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Nasopharyngeal carcinoma (NPC) is a common cancer in Southern China and Southeast Asia. The disease is a poorly
differentiated carcinoma without effective cure, and the mechanism underlying its development remains largely unknown.
Of several factors identified in NPC aetiology in recent years, Epstein-Barr virus (EBV) infection has emerged to be
most important. In almost all NPC cells, EBV uses several intracellular mechanisms to cause oncogenic evolution of the
infected cells. One such mechanism by which EBV infection induces cellular immortalization is believed to be through
the activation of telomerase, an enzyme that is normally repressed but becomes activated during cancer development.
Studies show that greater than 85% of primary NPC display high telomerase activity by mechanisms involving EBV
infection, consistent with the notion that EBV is commonly involved in inducing cell immortalization. More recently,
different EBV proteins have been shown to activate or inhibit the human telomerase reverse transcriptase gene, by
modulating intracellular signalling pathways. These findings suggest a new model with a number of challenges towards

our understanding, molecular targeting and therapeutic intervention in NPC.
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Introduction

Nasopharyngeal carcinoma (NPC) is a malignancy of
the head and neck. It occurs commonly in the Southern
China, Southeast Asia and the Mediterranean basin, but
rarely in Europe and North America (<3 cases/100 000
persons/year). Of the endemic areas, highest-incidence foci
are in Guandong and Guangxi provinces of South China
(25-40 cases/100 000 persons/year). Median risk areas
include the Philippines, Indonesia, Vietham and several
countries of North and West Africa, with incidence of 4-8
cases/100 000 persons/year. Based on its histopathology,
NPC is classified into three categories, World Health Or-
ganization (WHO) type 1, type 11 and type I1I. Most cases
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have minimal epithelial maturation and are classified as
undifferentiated (WHO type III) or poorly differentiated
non-keratinizing (WHO type II) tumours. Some cases
are differentiated keratinizing squamous-cell carcinomas
(WHO type I) [1-3].

The mechanisms underlying the development of NPC
remain largely unknown [1, 2, 4]. Several factors have
been identified in its aetiology in recent years, including
infection of the Epstein-Barr virus (EBV), environmental
risk factors and genetic susceptibility [1, 2, 5]. Of these
aetiological factors, EBV infection appears to be the most
important one [1-4, 6]. As one of the best examples of a
human solid tumour consistently associated with virus
infection, NPC is associated with EBV constantly, and this
is particularly the case in advanced diseases. Importantly,
EBYV is present in the NPC cells early in the carcinogenic
process, before expansion of the malignant cell clone [7].
EBV may cause the NPC cell oncogenic clonal evolution
by interfering with several intracellular mechanisms in the
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infected cells [1, 7-11]. Recently, evidence suggests that
the enzyme telomerase required for cell immortalization
is activated in NPC and the EBV proteins are involved in
regulating telomerase activity [12-14], consistent with the
findings that EBV proteins also play a key role in immortal-
ization of infected B-lymphocyte [15-17]. Here we review
the recent progress in our understanding of regulation of
telomerase activity by EBV proteins, a critical step in cell
immortalization.

EBYV proteins — latent membrane protein (LMP)1,
LMP2A and EBV nuclear antigen (EBNA)2

EBV is a ubiquitous herpesvirus that preferentially
infects oropharyngeal epithelial cells and B-lymphocytes
in humans. The virus is present in all NPC often includ-
ing pre-invasive nasopharyngeal lesions [7, 18]. Although
EBYV may cause symptoms with a long latency following
infection, and the virus can persist as an asymptomatic
infection for decades, the virus causes diseases ranging
from mild self-limited illness to infectious mononucleosis.
While infected epithelial cells may undergo clonal expan-
sion and immortalization to develop NPC, B-lymphocytes
with latent infection are predisposed to transformation with
propensity to develop lymphomas (such as Burkitt’s lym-
phoma, post-transplant B-cell lymphoma and Hodgkin’s
disease) [6, 9]. Little is known of the mechanisms underpin-
ning the different processes of EBV infection and why the
EBV-infected NPC cells undergo increased proliferation
[19]. Cytogenetic studies have shown that there are many
chromosomal abnormalities in NPC tissues suggesting that
genomic instability is a common feature in NPC develop-
ment [20, 21].

The EBV genome is large exceeding 172 kb of double-
stranded DNA and encodes more than 100 genes. At least
10 genes are for EBV replication, six for nuclear antigen
proteins (EBNAs) and three for LMPs [22-25]. Several
copies of the EBV genome are contained in the nuclei
of NPC cells in the form of circular independent DNA
molecules (episomes). They give rise to some consistent
gene expression for two small untranslated EBV RNAs
and viral proteins with oncogenic properties. These viral
proteins contribute to cell immortalization and malignant
transformation by various signalling mechanisms (Figure
1). While most of the 100 or so EBV genes are silent dic-
tating EBV infection of NPC cells to be mainly latent [25,
26], the transforming effect of EBV on B-lymphocyte is
known to involve restricted expression of a subset of latent
virus genes. Expression of EBNA1, LMP1, LMP2A and
LMP2B has been implicated as important factors for NPC
and Hodgkin’s disease, while different forms of latency are
associated with post-transplant B lymphoma (expression
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Figure 1 Paradigm of the signalling cascades from EBV to cell
immortalization and transformation. EBV episomes in NPC cell
nucleus express LMPs and nuclear antigens. LMPs intercept and
assume constitutive intracellular signalling that is normally mediated
by ligand and receptor interactions, while EBNAs can enter the cell
nucleus to affect gene expression relatively directly.

of LMP1 and LMP2) and Burkitt’s lymphoma (expression
of EBNAT). The LMPs can function as activated receptors
in the cell membrane to generate signalling cascades, and
the EBNAs are able to move into the cell nucleus to affect
gene expression more directly (Figure 1). Among identified
viral proteins, LMP1 is best characterized and detected in
most NPC patients [18, 27].

LMP1 is an integral plasma membrane protein that
consists of a 24 amino acid cytoplasmic N-terminus, six
hydrophobic transmembrane domains (TM1-6, separated
by five short reverse turns) and a 200 amino acid cytoplas-
mic C-terminus. LMP1 can assume functions analogous to
the constitutively active tumour necrosis factor receptor
(TNFR) with the ability to interact with TNFR-associ-
ated factors [10]. Based on their resemblance to CD40 (a
member of the TNFR) and ability to activate the NF-xB
transcription factor pathway, two distinct functional do-
mains referred to as COOH-terminal activation regions
1 and 2 have been identified in LMP1 [6, 28]. LMP1
interacts with members of the TNFR-associated factors
family, especially TNFR-associated factor-2 (TRAF2)
that serves as an intermediate in the signalling pathway
leading to transcriptional activation of NF-xB [10] and
thereby potentially human telomerase reverse transcriptase
(hTERT) [29]. In addition, LMP1 also induces the mito-
gen-activated protein kinase (MAPK) cascade resulting
in the activation of extracellular-regulated protein kinase
(ERK), c-Jun NH2-terminal kinase and p38, and stimulates
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the JAK/signal transducers and activators of transcription
pathway and phosphatidylinositol 3-kinase pathway [30,
31]. Furthermore, expression of LMP1 has been shown to
induce chromosomal aberrations by enhancing spontaneous
and bleomycin-induced micronucleus formation, through a
mechanism involving a compromised DNA repair capacity
in a p53-independent manner in NPC cells [21].

LMP2 is also a transmembrane protein with the N-
terminal cytoplasmic tail containing several tyrosine
phosphorylation sites. Similar to the B-cell receptor, the
immunoreceptor tyrosine-based activation motif (ITAM)
of LMP2A recruits and is tyrosine phosphorylated by the
src family of protein tyrosine kinases and the syk protein
tyrosine kinase. Phosphorylation of the tyrosine residues
leads to subsequent activation of phospholipase C-y2 and
calcium/protein kinase C signalling pathways [6]. Playing
a role in activation of telomerase [32], protein kinase C is
implicated in regulating IkB and myc proto-oncogene ex-
pression [33]. In addition, EBV infection in NPC has been
shown to alter the function of p53 and MAPK signalling
pathways [8, 10]. Thus, EBV LMPs may target multiple
intracellular signalling pathways and various sites of cel-
lular machinery important in controlling cell proliferative
lifespan during the development of NPC.

By contrast, EBNAs target to the nucleus to affect specific
genes more directly. Several nuclear antigens (EBNAT, -2,
-3A and -3C) are apparently essential for B-cell immortal-
ization [34, 35]. Lacking significant sequence homology to
cellular proteins, however, EBNA?2 that is transcribed under
the W promoter after initial infection of EBV stimulates
the bi-directional viral latency C promoter and the LMP2A
promoter, thereby transactivating both LMP1 and LMP2A
[36]. Furthermore, EBNA2 stimulates the expression of
cellular genes including c-myc as well as CD21, Hes-1,
EBI 1 and 2, and Runx3; but the spectrum of cellular genes
directly activated by EBNA2 remains to be fully elucidated
[36]. Although it does not bind to DNA directly, EBNA2
transactivates target genes by hijacking the DNA-binding
protein known as CBF1 (CBF1/RBP-Jk, suppressor of
hairless, Lag-1). Under normal cellular conditions, CBF1
transcription factor is bound by intracellular Notch (ICN)
— a product of enzymatic cleavage of membrane-bound
Notch, and in the presence of ICN, the CBF1 complex
recruits co-activators (such as mastermind-like proteins)
to become part of a transcriptional activation complex
containing p300, CBP and P/CAF histone acetyltransfer-
ases. This complex activates various targets including the
LMP1 promoter [37, 38]. The EBNA2/CBF1 complex can
similarly activate gene transcription by recruiting several
components of gene transcription machinery using the
EBNA2 C-terminal acidic activation domain [38]. Thus,
through interaction with CBF1, EBNA2 constitutively
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transduces “Notch” signalling activity.
Telomeres, telomerase and cell immortalization

Telomeres are specialized structures at the ends of eu-
karyotic chromosomes. They are comprised of extended
arrays of repeated G- and C-rich hexanucleotides and
their binding proteins. The functions of telomeres include
protecting chromosome ends from recombination, fusion
and degradation, and regulating cell proliferative lifespan
[39]. Telomeres shorten with each round of DNA replication
due to the inability of conventional DNA polymerases to
replicate the extreme ends of chromosomes [39]. Hence,
cell division is accompanied by gradual reduction in telo-
mere length. Characteristic of replicative senescence, short
telomere triggers cells to exit the cell cycle permanently.
To overcome telomere shortening, activation of the special-
ized reverse transcriptase telomerase maintains telomeres,
which enables cells to divide continuously [39, 40].

Telomerase is a large ribonucleoprotein complex re-
sponsible for the maintenance of telomeres and continu-
ous proliferation of germ line, stem and neoplastic cells.
The core telomerase enzyme contains an RNA moiety
and a protein subunit. Human telomerase RNA (hTERC)
comprises 450 nucleotides, whereas the protein compo-
nent hTERT is a polypeptide of 1132 amino acid residues
[41-44]. Being the catalyst interacting with both hTERC
and telomeric DNA, hTERT contains four major regions:
an N-terminal regulatory (R) domain, RNA-binding (RB)
domain, reverse transcription (RT) domain and C-terminal
dimerization domain [45]. Several motifs in the R and
RB domains of hTERT are conserved in different species,
important for various molecular interactions [41, 46-48].
As the rate-limiting component of telomerase, hTERT in-
duces immortalization of a number of cell types in culture
[49] (reviewed in [50]). Recently, hTERT has also induced
an immortalized nasopharyngeal epithelial cell line from
non-malignant nasopharyngeal biopsies, which is accom-
panied by other genetic alterations seen in NPC including
homozygous deletion of the p16™** [12]. Consistently,
hTERT is below detectable levels in most normal human
somatic cells, but is expressed concomitantly with telom-
erase activity during cellular immortalization [40]. This
endorses the notion that hTERT gene expression is the
first, rate-limiting step of telomerase activation in cellular
immortalization [49].

Molecular mechanisms regulating telomerase activ-
ity

The regulation of telomerase activity has been in-
vestigated with a focus on the rate-limiting component
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hTERT. Studies have shown that hTERT is controlled
from gene expression (epigenetic, transcriptional and
splicing) to post-translational modification (phosphoryla-
tion and protein-protein interactions). Most noteworthy
of these levels of regulation is hTERT transcription. The
hTERT promoter encompasses binding sites for various
transcriptional regulators including c-myc, Sp1, p53, ETS
and oestrogen (E2) receptor [50]. Complex interactions
between distinct transcription factors and the hTERT gene
promoter enable activation of the hTERT gene transcription
and thereby telomerase activation in response to a wide
variety of environmental factors and signalling pathways
(Figure 2). These include MAPK, transforming growth
factor B (TGF-B) and NF-«B signalling pathways. Signals
transmitted through MAPK family can increase or decrease
hTERT transcription depending on different stimuli [51-
55], whereas TGF- inhibits hTERT gene transcription
by Smad 3 signaling [56-58]. In addition, hTERT is also
targeted for activation by several viral oncogenes including
human papillomavirus (HPV) type-16 E6/E7 and simian
virus 40 T antigens [59, 60].

At post-translational levels, we and others have shown
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that hTERT is a phosphoprotein and that phosphoryla-
tion by protein kinase C and Akt up-regulates telomerase
activity [61-63]. Conversely, protein phosphatase 2A
dephosphorylates hTERT and inhibits telomerase activ-
ity [61]. In addition, several other proteins have been
implicated in playing direct and indirect roles regulating
human telomerase activity (reviewed by Smogorzewska
and de Lange [64]). These proteins include heat-shock
proteins p23 and Hsp90, PinX1 and p53, with p23 and
Hsp90 being implicated in facilitating hTERT folding and
telomerase holoenzyme assembly [65-68]. PinX1 as a
telomere-binding protein associates with hTERT/hTERC
complex in vitro and inhibits telomerase activity [69-71].
Moreover, p53 also associates with telomeres and inhibits
telomerase [72-75]. Thus, these multitudes of regulation
facilitate tight controls of hTERT and telomerase in various
scenarios and milieus.

Regulation of telomerase activity by the EBV pro-
teins

Several recent studies have shown that EBV causes cell
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Figure 2 Schematic illustration of molecular regulation of the hTERT gene promoter by intracellular signalling pathways. The
multifactorial regulation of the hTERT gene includes E2, oestrogen receptor (ER) and its antagonist tamoxifen (TM), TGF-3 and
its downstream signalling protein Smad3, and the signalling molecule ceramide (CM). The action of the proto-oncogene c-myc
is regulated by TGF-p, oestrogen, CM and MAX/MAD network. The EBV protein LMP1 transduces signals through recruiting
TNFR-associated factors such as TRAF2 that may stimulate NF-kB-mediated activation of hTERT (see Figure 3). The EBV protein
LMP2A may recruit Syk tyrosine kinase to probably induce AP-1-mediated inhibition of the hTERT gene through ERK (see Figure
3). Stimulatory effects are in blue lines and inhibitory actions are in red dot lines.
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Figure 3 Model of molecular regulation of the hTERT by LMP1 and LMP2A in EBV-induced cell immortalization. (A) Regulations
of hTERT and its gene by LMP1. The EBV LMP1 assumes constitutive TNF signalling by recruiting TNFR-associated factors such
TRAF2 to induce NF-kB signalling cascade. Although substantially different from TNF signalling, activation of IxB kinase leads
to phosphorylation of the inhibitor IkB to release NF-kB, which enters the nucleus to induce NF-«B signalling, including activation
of the c-myc gene that in turn stimulates hTERT gene transcription. On the other hand, NF-kB p65 has also been shown to facili-
tate hTERT translocation into the nucleus through protein-protein interaction. (B) Negative regulation of the hTERT gene by EBV
LMP2A. LMP2A has been shown to use its long cytoplasmic region to recruit Syk and Lyn tyrosine kinases, following tyrosine
phosphorylation. Syk has been implicated in ERK activation, and ERK induces phosphorylation and activation of the transcription
factor AP-1 that has been recently shown to repress the hTERT gene directly.

immortalization by employing its viral proteins to acquire
control mechanisms over the hTERT gene. In both primary
human nasopharyngeal epithelial cell culture and NPC cell
lines, telomerase is stimulated by expression of LMP1 in as-
sociation with increased gene expression of c-myc [14, 15].
Withdrawal or suppression of LMP1 expression decreases
telomerase activity and c-myc transactivation, suggesting
a causative relationship between LMP1 and hTERT [14,
15]. Blocking c-myc gene expression or mutating the c-
myc-responsive E-box elements in the minimal core of
hTERT promoter inhibits the hTERT expression induced
by LMP1, pointing to a c-myc-dependent transactivation
of the hTERT gene by LMP1 [14] (Figure 3). Moreover,
LMPI has recently been shown to modulate telomerase
activity by inducing a direct binding of NF-xB p65 subunit
to hTERT and thereby facilitating translocation of both
proteins from the cytoplasm to the nucleus in NPC cells
(Figure 3). These effects are blocked by NF-kB inhibitor,
(benzylcarbonyl)-Leu-Leu-phenylalaninal, or a dominant-
negative mutant of NF-kB [13].

These findings together suggest that LMP1 influ-
ences telomerase with at least two mechanisms: (i) to
transactivate the hTERT gene; and (ii) to promote the
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hTERT protein nuclear entry, both of which are pre-
dominantly mediated by the NF-«kB signalling pathway.
This hypothesis is consistent with previous findings that
hTERT protein interacts directly with NF-kB p65, an
effect reversed by the IKK inhibitor PS-1145 or NF-kB
nuclear translocation inhibitor SN-50 in human multiple
myeloma MM.1S cells [76]. It is also in line with the
findings that NF-kB transactivates c-myc to stimulate
hTERT promoter activity, which can be induced by human
T-cell lymphotropic virus type-I in primary T cells in vitro
and in adult T-cell leukemia/lymphoma samples ex vivo
[77]. However, what is not yet clear includes the protein
motifs that mediate the molecular interactions between
the hTERT and NF-kB p65 proteins, and the biological
consequence of LMP1 signalling in the maintenance
of telomeres. Nonetheless, recent studies attempting to
target LMP1 have shown that silencing LMP1 by siRNA
induces apoptosis in EBV-positive lymphoma cells in
association with telomerase inhibition, suggesting that
molecular targeting of LMP1 may be of therapeutic value
in EBV-associated tumours [15]. These concepts may be
reinforced by the data that expression of hTERT alone
immortalizes non-malignant nasopharyngeal epithelial
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cells from clinical biopsies [12].

However, LMP2A has recently been shown to in-
hibit the hTERT gene [17] (Figure 3). Overexpression
of LMP2A results in a significant reduction in hTERT
mRNA and the hTERT gene promoter activity in human
tumour cell lines [17]. The effect seems to be mediated
by a mechanism involving the phosphorylation sites in the
ITAM motif of LMP2A. Moreover, it has been shown that
the effect is not simply secondary to a slow proliferation of
the cells, as LMP2A expression does not affect cell cycle
progression [17]. The exact role of LMP2A inhibition of
telomerase activity is still unknown in EBV-associated
cell immortalization. The inhibitory effect is consistent
with the current view that LMP2A is dispensable in EBV-
induced cell immortalization in B cells, but seems contra-
dictory against the notion that LMP2 promotes survival
and inhibits apoptosis of Burkitt’s lymphoma cells and
in gastric carcinoma HSC-39 cell line by a mechanism
of inducing Akt phosphorylation and activation [78, 79].
It has been speculated that LMP2A inhibits telomerase
activity to suppress B-cell activation in order to main-
tain viral latency [17]. Further investigation is required
to characterize the mechanisms by which LMP2A may
regulate hTERT gene expression in both human epithelial
cells and B-lymphocytes.

Since LMP2A recruits Syk tyrosine kinase and induces
ERK signalling, ERK might be involved in mediating the
hTERT gene repression (Figure 3). ERK repression of
the hTERT gene has recently been shown to be mediated
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by AP1 nuclear transcription repressor activity [51, 80].
However, previous studies have also shown that AP-1
activity is increased in parallel to that of NF-kB in NPC
[81]; this is reminiscent of HPV infection in which E6
stimulates the hTERT gene, whereas E2 inhibits it [82].
Together, these results suggest that the relative ratio of
the gene expression levels may determine cell prolifera-
tion, immortality or death. Measuring the different levels
of LMP proteins might provide further information, and
targeting LMP1 might tilt the balance to favour repres-
sion of the hTERT gene and arrest of cell proliferation
and immortalization.

Since EBNA2 transactivates both LMP1 and LMP2A
after initial infection of EBV, by stimulating the bi-direc-
tional viral latency C promoter and the LMP2A promoter
[36], and EBNA2 also stimulates the expression of cel-
lular genes including c-myc [36, 83], it may be possible
that EBNA?2 is involved in stimulating the hTERT gene
(Figure 4). Being a nuclear antigen that does not bind to
DNA directly, EBNA2 may transactivate target genes by
hijacking the DNA-binding protein known as CBF1; it has
been shown that after EBV infection, the viral EBNA2
binds to and activates CBF1 constitutively in the place of
ICN [38]. CBF1 transcription factor is bound by ICN under
normal conditions, which recruits co-activators to form a
transcriptional complex containing p300, CBP and P/CAF
histone acetyltransferases. This complex activates various
genes including c-myc and LMP1 that are both involved in
activation of telomerase [37, 38] (Figure 4).
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Figure 4 Hypothetical models of transcriptional activation of the hTERT gene by EBNA2. (A) EBNA2 assumes the Notch signal-
ling constitutively by direct binding to and activating the transcription factor CBF1, inducing transactivation of c-myc that in turn
activates the hTERT gene. (B) EBNA2 transactivates the LMP1 gene, and LMP1 on plasma membrane recruits TNFR-associated
factor TRAF2, inducing NF-xB signalling, which results in c-myc and hTERT gene transcription.
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Perspectives

As a predominant aetiological factor of NPC, EBV
viral proteins assume significant liabilities on NPC cell
immortalization and transformation. Although considerable
information has been learnt about EBV gene expression and
protein action in malignancies, further studies are required
to squarely delineate the dynamic, temporal and spatial
actions of EBV proteins. The findings of EBV stimulation
of the hTERT gene and the use of siRNA approaches to
intercept the pathway from EBV to telomerase may provide
an exciting paradigm for strategic consideration in NPC
therapeutic studies. Further investigations into the inter-
actions of EBV proteins with local cellular proteins and
nucleic acids will provide more defined foundations and
targets for intervention. Investigations into genetic traits
and susceptible factors in high-risk families and populations
are required directly. The relationship between EBV infec-
tion, cancer cell transformation, and immune surveillance
and elimination of the tumour antigens also remains to be
deciphered. With the increased understandings of the en-
vironmental, genetic, cellular and molecular mechanisms,
development of immune approaches such as vaccines are
also urgently required in prophylactics and medication. It
is inexorable that prevention of viral infection and elimina-
tion of the infected cells will lead to eradication of NPC
and related diseases in the near future.
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