiments
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MTH1 would compromise the establishment of EBV
transformed lymphoblastoid cell lines. Freshly EBV infec-
ted B-lymphocytes were cultured for 2 weeks in the pre-
sence of increasing concentrations of TH588 or S-Crizotinib
and cell proliferation measured by tritiated thymidine (3H-
Thy) incorporation was compared with that of infected cells
cultured in the absence of the inhibitors. Both inhibitors
cause a dose-dependent reduction of 3H-Thy incorporation,
with almost complete inhibition of cell proliferation and
failure to establish autonomously growing LCLs at 5 μM
concentration (Fig. 7d). In line with the capacity of the
inhibitors to induce apoptosis and oxidative DNA damage
in EBV-positive cell lines, the antiproliferative effect of
TH588 on freshly infected B-lymphocytes was accom-
panied by a highly significant threefold increase of γH2AX
positive cells (Fig. 7e, f).

Discussion

Infection by DNA tumor viruses often occurs in an oxida-
tive environment that enables the expression of growth
promoting viral and cellular genes but also causes DNA

damage and triggers cell intrinsic antiproliferative responses
[27]. Here we have shown that the EBV encoded onco-
protein EBNA1 counteracts this cellular defense by upre-
gulating dNTP sanitization and purging pathways that reset
the oxidative burden to a level compatible with cell survival
and proliferation. This virus-driven adaptation renders EBV
infected cells particularly sensitive to disturbance of the
redox status, suggesting that targeting the cellular anti-
oxidant defense may be an effective strategy for interfering
with infection and containing the burden of EBV associated
cancer.

EBNA1 is the only viral protein regularly detected in all
types of proliferating EBV-infected cells and EBV asso-
ciated malignancies. In addition to its essential role in viral
episome maintenance and regulation of viral promoters
[28], the interaction of EBNA1 with cellular chromatin is
associated with changes of chromatin organization and
transcriptional regulation of a broad array of cellular genes
[24, 29]. Relevant to this investigation is the previous
finding that EBNA1 transcriptionally activates the catalytic
subunit of the NADPH oxidase NOX2 [12], which corre-
lates with accumulation of ROS, induction of DNA damage
and activation of the DDR. This is at least partially

Fig. 5 Small molecule inhibitors of MTH1 induce apoptosis in EBV
positive cells. a Pairs of EBV-negative and -positive cell lines were
treated with 10 µM of the MTH1 inhibitor TH588 for 48 h. Apoptosis
was measured by Annexin V and PI staining. Bar graph depicts the
percentage of apoptotic cells. Data are shown as the mean ± SD
two independent experiments. *P < 0.05, **P < 0.01. b Pairs of

EBV-negative and -positive cell lines were treated with 5 µM of the
MTH1 inhibitor S-Crizotinib for 48 h and apoptosis was measured
using Annexin-V and PI staining. Bar graph depicts the percentage of
apoptotic cells. Data are shown as the mean ± SD of two independent
experiments. *P < 0.05, **P < 0.01
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responsible for the extensive cell death observed during the
early phase of EBV-induced growth transformation of
normal B cells [14]. ROS can cause damage to DNA
directly or indirectly via oxidation of the free nucleotide
pool, with the accumulation of 8-oxodG, as a commonly
used maker of oxidative damage. Accordingly, we found
that, while virus carriage is associated with significantly
increased levels of 8-oxodG in all types of EBV infected
cells, irrespective of their lymphoid or epithelial cell origin
(Fig. 1), EBNA1 is directly responsible for this effect as
confirmed by direct correlation between the levels of
EBNA1 and 8-oxodG in transfected cells expressing stable
or inducible EBNA1 (Fig. 2). Most importantly, the levels
of ROS, 8-oxodG, and DNA damage coordinately
decreased upon downregulation of EBNA1, indicating that
the oxidative stress phenotype is reversible in the absence of
the viral protein.

While the induction of sustained high levels of ROS is
essential for EBV-induced B-cell immortalization, possibly
via the regulation of key phosphatases and miRNAs [14],
specific antioxidant defenses must be activated in order to
contain the antiproliferative response to oxidated DNA.
Indeed, we found that EBNA1 promotes the concomitant
activation of oxidated dNTPs sanitization and purging
pathways, as illustrated by the upregulation of nucleoside

triphosphatase MTH1 and the glycosidases OGG1 and
MUTYH, respectively. MTH1 hydrolyses oxidized purines
to prevent their addition onto nascent DNA chains, which
may otherwise result in mispairing, mutations and cell
death, while OGG1 and MUTYH excise oxidated bases
from damaged DNA, which initiates both long- or and
short-patch BER. OGG1 and to a minor extent MUTYH
were upregulated in parallel with MTH1 in cells expressing
inducible EBNA1 (Fig. 3). Furthermore, a direct correlation
between the expression levels of MTH1, OGG1, MUTYH,
and EBNA1 was detected in sublines of the EBV positive
BL Mutu and higher levels of MHT1 were detected in
western blots of four out of five EBV converted sublines of
EBV-negative Burkitt lymphoma, gastric carcinoma and
nasopharynx cancer while OGG1 and MUTYH exhibited a
somewhat less consistent pattern of regulation (Fig. 4).
These findings have interesting implications. First, they
confirm the role of EBNA1 in the activation of the anti-
oxidant response, which may reflect both a cellular adap-
tation to the increased levels of ROS induced by EBNA1
and an EBNA1 mediated transcriptional regulation of
effector proteins. Second, the discrepancy between the
consistent EBNA1-dependent upregulation of both saniti-
zation and purging pathways in the inducible cell lines and
in the originally EBV positive BL, as compared with the

Table 1 EBV carriage renders
the cells more sensitive to
inhibition of MTH1

% Apoptotic cellsa Fold changef

Cell lines EBVb Control TH588c S-crizotinibd TH588 S-crizotinib

BJAB − 7.7 ± 1.7 12.2 ± 0.1 15.6 ± 1.4 1.6 2.0

BJAB-B958 + 8.1 ± 4.1 32.7 ± 3.4 39.9 ± 1.4 4.0 4.9

BL41 − 5.4 ± 1.0 19.3 ± 4.4 22.9 ± 4.7 3.6 4.3

BL41-E95B + 14.8 ± 5.5 88.0 ± 4.0 94.5 ± 0.9 6.0 6.4

Akata − 4.8 ± 1.1 30.3 ± 2.3 11.7 ± 3.8 6.3 2.4

Akata-BX1 + 3.2 ± 1.5 51.9 ± 2.9 7.0 ± 1.2 16.4 2.2

AGS − 1.6 ± 0.2 14.3 ± 2.7 3.8 ± 0.3 8.9 2.4

AGS-BX1 + 1.7 ± 0.8 26.5 ± 0.9 11.2 ± 0.5 15.3 6.5

TWO3 − 9.8 ± 1.7 27.6 ± 4.6 19.2 ± 2.4 2.8 2.0

TWO3-EBV + 12.5 ± 4.5 25.6 ± 1.7 54.7 ± 7.0 2.0 4.4

eEBNA1

BJAB − 7.7 ± 1.7 12.2 ± 0.1 15.6 ± 1.4 1.6 2.0

BJAB-EBNA1 + 4.8 ± 1.0 31.4 ± 2.8 21.7 ± 2.5 6.5 4.5

BJAB-tTAE1 Dox+ − 9.0 ± 2.5 19.6 ± 0.2 23.8 ± 1.0 2.2 2.7

BJAB-tTAE1 Dox- + 9.7 ± 2.3 40.4 ± 1.2 48.1 ± 0.8 4.2 5.0

Values corresponding to ≥ 50% increased apoptosis in EBV/EBNA1 positive cells are underlined
aApoptosis was measured by staining with PI/Annexin-V and flow cytometry analysis. The mean ± SD
positive cells in two independent experiments is shown
bEBV carriage was in all cases confirmed by detection of EBNA1
cThe cells were treated with 10 μM TH588 for 48 h
dThe cells were treated with 5 μM S-Crizotinib for 48 h
eEBNA1 expression was confirmed by western blot analysis
f Fold change was calculated as the ratio between the mean % apoptotic cells in control and treated cells

610 J. Wang et al.



more variable response of the convertants, suggests that,
upon prolonged selection, multiple mechanisms may be
recruited to contain oxidation within levels compatible with
cell survival. These may include the activation of perox-
idases and other ROS quenching responses, failure to detect
and respond to oxidated DNA and the activation of anti-
apoptotic pathways that would, alone or in different cell-
specific combinations, increase tolerance to ongoing DNA
damage. It is noteworthy that EBV positive BLs exhibit
higher levels of ROS compared with EBV-negative tumors
[30] and transcriptional activation of various components of
the antioxidant pathways, including glutathione peroxidase
[12] and MTH1 was detected in biopsies and cell lines
derived from EBV-positive tumors (dataset: https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123449).
Furthermore, the genomes of EBV-positive tumors contain
a greater mutational load compared with the EBV-negative
variants [31], and polymorphisms of the BER effectors
OGG1, APE1, and XRCC1 are associated with increased
risk of NPC in the Chinese population [32], suggesting that
the oxidative stress associated with infection may play an
important role in carcinogenesis.

MTH1 is often upregulated in malignant cells and
impressive therapeutic responses have been reported upon

treatment with MTH1 inhibitors in some in vitro and in vivo
tumor models [25]. However, the general validity of this
finding is controversial, and the specificity and mechanism
of action of the inhibitors is still actively debated [22]. We
have found that EBV carrying cells are significantly more
sensitive than their EBV-negative parentals to induction of
apoptosis by treatment with two inhibitors of MTH1,
TH588 and S-Crizotinib that differ in their overall
mechanism of action and side effects [25, 26] (Fig. 5 and
Table 1). In line with the role of MTH1 in the sanitization of
oxidated nucleotides, the induction of apoptosis was
accompanied by a highly significant increase of 8-oxodG
and induction of DNA damage measured by the accumu-
lation of γH2AX (Fig. 6). Similar to the effect on MTH1
expression, the enhanced apoptotic response was directly
dependent on the expression of EBNA1 and could be
reversed by downregulation of EBNA1 in the inducible cell
lines BJAB-tTAE1. It is noteworthy that the BL41-E95B
convertant that failed to upregulate MTH1 was particularly
sensitive to the inhibitor, suggesting that the expression
levels of MTH1 may be critical for the capacity of the
inhibitors to tilt the oxidative balance beyond a critical
threshold. The inability to kill some cancer cells by MTH1
knockdown [33], together with the resistance of some cell

Fig. 6 Inhibition of MTH1 is associated with increased levels of
oxidative DNA damage in EBV positive cells. Pairs of EBV-negative
and -positive cells were treated with TH588 (10 µM) or S-Crizotinib
(5 µM) for 24 h followed by immunofluorescence staining with anti-
bodies against 8-oxodG (green) or γH2AX (red) and the nuclei were
stained with DAPI (blue). a Representative microphotographs illus-
trating the expression of 8-oxodG and γH2AX in the untreated and

treated BJAB/BJAB-B958 cell pair. b Representative micro-
photographs illustrating the expression of 8-oxodG and γH2AX in the
untreated and treated BL41/BL41-E95B cell pair. c Quantification of
the 8-oxoG specific fluorescence. Data are shown as the mean the ± SE
of three independent experiments. **P < 0.01. d Percentage of γH2AX
positive cells. Data are shown as the mean ± SE from three indepen-
dent experiments. **P < 0.01
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lines to treatment with highly specific MTH1 inhibitors
[33, 34] and failure to rescue sensitive cells by over-
expression of human MTH1 or the bacterial homolog that
shares the enzymatic activity [35] have casted doubts on the
mechanism of action of the inhibitors. The different beha-
vior of the cell lines used in our assays point to the possi-
bility that at least some of these failures may be explained
by the type of cells used in the assays, where variations in
the multifactorial control of the oxidative balance and the
cell intrinsic capacity to detect and respond to oxidative
DNA damage may determine the degree of dependency on
MTH1. Overall, our findings corroborate previous obser-
vations linking the potency of MTH1 inhibitors to the extent
of oxidative stress [35, 36], suggesting that the endogenous

levels of ROS could provide a useful biomarker of
sensitivity.

The dramatic increase of ROS that occurs in freshly EBV
infected B-lymphocytes coincides with extensive DNA
damage and cell death [14, 37], whereas ROS and DNA
damage stabilize at significantly lower levels in immorta-
lized LCLs [14], suggesting that viral latency is dependent
on the activation of antioxidant defenses that reset the
oxidative balance to a level compatible with cell prolifera-
tion. In line with this possibility, we found that the
expression of MTH1 progressively increases in parallel with
EBNA1 after infection reaching a maximum when the
infected cells enter the fast proliferation phase that char-
acterizes newly established LCLs (Fig. 7). As observed in

Fig. 7 The antioxidant pathways are activated during EBV infection
and are required for growth transformation. Freshly isolated B-
lymphocytes infected with the transforming B95-8 strain of EBV were
cultured for up to 2 weeks in the presence or absence of MTH1
inhibitors. Protein expression was monitored by western blots, cell
proliferation and activation of the DDR were assessed by 3H-Thy
incorporation and staining for γH2AX, respectively. a representative
western blots illustrating the parallel increase of MTH1 and EBNA1
expression following EBV infection and mean ± SE of the intensity of
the MTH1 specific band in five independent experiments. b Repre-
sentative western blots illustrating the expression of MTH1, MUTYH
and OGG1 in ex vivo untreated B-cell and freshly EBV infected and
SAC induced B blasts cultured for comparable times and showing

similar levels of cell proliferation. c Quantification of the specific
bands. Relative expression is the ration between the intensity in the
treated cells versus freshly harvested cells. The mean ± SE of three to
four independent experiments is shown. d Inhibition of MTH1 pre-
vents the establishment of EBV transformed lymphoblastoid cell lines.
3H-Thy incorporation was measured after culture of freshly EBV
infected B-lymphocytes in the presence of the indicated amounts of
MTH1 inhibitors. Depending on the condition of the cultures har-
vesting was done after ten to fifteen days. e Inhibition of
MTH1 strongly enhances the induction of DNA damage in freshly
EBV infected cells. DNA damage was detected by γH2AX staining. f
Mean ± SE of the % γH2AX positive cells in three independent
experiments. *P < 0.05; **P < 0.01

612 J. Wang et al.



EBV carrying cell lines, MUTYH and OGG1 were also
upregulated in freshly infected cells, which is consistent
with a synergistic effect of the sanitization and purging
machineries in limiting DNA oxidation. It is noteworthy
that, in spite of similar levels of proliferation, mitogens
induced B-blasts expressed lower levels of MTH1, OGG1,
and MUTYH, pointing to EBNA1 and ROS rather than the
proliferative or metabolic status of the cells as the key
triggering events. Further emphasizing the critical require-
ment of harnessing the cellular antioxidant defense in order
for EBV to achieve growth transformation, we found that
treatment with MTH1 inhibitors inhibited the proliferation
of freshly infected B cells in a dose-dependent manner, and
prevented the establishment of LCLs by promoting a dra-
matic increase of DNA damage.

Collectively, our findings highlight a scenario where
EBNA1 plays a key role in the reshaping of the cellular
environment that enables EBV-induced growth transfor-
mation and generates the premalignant precursors of EBV
associated cancers (Fig. 8). Via the upregulation of NOX2
and increase of intracellular ROS, EBNA1 promotes a shift
in redox status that is required for efficient expression of
growth transforming viral and cellular genes. The anti-
proliferative effect of the ensuing oxidative DNA damage is
counteracted by the concomitant activation of dNTP sani-
tization and DNA purging machineries that, in concert with

inhibition of the DNA damage and antiapoptotic responses
induced by other latency gene products, including LMP1
and EBNA3A [38], contain the damage to a level compa-
tible with cell proliferation and virus-induced immortaliza-
tion. The genomic instability associated with the oxidative
milieu and ongoing DNA damage may favor the selection
of genetic or epigenetic changes that will eventually result
in progression to full malignancy. Due to their adaptation to
a highly oxidative environment, EBV carrying cells will be
particularly sensitive to disturbance of the redox status
pointing to the cellular antioxidant defenses as a suitable
target for antiviral and anticancer therapies.

Materials and methods

Chemicals and antibodies

Antibodies and their suppliers were: MTH1 (1:1000, rabbit,
NB100-109, NOVUS, Abingdon, Oxon, England, UK),
OGG1 (1:500, rabbit, NB100-106, NOVUS), XRCC1
(1:1000, rabbit, A300-065A, Bethyl Laboratories, Mon-
tgomery, TX, USA), MUTYH (1:1000, rabbit, PA5-27855,
ThermoFischer, Waltham, MA, USA), EBNA1 (1:100, rat,
E1BS1H4-14111, supernatant), LMP1 (1:50, mouse, M0897,
Dako, Glostrup, Denmark), BZLF1 (1:1000, mouse, SC-
53904, Santa Cruz, Dallas, TX, USA), GAPDH (1:2000,
mouse, CB1001, Merck Millipore, Darmstadt, Germany).
Antibodies used for immunofluorescence: pH2AX (1:100,
mouse, 05–636, Millipore Corporation, Billerica, MA, USA),
Anti-8-oxodG (1:50, mouse, ab206461, Abcam, Cambridge,
MA, USA). Chemicals and their suppliers were: TH588
(Sigma-Aldrich, SML1069, St Louis, MO, USA), (S)-Crizo-
tinib (TOCRIS, 6025, Abingdon, Oxon, England, UK).

Cell lines

The B lymphoma lines BJAB [39], BL41 [40], and their
B95-8 convertants (BJAB-B958 and BL41-E95B), the
EBV-producing marmoset B-cell line B95-8 [41], and the
EBV-negative Burkitt lymphoma lines Akata [42], Mutu-30
[43], and the EBV positive Burkitt lymphoma lines Mutu I
cl.148 and Mutu III cl.99 [44] were cultured in RPMI-1640
medium (R8758 Sigma-Aldrich, St Louis, MO, USA),
supplemented with 10% Fetal Bovine Serum (10270,
GIBCO-Invitrogen, Waltham, MA, USA), and 10 μg/ml
Ciprofloxacin (Sigma-Aldrich) (complete medium). The
Akata-Bx1 cell line [45] that carries a recombinant Akata
EBV, where the thymidine kinase gene was replaced by a
CMV immediate-early promoter-driven green fluorescent
protein was cultured in complete medium supplemented
with 500 μg/ml Geneticin (GIBCO-Invitrogen). The stable
EBNA1 transfected BJAB-E1 cell line [46] was kept in

Fig. 8 EBNA1 alters the cellular oxidative balance to promote cell
immortalization and oncogenesis. EBNA1 is the only viral protein
regularly expressed in all types of EBV carrying normal and malignant
cells. The expression of EBNA1 is associated with a shift of the cel-
lular redox status that correlates with transcriptional activation of the
catalytic subunit of the NADPH oxidase NOX2. High levels of ROS
are required for efficient expression of cellular and viral genes that
sustain B-cell proliferation and immortalization, including the viral
latent membrane protein LPM1. While inducing the establishment of
an oxidative environment that promotes infection, EBNA1 limits the
antiproliferative response triggered by oxidated DNA via activation of
both the nucleotide sanitization pathway that prevents the incorpora-
tion of oxidated nucleotides, and repair pathways that purge DNA
from oxidized bases. The persistent oxidative stress induced by
EBNA1 is associated with genomic instability, which promotes car-
cinogenesis and renders EBV infected cells particularly sensitive to
disturbance of the redox balance by the inhibition of antioxidant
pathways
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complete medium supplemented with 500 μg/ml Geneticin
(GIBCO-Invitrogen). A BJAB subline that stably expresses
a tetracycline-regulated EBNA1 gene (BJAB-tTAE1) was
produced by transfection of the pTRE2pur-FlagEBNA1
plasmid into the BJAB-tTA cell line [12] that carries a tet-
off-regulated transactivator (kind gift of Martin Rowe,
University of Birmingham, United Kingdom) followed by
selection in 1 mg/mL puromycin and 500 mg/mL hygro-
mycin B (Calbiochem). The EBV-negative gastric carci-
noma line AGS and the EBV converted AGS-Bx1 cell line
[47, 48] (kindly provided by Alan Chiang, Hong Kong
University, Hong Kong) were cultured in Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/
F12) (GIBCO-Invitrogen) supplemented with 10% Fetal
Bovine Serum. AGS-Bx1 was cultured in complete medium
supplemented with 500 μg/ml Geneticin (GIBCO-Invitro-
gen). The EBV-negative nasopharyngeal carcinoma line
TWO3 and the EBV converted TWO3-EBV [49, 50]
(kindly provided by George Klein, Karolinska Institutet,
Stockholm) were cultured in DMEM/F12 medium, sup-
plemented with 10% Fetal Bovine Serum. TWO3-EBV was
cultured in complete medium supplemented with 500 μg/ml
Geneticin (GIBCO-Invitrogen).

B-cell isolation, EBV infection, and mitogen
stimulation

Blood lymphocytes were purified from Buffy coats (Blood
Bank, Karolinska University Hospital, Stockholm, Sweden)
by Ficoll-Paque (Lymphoprep, Axis-shield PoC AS, Oslo,
Norway) density gradient centrifugation and B cells were
affinity-purified using CD19 micro beads (MACS
MicroBeads, Miltenyi Biotec, Bergisch Gladbach, Germany)
resulting in >95% pure B-cell populations. B cells were
infected with B95-8 virus containing supernatant for 1.5 h at
37 °C at a concentration of 2 × 106/ml (3 × 105 infectious
units) and then diluted at the desired concentration without
removal of the virus. For mitogen stimulation, the cultures
were supplemented with heat-killed and formalin-fixed
Staphylococcus aureus (1/20000 pansorbin cells, Calbio-
chem, Merck KGaA, Darmstadt, Germany) and 20 U/ml
recombinant IL-2 (Peprotech, Rocky Hill, NJ, USA). Both
B-cell cultures were maintained in RPMI-1640, supple-
mented with 20% fetal bovine serum and 10 μg/ml Cipro-
floxacin. For cell proliferation, 105 cells were cultured in
200 μl medium in 96 well plates, while for protein analysis,
106 cells were cultured in 2 ml medium in 24 well plates.

Detection of ROS

Intracellular ROS were detected by 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCF-DA; D6883 Sigma-Aldrich)
fluorescence. Cells (1×106) were incubated in 1 ml PBS

containing 2 μM H2DCF-DA for 30 min at 37 °C, washed
and resuspended in PBS. The fluorescence of 1 × 104 cells
was acquired by flow cytometry (FACSCalibur, BD Bios-
ciences, San Jose, CA, USA) with 488 nm excitation and
530 nm emission.

Immunofluorescence

The expression of 8-oxodG and the DNA damage marker γ-
H2AX was investigated by indirect immunofluorescence.
Cells (6 × 104) were deposited on glass slides by cytospin
centrifugation for 2 min at 600 rpm. The slides were fixed in
PBS containing 4% formaldehyde for 10 min, permeabi-
lized in PBS containing 0.5% Triton X-100 for 5 min and
then blocked in PBS containing 3% bovine serum albumin
for 1 h at room temperature. The slides were incubated with
primary antibodies diluted in blocking buffer overnight at
4 °C followed by 3 × 10 min washes in PBS and incubation
for 1 h at room temperature with the appropriate Alexa
Fluor-conjugated secondary antibodies. After mounting in
Vectashield-containing DAPI (Vector laboratories, Inc.
Burlingame, CA, USA), images were acquired with a
fluorescence microscope (Leica DM RA2, Leica Micro-
systems, Wetzlar, Germany) equipped with a CCD camera
(C4742-95, Hamamatsu, Japan). The images were analyzed
with Photoshop (Adobe Systems Inc., San Jose, CA, USA)
and fluorescence was quantified with the ImageJ software.

Immunoblotting

Cell lysates were prepared in RIPA lysis buffer (50mM Tris-
HCl pH 7.4, 150mM NaCl, 1% Triton X-100, 1% sodium
dodecyl sulfate, 0.5% sodium deoxycholate, protease and
phosphatase inhibitors cocktails). Protein concentration was
measured with a Protein Assay kit (Bio-Rad Laboratories,
Solna, Sweden). After denaturation for 5min at 100 °C in
lithium dodecyl sulfate sample buffer (NP0008, Invitrogen,
Carlsbad, CA, USA), the lysates were fractionated in precast
4–12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis gradient gels (Invitrogen, Carlsbad, CA, USA) and
transferred to polyvinylidene-difluoride membranes (Millipore
Corporation, Billerica, MA, USA). After blocking in TBS
containing 0.1% Tween-20 and 5% nonfat milk powder and
incubation with primary antibody overnight at 4 °C and the
appropriate HRP-conjugated secondary antibody for 1 h at
room temperature, the immunocomplexes were visualized by
enhanced chemiluminescence (GE Healthcare Limited,
Buckinghamshire, UK).

Reverse transcription and real-time PCR

RNA was isolated using the Quick-RNA MiniPrep kit (Zymo
Research, Irvine, CA, USA) with in-column DNase treatment
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according to the instructions of the manufacturer. One micro-
gram of total RNA was reverse-transcribed using SuperScript
VILO cDNA Synthesis kit (Invitrogen). PCR amplification
was performed with the LC FastStart DNA master SYBR
green I kit in a LightCycler 1.2 instrument (Roche, Basel,
Switzerland) using validated PrimePCR SYBR Green primers
specific for human MTH1 (qHsaCID0038594), OGG1
(qHsaCED0043531) and MUTYH (qHsaCED0038608) (Bio-
Rad Laboratories, Hercules, CA, USA). The relative level of
mRNA was determined by standard curve method, using
MLN51 (Metastatic lymph node 51) as housekeeping gene (5
´-CAAGGAAGGTCGTGCTGGTT-3´ and 5´-ACCAGACC
GGCCACCAT-3´).

Propidium iodide/Annexin-V staining

Cells were harvested into tubes, washed with cold PBS for
two times. Each sample (1 × 105 cells) was resuspended in
100 µl of 1 × Annexin-V binding buffer (51-66121E, BD
Bioscience, San Diego, CA, USA). After addition of
Annexin V-FITC (51–65874 × , BD Bioscience) and PI
(51–66211E, BD Bioscience) the tubes were incubated for
15 min in the dark followed by addition of 400 µl of binding
buffer. Cell death and apoptosis was detected by flow
cytometry within 1 h.

3H-Thy incorporation

At the indicated time points, 1 μCi 3H-thymidine was added
to each well and the plates were incubated at 37 °C in 5%
CO2 for 16 h. The cells were harvested on a glass fibre filter
and radioactivity was measured in a liquid scintillation
counter. All data represent the mean incorporation of five
parallel wells.

Acknowledgements This study was supported by grants awarded by
the Swedish Cancer Society, the Swedish Medical Research Council
and the Karolinska Institutet, Stockholm, Sweden. We are grateful to
Drs Martin Row, Alan Chang, and Georg Klein for the generous gift of
cell lines and reagents and to Dr Teresa Frisan and members of the
Masucci group for helpful discussion and careful revision of the
manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Lunn RM, Jahnke GD, Rabkin CS. Tumour virus epidemiology.
Philos Trans R Soc Lond B Biol Sci. 2017;372:20160266.

2. Kamranvar SA, Masucci MG. Regulation of telomere homeostasis
during Epstein-Barr virus infection and immortalization. Viruses.
2017;9:E217.

3. Halazonetis TD, Gorgoulis VG, Bartek J. An oncogene-induced
DNA damage model for cancer development. Science.
2008;319:1352–5.

4. Klaunig JE, Kamendulis LM. The role of oxidative stress in
carcinogenesis. Annu Rev Pharm Toxicol. 2004;44:239–67.

5. Ogrunc M, Di Micco R, Liontos M, Bombardelli L, Mione M,
Fumagalli M, et al. Oncogene-induced reactive oxygen species
fuel hyperproliferation and DNA damage response activation. Cell
Death Differ. 2014;21:998–1012.

6. Taddei F, Hayakawa H, Bouton M, Cirinesi A, Matic I, Sekiguchi
M, et al. Counteraction by MutT protein of transcriptional errors
caused by oxidative damage. Sci (NY). 1997;278:128–30.

7. Borrego S, Vazquez A, Dasi F, Cerda C, Iradi A, Tormos C, et al.
Oxidative stress and DNA damage in human gastric carcinoma: 8-
Oxo-7′8-dihydro-2′-deoxyguanosine (8-oxo-dG) as a possible
tumor marker. Int J Mol Sci. 2013;14:3467–86.

8. Bottero V, Chakraborty S, Chandran B. Reactive oxygen species
are induced by Kaposi’s sarcoma-associated herpesvirus early
during primary infection of endothelial cells to promote virus
entry. J Virol. 2013;87:1733–49.

9. Chlichlia K, Khazaie K. HTLV-1 tax: linking transformation,
DNA damage and apoptotic T-cell death. Chem Biol Interact.
2010;188:359–65.

10. Gruhne B, Kamranvar SA, Masucci MG, Sompallae R. EBV and
genomic instability–a new look at the role of the virus in the
pathogenesis of Burkitt’s lymphoma. Semin Cancer Biol.
2009;19:394–400.

11. Ivanov AV, Bartosch B, Smirnova OA, Isaguliants MG,
Kochetkov SN. HCV and oxidative stress in the liver. Viruses.
2013;5:439–69.

12. Gruhne B, Sompallae R, Marescotti D, Kamranvar SA, Gas-
taldello S, Masucci MG. The Epstein-Barr virus nuclear antigen-1
promotes genomic instability via induction of reactive oxygen
species. Proc Natl Acad Sci USA. 2009;106:2313–8.

13. Kamranvar SA, Gruhne B, Szeles A, Masucci MG. Epstein-Barr
virus promotes genomic instability in Burkitt’s lymphoma.
Oncogene. 2007;26:5115–23.

14. Chen X, Kamranvar SA, Masucci MG. Oxidative stress enables
Epstein-Barr virus-induced B-cell transformation by post-
transcriptional regulation of viral and cellular growth-promoting
factors. Oncogene. 2016;35:3807–16.

15. Young LS, Rickinson AB. Epstein-Barr virus: 40 years on. Nat
Rev Cancer. 2004;4:757–68.

16. Delia D, Mizutani S. The DNA damage response pathway in normal
hematopoiesis and malignancies. Int J Hematol. 2017;106:328–34.

17. Harris IS, Treloar AE, Inoue S, Sasaki M, Gorrini C, Lee KC,
et al. Glutathione and thioredoxin antioxidant pathways synergize
to drive cancer initiation and progression. Cancer Cell.
2015;27:211–22.

The Epstein–Barr virus nuclear antigen-1 upregulates the cellular antioxidant defense. . . 615

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


18. Nakabeppu Y. Cellular levels of 8-oxoguanine in either DNA or
the nucleotide pool play pivotal roles in carcinogenesis and sur-
vival of cancer cells. Int J Mol Sci. 2014;15:12543–57.

19. Markkanen E. Not breathing is not an option: how to deal with
oxidative DNA damage. DNA Repair (Amst). 2017;59:82–105.

20. Moloney JN, Cotter TG. ROS signalling in the biology of cancer.
Semin Cell Dev Biol. 2018;80:50–64.

21. Kasai H, Nishimura S. Hydroxylation of deoxyguanosine at the C-
8 position by ascorbic acid and other reducing agents. Nucleic
Acids Res. 1984;12:2137–45.

22. Samaranayake GJ, Huynh M, Rai P. MTH1 as a chemotherapeutic
target: the elephant in the room. Cancers (Basel). 2017;9:E47.

23. Carter RJ, Parsons JL. Base excision repair, a pathway regulated
by posttranslational modifications. Mol Cell Biol.
2016;36:1426–37.

24. Coppotelli G, Mughal N, Callegari S, Sompallae R, Caja L,
Luijsterburg MS, et al. The Epstein-Barr virus nuclear antigen−1
reprograms transcription by mimicry of high mobility group A
proteins. Nucleic Acids Res. 2013;41:2950–62.

25. Gad H, Koolmeister T, Jemth AS, Eshtad S, Jacques SA, Strom
CE, et al. MTH1 inhibition eradicates cancer by preventing
sanitation of the dNTP pool. Nature. 2014;508:215–21.

26. Huber KV, Salah E, Radic B, Gridling M, Elkins JM, Stukalov A,
et al. Stereospecific targeting of MTH1 by (S)-crizotinib as an
anticancer strategy. Nature. 2014;508:222–7.

27. Chen X, Kamranvar SA, Masucci MG. Tumor viruses and repli-
cative immortality–avoiding the telomere hurdle. Semin Cancer
Biol. 2014;26:43–51.

28. Frappier L. Ebna1. Curr Top Microbiol Immunol. 2015;391:3–34.
29. Sompallae R, Callegari S, Kamranvar SA, Masucci MG. Tran-

scription profiling of Epstein-Barr virus nuclear antigen (EBNA)-1
expressing cells suggests targeting of chromatin remodeling
complexes. PLoS ONE. 2010;5:e12052.

30. Cerimele F, Battle T, Lynch R, Frank DA, Murad E, Cohen C,
et al. Reactive oxygen signaling and MAPK activation distinguish
Epstein-Barr Virus (EBV)-positive versus EBV-negative Burkitt’s
lymphoma. Proc Natl Acad Sci USA. 2005;102:175–9.

31. Grande BM, Gerhard DS, Jiang A, Griner NB, Abramson JS,
Alexander TB, et al. Genome-wide discovery of somatic coding
and noncoding mutations in pediatric endemic and sporadic
Burkitt lymphoma. Blood. 2019;133:1313–24.

32. Li Q, Wang JM, Peng Y, Zhang SH, Ren T, Luo H, et al.
Association of DNA base-excision repair XRCC1, OGG1 and
APE1 gene polymorphisms with nasopharyngeal carcinoma sus-
ceptibility in a Chinese population. Asian Pac J Cancer Prev.
2013;14:5145–51.

33. Kettle JG, Alwan H, Bista M, Breed J, Davies NL, Eckersley K,
et al. Potent and selective inhibitors of MTH1 probe its role in
cancer cell survival. J Med Chem. 2016;59:2346–61.

34. Kawamura T, Kawatani M, Muroi M, Kondoh Y, Futamura Y,
Aono H, et al. Proteomic profiling of small-molecule inhibitors
reveals dispensability of MTH1 for cancer cell survival. Sci Rep.
2016;6:26521.

35. Wang JY, Jin L, Yan XG, Sherwin S, Farrelly M, Zhang YY,
et al. Reactive oxygen species dictate the apoptotic response of
melanoma cells to TH588. J Invest Dermatol. 2016;136:2277–86.

36. Brautigam L, Pudelko L, Jemth AS, Gad H, Narwal M, Gus-
tafsson R, et al. Hypoxic signaling and the cellular redox tumor
environment determine sensitivity to MTH1 inhibition. Cancer
Res. 2016;76:2366–75.

37. Nikitin PA, Yan CM, Forte E, Bocedi A, Tourigny JP, White RE,
et al. An ATM/Chk2-mediated DNA damage-responsive signaling
pathway suppresses Epstein-Barr virus transformation of primary
human B cells. Cell Host Microbe. 2010;8:510–22.

38. Gruhne B, Sompallae R, Masucci MG. Three Epstein-Barr virus
latency proteins independently promote genomic instability by
inducing DNA damage, inhibiting DNA repair and inactivating
cell cycle checkpoints. Oncogene. 2009;28:3997–4008.

39. Menezes J, Leibold W, Klein G, Clements G. Establishment and
characterization of an Epstein-Barr virus (EBC)-negative lym-
phoblastoid B cell line (BJA-B) from an exceptional, EBV-
genome-negative African Burkitt’s lymphoma. Biomedicine /
[Publ pour l’AAICIG]. 1975;22:276–84.

40. Lenoir GM, Vuillaume M, Bonnardel C. The use of lymphoma-
tous and lymphoblastoid cell lines in the study of Burkitt’s lym-
phoma. IARC Sci Publ. 1985;60:309–18.

41. Miller G, Shope T, Lisco H, Stitt D, Lipman M. Epstein-Barr virus:
transformation, cytopathic changes, and viral antigens in squirrel
monkey and marmoset leukocytes. PNAS. 1972;69:383–7.

42. Shimizu N, Tanabe-Tochikura A, Kuroiwa Y, Takada K. Isolation
of Epstein-Barr virus (EBV)-negative cell clones from the EBV-
positive Burkitt’s lymphoma (BL) line Akata: malignant pheno-
types of BL cells are dependent on EBV. J Virol. 1994;68:6069–73.

43. Chodosh J, Holder VP, Gan YJ, Belgaumi A, Sample J, Sixbey
JW. Eradication of latent Epstein-Barr virus by hydroxyurea alters
the growth-transformed cell phenotype. J Infect Dis.
1998;177:1194–201.

44. Gregory CD, Rowe M, Rickinson AB. Different Epstein-Barr
virus-B cell interactions in phenotypically distinct clones of a
Burkitt’s lymphoma cell line. J Gen Virol. 1990;71(Pt 7):1481–95.

45. Guerreiro-Cacais AO, Uzunel M, Levitskaya J, Levitsky V.
Inhibition of heavy chain and beta2-microglobulin synthesis as a
mechanism of major histocompatibility complex class I down-
regulation during Epstein-Barr virus replication. J Virol.
2007;81:1390–1400.

46. Kang MS, Hung SC, Kieff E. Epstein-Barr virus nuclear antigen 1
activates transcription from episomal but not integrated DNA and
does not alter lymphocyte growth. PNAS. 2001;98:15233–8.

47. Barranco SC, Townsend CM Jr., Casartelli C, Macik BG, Burger
NL, Boerwinkle WR, et al. Establishment and characterization of
an in vitro model system for human adenocarcinoma of the sto-
mach. Cancer Res. 1983;43:1703–9.

48. Molesworth SJ, Lake CM, Borza CM, Turk SM, Hutt-Fletcher
LM. Epstein-Barr virus gH is essential for penetration of B cells
but also plays a role in attachment of virus to epithelial cells. J
Virol. 2000;74:6324–32.

49. Lin CT, Chan WY, Chen W, Huang HM, Wu HC, Hsu MM, et al.
Characterization of seven newly established nasopharyngeal car-
cinoma cell lines. Lab Investig. 1993;68:716–27.

50. Lin CT, Lin CR, Tan GK, Chen W, Dee AN, Chan WY. The
mechanism of Epstein-Barr virus infection in nasopharyngeal
carcinoma cells. Am J Pathol. 1997;150:1745–56.

616 J. Wang et al.


	The Epstein&#x02013;nobreakBarr virus nuclear antigen-1 upregulates the cellular antioxidant defense to enable B-cell growth transformation and immortalization
	Abstract
	Introduction
	Results
	EBV carriage is associated with the accumulation of oxidated nucleotides
	EBNA1 promotes the upregulation of antioxidant defense systems
	MTH1 inhibitors induce apoptosis and DNA damage in EBNA1 positive cells
	Upregulation of MTH1 counteracts EBV-induced oxidative stress in primary EBV infected cells

	Discussion
	Materials and methods
	Chemicals and antibodies
	Cell lines
	B-cell isolation, EBV infection, and mitogen stimulation
	Detection of ROS
	Immunofluorescence
	Immunoblotting
	Reverse transcription and real-time PCR
	Propidium iodide/Annexin-V staining
	3H-Thy incorporation
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




