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Extra-telomeric functions of telomerase in
the pathogenesis of Epstein-Barr virus-
driven B-cell malignancies and potential
therapeutic implications
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Abstract

The Epstein-Barr virus (EBV) is a ubiquitous human y-herpesvirus causally linked to a broad spectrum of both lymphoid
and epithelial malignancies. In order to maintain its persistence in host cells and promote tumorigenesis, EBV must restrict
its Iytic cycle, which would ultimately lead to cell death, selectively express latent viral proteins, and establish an unlimited
proliferative potential. The latter step depends on the maintenance of telomere length provided by telomerase. The viral
oncoprotein LMP-1 activates TERT, the catalytic component of telomerase. In addition to its canonical role in stabilizing
telomeres, TERT may promote EBV-driven tumorigenesis through extra-telomeric functions. TERT contributes toward
preserving EBV latency; in fact, through the NOTCH2/BATF pathway, TERT negatively affects the expression of BZLF1, the
master regulator of the EBV Iytic cycle. In contrast, TERT inhibition triggers a complete EBV lytic cycle, leading to the death
of EBV-infected cells. Interestingly, short-term TERT inhibition causes cell cycle arrest and apoptosis, partly by inducing
telomere-independent activation of the ATM/ATR/TP53 pathway. Importantly, TERT inhibition also sensitizes EBV-positive
tumor cells to antiviral therapy and enhances the pro-apoptotic effects of chemotherapeutic agents. We provide here an

overview on how the extra-telomeric functions of TERT contribute to EBV-driven tumorigenesis. We also discuss the
potential therapeutic approach of TERT inhibition in EBV-driven malignancies.
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Background

The Epstein-Barr virus (EBV) is a ubiquitous human
y-herpesvirus infecting more than 90% of the world’s
population. Primary infection with EBV is often
asymptomatic, but it can also manifest as infectious
mononucleosis. Although EBV may infect various cell
types, such as epithelial cells and T or Natural Killer
cells, it preferably infects B lymphocytes, in which it
establishes a lifelong asymptomatic latent infection. In
immunocompromised individuals, EBV may cause a wide
range of cancers, of both hematopoietic and epithelial
origin, including Burkitts lymphoma (BL), Hodgkin’s
lymphoma (HL), post-transplant lymphoproliferative
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disorders (PTLD), AIDS-associated lymphomas, and
nasopharyngeal and gastric carcinomas [1].

Like other y-herpesviruses, EBV has both lytic and
latent cycles. Primary EBV infection occurs in the
oropharynx, leading to productive lytic infection of B
lymphocytes. EBV antigens promote immune recogni-
tion, inducing an EBV-specific immune response which
controls viral infection in the immunocompetent host,
and the viral lytic cycle triggers the death of the infected
cells [2]. In tumor cells, EBV expresses various sets of
latency-associated proteins with transforming properties.
The most restricted form of EBV latency (latency I’),
found in BL cells, is characterized by the selective
expression of EBV nuclear antigen (EBNA)-1. A second
latency program (latency II'), in which EBV expresses
EBNA-1 and the three latent membrane proteins (LMP-1,
LMP-2A, LMP-2B), is found in tumor cells of HL and
nasopharyngeal carcinomas. The full set of EBV-encoded
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latency proteins (‘latency IIT'), including the six EBNAs
(EBNA-1, -2, -3A, -3B, -3C, and -leader protein or LP)
and the LMPs proteins, is usually present in PTLD and
AIDS-associated lymphomas [1, 3]. In addition to its
latent proteins, EBV encodes small non-polyadenylated,
non-coding double-strand RNAs, called EBV-encoded
RNAs (EBER), which are expressed in all forms of latency
and may contribute to viral pathogenesis [4]. The onco-
genic potential of EBV is highlighted by its ability to
immortalize B cells in vitro, generating continuously
proliferating lymphoblastoid cell lines (LCLs). LCLs may
constitute an in vitro model of EBV-driven malignancies
expressing the latency III program.

While latency programs predominate in EBV-driven
tumors, lytic reactivation may occur in a small fraction
of infected cells, favoring the spread of the virus [5, 6].
Lytic reactivation, induced by endogenous or exogenous
stimuli, is orchestrated by up-regulation of two EBV
immediate-early genes, BZLF1 and BRLFI [7]. As lytic
infection promotes the death of EBV-infected cells both
in vitro and in vivo, the lytic induction strategy has been
suggested as potential therapy to induce EBV-dependent
tumor cell killing [8-10]. Triggering EBV lytic replica-
tion may be particularly effective and therapeutically
important, as EBV lytic proteins can activate antiviral
prodrugs, such as ganciclovir (GCV) or radiolabeled
nucleoside analogs, which further promote the death of
infected cells and also prevent the release of infectious
viruses [11, 12]. Thus, the combination of antivirals with
lytic cycle inducers is emerging as a promising strategy
for treating EBV-driven tumors [13-15].

The establishment of EBV latency programs promotes
cell proliferation, inhibits apoptosis, blocks viral lytic
replication, and ensures accurate and equal partitioning
of the episomal viral genome to daughter cells [16].
However, expression of latent EBV proteins is not suffi-
cient to immortalize EBV-infected cells entirely. As in
other oncogenic viruses, a critical step for EBV-driven
transformation is to overcome cellular senescence and
acquire unlimited proliferative potential. This step de-
pends on activation of mechanisms for telomere main-
tenance [17, 18]. Although it has been suggested that in
newly EBV-infected B lymphocytes telomere length can
be maintained by alternative lengthening of telomeres
(ALT) [19], only EBV-positive cells with sustained
telomerase activity become truly immortalized, and it
has been demonstrated that most EBV-driven tumors, as
well as established LCLs, are telomerase-positive. By
contrast, telomerase-negative EBV-infected cells, al-
though exhibiting a prolonged lifespan, eventually
undergo cellular senescence and terminate their lifespan
through telomere shortening [17, 18]. In addition to its
canonical role in stabilizing telomeres, current evidence
shows that telomerase reverse transcriptase (TERT), the
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catalytic component of telomerase, can promote EBV-
driven tumorigenesis through extra-telomeric functions
[20-23]. Here we review the cross-talk between telomer-
ase and EBV which is essential for the viral oncogenetic
process and discuss potential therapeutic implications.

Telomere maintenance in EBV-infected cells: The
canonical role of telomerase
Telomeres are specialized DNA structures located at the
ends of chromosomes which are essential for stabilizing
chromosomes by protecting them from end-to-end
fusion and DNA degradation [24]. In human cells, telo-
meres are composed of (TTAGGG)n tandem repeats as-
sociated with telomere-binding proteins, the shelterin
complex, which form a special T-loop-like structure,
thus avoiding the ends of chromosomes being recog-
nized as double-strand DNA damage [25]. The progres-
sive loss of telomeric repeats, which occurs at each
round of DNA replication due to the inability of DNA
polymerase to replicate the 3’ end of chromosomes
completely [26], reduces the length of telomeres to a
critical size. Such critically short telomeres are no longer
protected by the shelterin complex and are recognized
as DNA double-strand breaks which trigger the DNA
damage response (DDR), resulting in cellular senescence
and apoptosis [25]. To circumvent replicative senescence
and acquire the ability to sustain unlimited replicative
potential, tumor cells must stabilize their telomeres.
Although EBV-infected B cells exhibit higher prolifera-
tive activity than resting primary B lymphocytes, very few
EBV-carrying B  cells eventually progress to
immortalization: most of them reach a proliferative crisis
and end their lifespan after about 150 population-
doubling levels, according to genetic factors, including
telomere length. Soon after EBV infection, B lymphocytes
may exhibit multiple signs of telomere dysfunction and
ALT markers, including highly heterogeneous telomeres,
appearance of extra-chromosomal telomeric DNA, accu-
mulation of telomere-associated promyelocytic leukemia
nuclear bodies, and telomeric-sister chromatid exchange
[19]. This phenotype seems to be associated with EBV-
mediated displacement of shelterin proteins and
uncapping problems at telomeres, which may favor the
activation of the ALT mechanism. ALT is an inherently
imprecise recombination-based mechanism which may
fuel the chromosomal and genomic instability that
characterize newly established LCLs [19, 27]. However,
only LCLs developing strong telomerase activity overcome
cellular crises and become stably immortalized [17, 18].
Established LCLs with sustained telomerase activity show
minimal or no signs of telomere dysfunction [19], thus
revealing the prominent role of telomerase activation in
ensuring telomere integrity during EBV immortalization.
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Telomerase is a ribonucleoprotein complex containing
an internal RNA template (telomerase RNA component,
TERC) and a catalytic protein, TERT, with telomere-
specific reverse transcriptase activity. TERT, which
synthesizes de novo telomere sequences using TERC as
a template, is the rate-limiting component of the
telomerase complex, and its expression is correlated
with telomerase activity. Although TERC has broad tis-
sue distribution and is constitutively present in normal
and tumor cells, the expression of TERT is usually
repressed in normal somatic cells and is essential for un-
limited cell growth, thus playing a critical role in tumor
formation and progression [28].

Regulation of telomerase operates at several levels:
transcription, mRNA splicing, subcellular location of
each component, and assembly of TERC and TERT in
an active ribonucleoprotein. Transcription of the TERT
gene is probably the key determinant in regulating te-
lomerase activity, since TERT transcription is specifically
up-regulated in cancer cells but silent in most normal
ones. The TERT promoter reveals complex regulation
dynamics, whereby multiple transcriptional regulatory
elements play functional roles in different contexts,
either individually or interactively. TERT contains recog-
nition sequences for many important transcription fac-
tors such as TP53, P21, SP1, ETS, E2F, AP-1, HIF1A and
MYC [29]. Regulation of TERT transcription may also
involve DNA methylation, as the TERT promoter
contains a cluster of CpG sites [29]. Somatic mutations
in the promoter of the TERT gene, which increase gene
expression by creating de novo binding sites for the
ETS/TCF transcription factors, have also recently been
described [30]. At post-transcriptional level, more than
20 different TERT variants have been reported, some of
which probably play critical roles in regulating telomer-
ase activity [31]. Telomerase activity is also controlled by
post-translational modifications of the TERT protein.
Phosphorylation of the protein at critical sites along the
PI3K/AKT kinase pathway seems to be crucial for
telomerase activity and nuclear localization. Active re-
cruitment of telomerase to telomeres is a necessary
regulatory step and involves telomere-associated
shelterin proteins [32].

Studies aimed at defining the mechanism underlying
EBV-induced telomerase activation have demonstrated
that LMP-1, the major EBV oncoprotein, up-regulates
telomerase activity both in epithelial cells [33, 34] and in
B lymphocytes [35, 36]. In particular, it has been demon-
strated that LMP-1 activates TERT in nasopharyngeal
carcinoma cells through the AKT pathway [34]: in estab-
lished LCLs, LMP-1 activates TERT at transcriptional
level via the NF-kB and MAPK/ERK1/2 pathways [36].
Of interest, while in epithelial cells TERT expression is
also MYC-dependent and the mutagenesis of MYC-
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responsive E-box elements in the TERT promoter in-
hibits TERT transactivation by LMP-1 [33], in B cells
TERT activation by LMP-1 is MYC-independent. In fact,
mutagenesis in NF-«kB binding sites, but not in MYC
ones, inhibits LMP-1-transactivation of the TERT pro-
moter [36]. This is of particular interest, since in most
EBV-driven tumors, like the immunoblastic lymphomas
occurring in AIDS patients and early PTLD lesions,
MYC is in a germ-line configuration. In these malignan-
cies, LMP-1 probably plays an essential role in TERT
activation.

Role of TERT in switch of latent/lytic cycle of EBV

The canonical explanation for the tumor-promoting role
of telomerase is that it allows cells to escape the barrier
to unlimited replicative potential caused by telomere at-
trition. Accumulating evidence suggests that, besides its
canonical role in stabilizing telomeres, TERT also has
other biological functions, including enhancement of cell
proliferation, resistance to apoptosis, and regulation of
DDR, [37-39]. TERT can also alleviate levels of cellular
reactive oxygen species (ROS) by enhancing cellular
antioxidant defense systems, thus allowing cancer cells
to evade death stimuli [40] and can stimulate the
epithelial-mesenchymal transition and induce stemness

[41, 42].
The extra-telomeric roles of TERT have also been
described in EBV-driven lymphomagenesis. TERT

plays a critical role in establishing EBV latency and
preventing the EBV lytic cycle, thereby contributing
to transformed phenotypes. In particular, high levels
of endogenous TERT or ectopic TERT expression in
TERT-negative EBV-infected B cells prevents the
induction of the viral lytic cycle. By contrast, TERT
silencing by specific siRNA or short-hairpin (sh)RNA
induces the expression of BZLF1, EA-D and gp350
EBV lytic genes, and triggers a complete lytic cycle.
This occurs in both EBV-immortalized and fully
transformed B cells, thus supporting the concept that
TERT is a critical regulator of the balance between
viral latent and lytic cycles [20, 21]. The treatment of
primary EBV-positive BL with zidovudine (AZT), a
thymidine analog, has also been demonstrated to in-
duce the EBV lytic cycle and cell death through the
NE-kB pathway [43, 44]. As AZT may inhibit tel-
omerase activity [45], this finding further supports the
close relationship between TERT activity and the EBV
latent/lytic cycle.

Studies aimed at defining the mechanism(s) by means of
which TERT prevents the viral lytic cycle have demon-
strated the involvement of the NOTCH2/BATF pathway.
BATF is a transcription factor expressed in hematopoietic
tissues and in B cells infected with EBV [46-48]. In LCL,
BATF is a critically important survival factor being
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involved in the suppression of pro-apoptotic BIM and in
the induction of MYC [48]. Notably, BATF has been
shown to inhibit the expression of BZLF1, thus reducing
EBV lytic replication in latently infected B cells [47]. Of
interest, BATF is a target gene of the NOTCH signaling
pathway in B cells [47]. High expression of TERT in LCLs
has been shown to activate NOTCH2 at transcriptional
level through the NF-kB pathway; in turn, NOTCH2
activates BATF, which negatively affects the expression of
BZLF1, thus repressing the EBV lytic program [22]. Ac-
cordingly, pharmacological inhibition of NOTCH2 signal-
ing by y-secretase inhibitors decreases canonical NOTCH
target genes expression, including BATE, with a concomi-
tant increase in early and late EBV lytic genes, and thus
triggers a complete lytic cycle in both LCL and EBV-
positive BL cells [22].

More recently, the impact of TERT on EBV infection
and viral gene expression has also been studied in
epithelial cells [49]. Gastric carcinoma AGS cells with
high telomerase activity show increased expression of
latent EBV genes, indicating that telomerase directly
contributes toward favoring the latency program in epi-
thelial EBV-infected cells [49]. Thus, the ability of TERT
to favor the latency program in both B lymphocytes and
epithelial EBV-infected cells further supports the crucial
role of telomerase in EBV-driven malignancies.

TERT inhibition as a therapeutic approach for EBV-driven
malignancies

Telomerase inhibitors remain an attractive approach to
target cancer cells, given the specificity of TERT expres-
sion in tumor cells. However, in theory, the time to anti-
neoplastic effectiveness of telomerase inhibitors depends
on the original length of the telomeres in cancer cells
and, apparently, these agents are effective in halting
tumor growth only after the cancer cells have shortened
their telomeres. This aspect acquires particular import-
ance in the context EBV-carrying malignancies as it has
been demonstrated that EBV-positive BL cell lines show
longer telomeres compared to EBV-negative BLs [50]
and, during the early phases of EBV-induced growth of
primary B cells, their telomeres length remain constant
or even increase [19, 27, 51].

In this scenario, the evidence of extra-telomeric
functions of TERT in cellular kinetics and resistance to
apoptosis has recently opened the door to potential telo-
mere length-independent therapeutic effects. In EBV-
driven malignancies, besides sustaining the latency pro-
gram required for the EBV-driven transformation, TERT
may promote EBV tumor progression by enhancing the
kinetics of cell proliferation. In fact, EBV-infected B cells
with sustained telomerase activity grow faster than
telomerase-negative cells [20]. Accordingly, TERT inhi-
bition results in an anti-proliferative effect, inducing an
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accumulation of cells in the S phase, probably due to
dephosphorylation of 4E-BP1, an AKT1-dependent
substrate, which results in the decreased availability of
proteins needed for cell cycle progression [21]. Thus, by
slowing proliferation kinetics, TERT inhibition may
represent an appealing suppressor strategy of EBV
tumor growth.

As mentioned previously, the first mechanism by
means of which short-term inhibition of TERT may
induce cell death of EBV-transformed cells is induction
of the EBV Iytic cycle. Inhibition of TERT leads to
down-regulation of BATF and up-regulation of BZLFI,
the main regulator of the viral lytic cycle. Notably, cell
death induced by TERT inhibition in EBV-positive cells
does not depend only on the induction of the EBV lytic
cycle: inhibition of TERT with short hairpin (sh)RNA in
both EBV-positive and EBV-negative BL cell lines in-
duces apoptosis via a AKT1/FOXO3/NOXA pathway
[21]. In particular, TERT silencing induces inhibition of
AKT1 kinase, which is associated with dephosphoryla-
tion/activation of the transcription factor FOXO3, an
effector of AKT1 kinase functioning in several cell
activities, including survival. In turn, FOXO3 induces
up-regulation of NOXA, a pro-apoptotic protein, the ex-
pression of which is known to be blocked by latent EBV
infection [52]. Thus, TERT inhibition can overcome the
block of NOXA up-regulation induced by EBV, favoring
cell apoptosis [21]. Notably, although pharmacological
inhibition of AKT1 does not reveal any evidence of EBV
Iytic replication in EBV-positive B cells, thus indicating
that the EBV lytic cycle induced by TERT inhibition
occurs via an AKT1-independent pathway [21], the
pharmacological inhibition of NOTCH2 triggers the
EBV lytic cycle, thus confirming the critical involvement
of the NOTCH2, BATF and BZLF1 pathways in the
latent/lytic EBV cycle [22].

In EBV-positive tumor cells, the lytic cell cycle in-
duced by TERT inhibition may be exploited to sensitize
cells to antiviral drugs such as GCV. GCV is an antiviral
prodrug activated by EBV lytic protein kinase [10, 11].
Phosphorylated/activate GCV competitively inhibits both
viral and cellular DNA synthesis, thus resulting in both
cell death of infected cells and reduction of viral replica-
tion [8]. Consequently, GCV markedly enhances the
anti-proliferative and pro-apoptotic effects of TERT
inhibition in both EBV-positive LCLs and BL [21]. Thus,
the combination of antiviral drugs with strategies cap-
able of inhibiting TERT expression/activity may result in
therapeutically substantial effects in patients with EBV-
related malignancies. Consistently, as EBV lytic reactiva-
tion after TERT inhibition is mediated by the NOTCH2/
BATF pathway, GCV also enhances the apoptotic effect
of y-secretase inhibitors which, by blocking NOTCH2/
BATF signaling, trigger viral lytic reactivation [22].
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Most recent data show that LCLs and both EBV-
positive and EBV-negative BL cells short-term treated
with BIBR1532 (BIBR), a chemical compound which
selectively inhibits the catalytic activity of TERT [53],
undergo cell cycle arrest in S phase and apoptosis
[23]. These effects are telomerase-specific and have
not been observed in telomerase-negative cell lines.
The cell cycle arrest and apoptosis subsequent to
TERT inhibition are associated with and probably
dependent on activation of the DDR pathway. TERT
inhibition does induce DDR, highlighted by increased
levels of yH2AX, activation of ATM and ATR and
their downstream substrates CHK1, CHK2 and pro-
apoptotic TP53. Notably, the DDR pathway activated
after short-term exposure to BIBR is not related to
telomere dysfunction, as BIBR treatment does not
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affect the mean and range of telomere lengths and
YH2AX damage foci are randomly diffuse, rather than
being specifically located on telomeres [23]. It has
been demonstrated that the productive cycle of EBV
elicits ATM-dependent DDR, and provides an S-
phase-like cellular environment suitable for viral lytic
replication [54]. Thus, it is reasonable that, in EBV-
positive background, cell cycle arrest in S phase and
DDR activation consequent upon TERT inhibition is
partly orchestrated by the induction of the lytic cycle.

In addition, treatment of LCL with BIBR in combi-
nation with Fludarabine or Cyclophosphamide, two
agents frequently employed to treat B-cell malignan-
cies, induces a significant increase in specific cell
death compared with results seen after treatment with
chemotherapeutic agents alone. These results may
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lead to the substantial clinical application of TERT
inhibitors in combination with standard chemothera-
peutic protocols to treat EBV-positive B-cell malig-
nancies [23].

Conclusions

Since a latent program is required to promote EBV tumori-
genesis, whereas the lytic cycle induces cell death, the find-
ing that TERT, besides maintaining telomere integrity, also
plays a critical role in the establishment of EBV latency and
in preventing the EBV lytic cycle (Fig. 1A), supports the
view that TERT inhibition is an appealing therapeutic stra-
tegy against EBV-driven malignancies. By triggering the
viral lytic cycle, TERT inhibition induces cell death (Fig. 1B)
and sensitizes EBV-infected cells to antiviral drugs. Notably,
besides triggering the viral lytic cycle via the NOTCH2/
BATF/BZLF1 pathway (Fig. 1B), short-term inhibition of
TERT activates pro-apoptotic programs via the AKT1/
FOXO3/NOXA and ATM/ATR/TP53 pathways. Notably,
cell cycle arrest and the pro-apoptotic effects of short-term
TERT inhibition are independent of telomere length. Thus,
in both EBV-driven and virus-unrelated B-cell malignancies
inhibition of TERT seems to be an effective approach in in-
ducing cell death, regardless of telomere length. In vitro ex-
periments also demonstrate that the therapeutic approach
based on inhibition of TERT enhances the pro-apoptotic
and anti-proliferative effects of chemotherapeutic agents in
EBV-transformed cells. Further studies of primary tumor
cells from patients with EBV-driven malignancies and suit-
able animal models will pave the way for a solidly based
pre-clinical rationale for including TERT inhibitors in
chemotherapy protocols for treating these malignancies.

Abbreviations

ALT: Alternative length of telomeres; AZT: Zidovudine; BIBR: BIBR1532;

BL: Burkitt's lymphoma; DDR: DNA damage response; EBER: EBV-encoded
RNAs; EBNA: EBV nuclear antigen; EBV: Epstein-Barr virus; GCV: ganciclovir;
HL: Hodgkin's lymphoma; LCL: Lymphoblastoid cell line; LMP: Latent
membrane protein; PTLD: Post-transplant lymphoproliferative disorders;
ROS: Reactive oxygen species; TERC: Telomerase RNA component;

TERT: Telomerase reverse transcriptase

Acknowledgements

We would like to thank Dr. Marisa Zanchetta, Dr. Francesco Carmona and Dr.
Silvia Sanavia from the Immunology and Molecular Oncology Unit, Istituto
Oncologico Veneto (IOV)-IRCCS, Padova, Italy and Dr. Annalisa Dalzini from
the Department of Surgery, Oncology and Gastroenterology, University of
Padova, Italy, for their technical support.

Availability of data and material
The authors declare that data supporting the findings of this study are
available within the article.

Funding

This study was supported by funding from the Associazione Italiana per la
Ricerca sul Cancro (Grant no. 14258 to ADR). SG received funds through a
fellowship from the Istituto Oncologico Veneto IOV-IRCCS (Grant 5 x 1000).

Page 6 of 7

Authors’ contributions

All authors performed literature searches and contributed to writing this
article. SG wrote the first draft of the manuscript. All authors contributed to
its final version and approved its submission.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

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

Received: 9 February 2018 Accepted: 29 March 2018
Published online: 10 April 2018

References

1. Dolcetti R, Dal Col J, Martorelli D, Carbone A, Klein E. Interplay among viral
antigens, cellular pathways and tumor microenvironment in the
pathogenesis of EBV-driven lymphomas. Semin Cancer Biol. 2013;23:441-56.

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

3. Gloghini A, Dolcetti R, Carbone A. Lymphomas occurring specifically in HIV
infected patients: from pathogenesis to pathology. Semin Cancer Biol. 2013;
23:457-67.

4. Yajima M, Kanda T, Takada K. Critical role of Epstein-Barr virus (EBV)-encoded
RNA in efficient EBV-induced B-lymphocyte growth transformation. J Virol.
2005;79:4298-307.

5. Montone KT, Hodinka RL, Salhany KE, Lavi E, Rostami A, Tomaszewski JE.
Identification of Epstein-Barr virus lytic activity in post-transplantation
lymphoproliferative disease. Mod Pathol. 1996;9:621-30.

6. Xue SA, Labrecque LG, Lu QL, Ong SK, Lampert IA, Kazembe P, et al.
Promiscuous expression of Epstein-Barr virus genes in Burkitt's lymphoma
from the central African country Malawi. Int J Cancer. 2002;99:635-43.

7. Kenney SC, Mertz JE. Regulation of the latent-lytic switch in Epstein-Barr
virus. Semin Cancer Biol. 2014;26:60-8.

8. Westphal EM, Mauser A, Swenson J, Davis MG, Talarico CL, Kenney SC.
Induction of lytic Epstein-Barr virus (EBV) infection in EBV-associated
malignancies using adenovirus vectors in vitro and in vivo. Cancer Res.
1999;59:1485-91.

9. Feng WH, Israel B, Raab-Traub N, Busson P, Kenney SC. Chemotherapy
induces lytic EBV replication and confers ganciclovir susceptibility to EBV-
positive epithelial cell tumors. Cancer Res. 2002,62:1920-6.

10.  Feng WH, Cohen JI, Fischer S, Li L, Sneller M, Goldbach-Mansky R, et al.
Reactivation of latent Epstein-Barr virus by methotrexate: a potential
contributor to methotrexate-associated lymphomas. J Natl Cancer Inst. 2004;
96:1691-702.

11. Meng Q, Hagemeier SR, Fingeroth JD, Gershburg E, Pagano JS, Kenney SC.
The Epstein-Barr virus (EBV)-encoded protein kinase, EBV-PK, but not the
thymidine kinase (EBV-TK), is required for ganciclovir and acyclovir inhibition
of lytic viral production. J Virol. 2010;84:4534-42.

12. Fu DX, Tanhehco Y, Chen J, Foss CA, Fox JJ, Chong JM, et al. Bortezomib-
induced enzyme-targeted radiation therapy in herpesvirus-associated
tumors. Nat Med. 2008;14:1118-22.

13.  Perrine SP, Hermine O, Small T, Suarez F, O'Reilly R, Boulad F, et al. A phase
1/2 trial of arginine butyrate and ganciclovir in patients with Epstein-Barr
virus-associated lymphoid malignancies. Blood. 2007;109:2571-8.

14. Wildeman MA, Novalic Z, Verkuijlen SA, Juwana H, Huitema AD, Tan IB, et al.
Cytolytic virus activation therapy for Epstein-Barr virus-driven tumors. Clin
Cancer Res. 2012;18:5061-70.

15.  Stoker SD, Novali¢ Z, Wildeman MA, Huitema AD, Verkuijlen SA, Juwana H,
et al. Epstein-Barr virus-targeted therapy in nasopharyngeal carcinoma. J
Cancer Res Clin Oncol. 2015;141:1845-57.

16.  Kang MS, Kieff E. Epstein-Barr virus latent genes. Exp Mol Med. 2015;47:€131.



Giunco et al. Infectious Agents and Cancer (2018) 13:14

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sugimoto M, Tahara H, Ide T, Furuichi Y. Steps involved in immortalization
and tumorigenesis in human B-lymphoblastoid cell lines transformed by
Epstein-Barr virus. Cancer Res. 2004,64:3361-4.

Jeon JP, Nam HY, Shim SM, Han BG. Sustained viral activity of epstein-Barr
virus contributes to cellular immortalization of lymphoblastoid cell lines. Mol
Cells. 2009;27:143-8.

Kamranvar SA, Chen X, Masucci MG. Telomere dysfunction and activation of
alternative lengthening of telomeres in B-lymphocytes infected by Epstein-
Barr virus. Oncogene. 2013;32:5522-30.

Terrin L, Dolcetti R, Corradini |, Indraccolo S, Dal Col J, Bertorelle R, et al.
hTERT inhibits the Epstein-Barr virus lytic cycle and promotes the
proliferation of primary B lymphocytes: implications for EBV-driven
lymphomagenesis. Int J Cancer. 2007;121:576-87.

Giunco S, Dolcetti R, Keppel S, Celeghin A, Indraccolo S, Dal Col J, et al.
hTERT inhibition triggers Epstein-Barr virus lytic cycle and apoptosis in
immortalized and transformed B cells: a basis for new therapies. Clin Cancer
Res. 2013;19:2036-47.

Giunco S, Celeghin A, Gianesin K, Dolcetti R, Indraccolo S, De Rossi A. Cross
talk between EBV and telomerase: the role of TERT and NOTCH2 in the
switch of latent/lytic cycle of the virus. Cell Death Dis. 2015,6:e1774.
Celeghin A, Giunco S, Freguja R, Zangrossi M, Nalio S, Dolcetti R, et al.
Short-term inhibition of TERT induces telomere length-independent cell
cycle arrest and apoptotic response in EBV-immortalized and transformed B
cells. Cell Death Dis. 2016;7:2562.

Blackburn EH, Greider CW, Szostak JW. Telomeres and telomerase: the path
from maize, Tetrahymena and yeast to human cancer and aging. Nat Med.
2006;12:1133-8.

Palm W, de Lange T. How shelterin protects mammalian telomeres. Annu
Rev Genet. 2008;42:301-34.

Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of
human fibroblasts. Nature. 1990;345:458-60.

Kamranvar SA, Masucci MG. Regulation of Telomere Homeostasis during
Epstein-Barr virus Infection and Immortalization. Viruses. 2017;9:pii: E217.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

Akincilar SC, Unal B, Tergaonkar V. Reactivation of telomerase in cancer. Cell
Mol Life Sci. 2016;73:1659-70.

Heidenreich B, Kumar R. TERT promoter mutations in telomere biology.
Mutat Res. 2017;771:15-31.

Liu X, Wang Y, Chang G, Wang F, Wang F, Geng X. Alternative Splicing of
hTERT Pre-mRNA: A Potential Strategy for the Regulation of Telomerase
Activity. Int J Mol Sci. 2017;18.pii: E567.

Schmidt JC, Cech TR. Human telomerase: biogenesis, trafficking, recruitment,
and activation. Genes Dev. 2015;29:1095-105.

Yang J, Deng X, Deng L, Gu H, Fan W, Cao Y. Telomerase activation by
Epstein-Barr virus latent membrane protein 1 is associated with c-Myc
expression in human nasopharyngeal epithelial cells. J Exp Clin Cancer Res.
2004;23:495-506.

Yang L, Xu Z, Liu L, Luo X, Lu J, sun L, et al. targeting EBV-LMP1 DNAzyme
enhances radiosensitivity of nasopharyngeal carcinoma cells by inhibiting
telomerase activity. Cancer Biol Ther. 2014;15:61-8.

Mei YP, Zhu XF, Zhou JM, Huang H, Deng R, Zeng YX. siRNA targeting
LMP1-induced apoptosis in EBV-positive lymphoma cells is associated
with inhibition of telomerase activity and expression. Cancer Lett. 2006;
232:189-98.

Terrin L, Dal Col J, Rampazzo E, Zancai P, Pedrotti M, Ammirabile G, et al.
Latent membrane protein 1 of Epstein-Barr virus activates the hTERT
promoter and enhances telomerase activity in B lymphocytes. J Virol. 2008;
82:10175-87.

Mukherjee S, Firpo EJ, Wang Y, Roberts JM. Separation of telomerase
functions by reverse genetics. Proc Natl Acad Sci U S A. 2011;108:E1363-71.
Tétrai P, Szepesi A, Matula Z, Szigeti A, Buchan G, Madi A, et al. Combined
introduction of Bmi-1 and hTERT immortalizes human adipose tissue-
derived stromal cells with low risk of transformation. Biochem Biophys Res
Commun. 2012;422:28-35.

Chen PC, Peng JR, Huang L, Li WX, Wang WZ, Cui ZQ, et al. Overexpression
of human telomerase reverse transcriptase promotes the motility and
invasiveness of HepG2 cells in vitro. Oncol Rep. 2013,30:1157-64.

Indran IR, Hande MP, Pervaiz S. hTERT overexpression alleviates intracellular
ROS production, improves mitochondrial function, and inhibits ROS-
mediated apoptosis in cancer cells. Cancer Res. 2011;71:266-76.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

Page 7 of 7

Liu Z Li Q Li K Chen L, Li W, Hou M, et al. Telomerase reverse transcriptase
promotes epithelial-mesenchymal transition and stem cell-like traits in
cancer cells. Oncogene. 2013;32:4203-13.

Paranjape AN, Mandal T, Mukherjee G, Kumar MV, Sengupta K, Rangarajan
A. Introduction of SV40ER and hTERT into mammospheres generates breast
cancer cells with stem cell properties. Oncogene. 2012;31:1896-909.
Bayraktar UD, Diaz LA, Ashlock B, Toomey N, Cabral L, Bayraktar S, et al.
Zidovudine-based lytic-inducing chemotherapy for Epstein-Barr virus-related
lymphomas. Leuk Lymphoma. 2014;55:786-94.

Kurokawa M, Ghosh SK, Ramos JC, Mian AM, Toomey NL, Cabral L, et al.
Azidothymidine inhibits NF-kappaB and induces Epstein-Barr virus gene
expression in Burkitt lymphoma. Blood. 2005;106:235-40.

Gomez DE, Armando RG, Alonso DF. AZT as a telomerase inhibitor. Front
Oncol. 2012;2:113.

Echlin DR, Tae HJ, Mitin N, Taparowsky EJ. B-ATF functions as a negative
regulator of AP-1 mediated transcription and blocks cellular transformation
by Ras and Fos. Oncogene. 2000;19:1752-63.

Johansen LM, Deppmann CD, Erickson KD, Coffin WFI, Thornton TM,
Humphrey SE, et al. EBNA2 and activated Notch induce expression of BATF.
J Virol. 2003;77:6029-40.

Ma Y, Walsh MJ, Bernhardt K, Ashbaugh CW, Trudeau SJ, Ashbaugh 1V, et al.
CRISPR/Cas9 screens reveal Epstein-Barr virus-transformed B cell host
dependency factors. Cell Host Microbe. 2017;21:580-91.

Rac J, Haas F, Schumacher A, Middeldorp JM, Delecluse HJ, Speck RF, et al.
Telomerase activity impacts on Epstein-Barr virus infection of AGS cells.
PLoS One. 2015;10:e0123645.

Mochida A, Gotoh E, Senpuku H, Harada S, Kitamura R, Takahashi T, et al.
Telomere size and telomerase activity in Epstein-Barr virus (EBV)-positive and
EBV-negative Burkitt's lymphoma cell lines. Arch Virol. 2005;150:2139-50.
Lacoste S, Wiechec E, Dos Santos Silva AG, Guffei A, Williams G, Lowbeer M,
et al. Chromosomal rearrangements after ex vivo Epstein-Barr virus (EBV)
infection of human B cells. Oncogene. 2010;29:503-15.

Yee J, White RE, Anderton E, Allday MJ. Latent Epstein-Barr virus can inhibit
apoptosis in B cells by blocking the induction of NOXA expression. PLoS
One. 2011,6:228506.

Shirgahi Talari F, Bagherzadeh K, Golestanian S, Jarstfer M, Amanlou M.
Potent human telomerase inhibitors: molecular dynamic simulations,
multiple pharmacophore-based virtual screening, and biochemical assays. J
Chem Inf Model. 2015;55:2596-610.

Kudoh A, Fujita M, Zhang L, Shirata N, Daikoku T, Sugaya Y, et al. Epstein-Barr
virus lytic replication elicits ATM checkpoint signal transduction while
providing an S-phase-like cellular environment. J Biol Chem. 2005;,280:8156-63.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




