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The latent membrane protein 1 (LMP1), which is encoded by the Epstein—Barr virus (EBV), has been suggested to be one
of the major oncogenic factors in nasopharyngeal carcinoma (NPC). In previous studies, we experimentally demonstrated
that downregulation of LMP1 expression by targeting EBV-LMP1 DNAzyme (Dz1) could increase the radiosensitivity of
NPC. However, how Dz1 contributes to the radiosensitivity in NPC is still not clear. In the present study, we confirmed that
Dz1 decreases LMP1 expression and downregulates the expression of the catalytic subunit of telomerase (hTERT), both at
the protein and mRNA levels (P < 0.01), and therefore, consequently inhibits telomerase activity (P < 0.05) in LMP1-positive
NPC cells. We also observed that LMP1 mediated Akt phosphorylation is involved in the regulation of hTERT expression
and phosphorylation. After LMP1 and hTERT expression was silenced by Dz1 and hTERT-targeted siRNA, respectively,
the radiosensitivity increased in CNE1-LMP1 cells (P < 0.05). The inhibition was more significant after Dz1 treatment was
combined with siRNA (P < 0.01). We concluded that hTERT expression and phosphorylation could be regulated by LMP1
through the Akt pathway, and Dz1 enhances radiosensitivity of LMP1-positive NPC cells by inhibiting telomerase activity.

Introduction

Nasopharyngeal carcinoma (NPC) is an endemic disease
that occurs with high incidence in south China. Because NPC
has high radiosensitivity, currently the primary treatment for
NPC is radiotherapy. However, radioresistance has emerged
as a significant impediment to effective NPC therapy.! EBV
is a lymphotropic human gamma herpes virus that has been
implicated in the pathogenesis of several human malignancies
including Burkitt and Hodgkin lymphomas, NPC, and gastric
carcinoma.? Among the EBV proteins expressed in NPC cells,
LMP1 exhibits properties of a classical oncoprotein. It activates
different signaling pathways, such as nuclear factor kappa B
(NFkB), cjun N-terminal kinases (JNK), mitogen-activated
protein kinases (MAPK), Janus kinase (JAK), serine—threonine
protein kinase Ake, activators of transcription protein (STAT),
and others involved in the proliferation, apoptosis, and metastasis
of tumor cells.>” Therefore, LMP1 is considered the primary
oncogene of the virus and thus a potential target for NPC
biotherapy.® Downregulation of LMP1 using RNA interference
has been shown to be potentially effective in the prevention of
NPC metastasis and reduction of NPC radioresistance.”!’

DNAzymes have emerged as a promising new class of
therapeutic agents. These single-stranded, catalytic DNA

molecules bind their target RNA via Watson-Crick base-pairing.
DNAzymesofthe “10-23” subtype cleave RNA ata predetermined
junction through a de-esterification reaction."! The targeting
EBV-LMP1 DNAzyme (Dzl) is a “10-23” DNAzyme with a
phosphorothioate-modified for stability that cleaves the mRNA
of LMP1."2 Our previous study showed that Dzl downregulates
the expression of LMP1 and inhibits signaling pathways that are
abnormally initiated by LMP1, which consequently increases
cell apoptosis, and inhibits cell proliferation, invasion, and
metastasis in LMP1-positive NPC cells.'*** The radiosensitivity
of NPC cells was significantly increased after combining Dzl
treatment with irradiation." In a recent study, we found that
Dzl decreased ATM production by attenuating the binding of
NFkB to the ATM promoter, which suggests that Dz1 may be
involved in radioresistance.” Nevertheless, how Dzl contributes
to radiosensitivity in NPC is not yet fully understood.
Radiation-induced cell death is wusually attributed to
DNA damage in tumor cells, which induces cell apoptosis
and/or necrosis. Telomerase can play a role in the healing of
chromosomes or chromatid breaks produced by this damage
and, therefore, might enhance the radioresistance of cells.'*"
Telomerase activity is controlled by the regulation of the catalytic
subunit of telomerase (hTERT), through modulating the
expression and posttranslational modifications of hTERT.'®Y
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reduced approximately 60% (< 0.05, Fig. 2).
The CON used at the same concentrations
served as a negative control. Knocking down
of LMP1 resulted in a decrease in the \TERT
expression at both the protein and mRNA
levels. After treatment with Dz1, the levels of
hTERT mRNA were reduced approximately
90% (Fig. 1) and concordantly, the levels of
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Figure 1. Dz1 inhibits the hTERT mRNA level by downregulation of LMP1. Cells were seeded at
4 x 10* cells/ml and treated with 2 wM Dz1 or 2 M control oligo (CON) for 24 h. (A) Total RNA
was isolated using the TRIzol reagent and quantitative RT-PCR was performed for LMPT mRNA
expression. (B) Quantitative RT-PCR was performed for hTERT mRNA expression. Values are the
means * SD of 3 replicates, *P < 0.05, **P < 0.01 compared with the control cells.

Fig. 2). These results suggest that LMP1
upregulates hTERT expression in the NPC
cells and treatment with Dzl induces the
downregulation of hTERT both at the protein

Expression of hTERT is tightly regulated at the transcriptional
level and the hTERT promoter contains a variety of binding
sites for both activating and inhibiting transcription factors.
Studies have reported that levels of hTERT mRNA are directly
upregulated by cMyc overexpression.?” The most common
type of posttranslational modifications is phosphorylation and
it was reported that the expression and activation of hTERT
could be regulated by several intracellular kinases including
Akt kinase, which enhances human telomerase activity through
phosphorylation of hTERT.?#3 Therefore, these findings might
provide a new insight into the molecular mechanism by which
LMP1 promotes the expression and phosphorylation of "\TERT
and further improve the telomerase activity.

Although LMP1 is known to interact with the telomerase
complex,**® it is not known whether inactivation of LMP1 can
influence cell killing in the presence and absence of telomerase
by irradiation, especially when irradiation is combined with
Dzl treatment. In the present study, we tested whether Dzl
results in suppression of hTERT expression and phosphorylation
with subsequent loss of telomerase activity and enhances the
radiosensitivity in LMPI-positive NPC cells. Furthermore,
we explored the key signaling pathway through which LMP1
regulates the expression and phosphorylation of hTERT.

Results

Dzl inhibits the hTERT expression by downregulation of
LMP1

We performed western blot and quantitative RT-PCR analysis
to examine the changes in hTERT expression of NPC cells
after treatment with Dzl. The results showed that constitutive
LMP1 expression in CNE1-LMP1 cells resulted in approximately
10-fold increase in the levels of hTERT mRNA (2 < 0.01, Fig. 1)
and a 3-fold increase in the levels of hTERT protein (P < 0.01,
Fig. 2). Silencing of LMP1 in the CNEI-LMP1 cells treated with
Dzl efficiently induced downregulation of LMP1 mRNA and
protein. The levels of LMP1 mRNA were reduced approximately
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and mRNA levels through suppression of
LMP1 gene expression.

In addition, the effects of hTERT- targeted siRNA on hTERT
expression were investigated in CNEI-LMP1 cells. The data
showed that treatment of CNE1-LMP1 with siRNA induced
downregulation of hTERT expression at both the protein and
mRNA levels (Figs. 1 and 2).

Dzl inhibits telomerase activity by downregulation of
LMP1

As shown in Figure 3, the telomerase activity in CNE1-
LMP1 cells is increased 2-fold compared with the CNELI cells.
After treatment with Dzl, the levels of telomerase activity were
reduced by 60% compared with the control cells (P < 0.05).
These results suggested that Dzl suppressed LMP1 expression
and sequentially induced downregulation of telomerase activity
through suppression of hTERT.

LMP1 promotes expression and phosphorylation of hTERT
through the Akt pathway

There is accumulating evidence that telomerase activity is
regulated by phosphorylation of hTERT besides the expression
of hTERT which is tightly coupled to telomerase activity.
To determine which protein kinase is responsible for the
enhancement of hTERT activity, we analyzed the expression
levels of hTERT and phosphorylated hTERT from CNEI-
LMP1 cells treated with different protein kinase inhibitors that
included most of the protein kinases induced by LMP1 such
as the Akt inhibitor LY294002, JAK3 inhibitor WHIP131,
p38 inhibitor SB203580, MEK inhibitor PD98059, and JNK
inhibitor SP600125. The results showed that pharmacologic
inhibition of Akt by LY294002 resulted in a significant decrease
of the phosphorylated hTERT expression and also found it had a
slight inhibitory effect of hTERT protein. Moreover, WHIP131
and PD98059 also had a weak inhibitory effect, whereas the other
inhibitors almost had no effect (Fig. 4A). Thus, we assumed
that the increased expression of phosphorylated hTERT in the
CNEI-LMP1 cells may be mediated through the Akt signaling
pathway.

To further verify the direct involvement of Akt in the
upregulation of telomerase mediated by LMP1, we used Dzl
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3 replicates, *P < 0.05, **P < 0.01 compared with the control cells.

Figure 2. Dz1 inhibits the hTERT protein expression by downregulation of LMP1. Cells were treated with 2 uM Dz1 or 2 M control oligo (CON) for 24 h
and western blot analysis was performed using antibodies against LMP1, hTERT. B-actin was used as a loading control. Values are the means + SD of

and LY294002 for our study. As shown in Figure 4B, Akt
kinase activity was upregulated in CNEI-LMP1 cells compared
with the CNE1 cells in spite of no change in the total Akt
levels. Moreover, the expression and phosphorylated hTERT
was also upregulated. However, after treatment with Dzl, the
expression and phosphorylated hTERT was reduced. Similarly,
treatment with LY294002 significantly decreased the levels
of phosphorylated Akt. Furthermore, hTERT expression and
phosphorylation were suppressed by the combined treatment
with Dzl and LY294002. Thus, these findings indicated that
Akt is involved in the LMP1-dependent induction of expression
and phosphorylation of hTERT and telomerase activity in the
LMP1-positive NPC cells.

LMP1 is associated with the expression of phosphorylated
Akt and hTERT in vivo

To gain additional evidence of the Dzl-mediated suppression
of phosphorylated Akt and hTERT levels, a xenograft model
in nude mice was used. CNEI-LMP1 cells were used in the
xenograft model and treated with Dzl as described in a previous
study.” Immunohistochemical staining was conducted on the
cross-sections of paraffin-embedded formalin-fixed tissues
from different treatment groups. The data showed that LMP1
expression was suppressed by Dz1 in these tumors. The expression
of phosphorylated Akt and hTERT was also examined and found
to be markedly reduced in the Dzl group in comparison with the
control groups. The quantification analysis revealed a significant
correlation between LMP1 and p-Akt expression (correlation

coefficient = 0.745, P < 0.05) and between LMP1 and hTERT
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Figure 3. Dz1 inhibits telomerase activity by downregulation of LMP1.
Cells were treated with 2 wM Dz1 or 2 wM control oligo (CON), respectively
for 24 h and telomerase activity was analyzed by the Telomerase PCR
ELISA kit. Sample absorbance was measured with Model 550 Microplate
Reader at a wavelength of 450 or 690 nm. Values are the means + SD of 3
replicates, *P < 0.05, **P < 0.01 compared with the control cells.

expression (correlation coefficient = 0.887, P = 0.001) (Fig. 5;
Table 1). This inhibitory effect was in agreement with the data
at the cellular level.
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Figure 4. LMP1 promotes expression and phosphorylation of hTERT
through the Akt pathway. (A) Cells were seeded at 4 x 10* cells/ml
and treated with the indicated concentrations of LY294002, WHIP131,
SB203580, PD98059, and SP600125 for 24 h. Phosphorylated hTERT
expression in CNET-LMP1 cells was measured by western blot and B-actin
was used as a loading control. (B) Cells were treated with the indicated
concentrations of Dz1 and LY294002 for 24 h and western blot was per-
formed to measure the levels of total hTERT, phosphorylated hTERT, total
Akt and phosphorylated Akt. B-actin was used as a loading control.
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Figure 5. LMP1 is associated with the expression of phosphorylated
Akt and hTERT in vivo. Immunohistochemical staining was performed
for LMP1, phosphorylated Akt and hTERT in Dz1- or CON-treated NPC
tumors of Athymic Balb/c mice. Data were derived from 10 xenograft
tumors in 2 groups (200x).
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Table 1. Correlation between LMP1 and p-Akt or hTERT expression in Dz1-
treated NPC tumors

p-Akt hTERT

Correlation coefficient 0.745* 0.887**

Spef::anls LMP1 |  Significant (2-tailed) 0.013 0.001
N 10 10

*Correlation is significant at the 0.05 level (2-tailed); **Correlation is signifi-
cant at the 0.01 level (2-tailed).

Inhibition of LMP1 and hTERT decreases the survival of
LMP1-positive NPC cells

We investigated the levels of expression and phosphorylation
of hTERT following irradiation. The results indicated that the
expression of hTERT at the mRNA level in both irradiated
CNEI and CNEI-LMP1 cells was increased compared with the
non-irradiated cells, and LMP1 could increase the expression of
hTERT mRNA in NPC cells both under irradiation and non-
irradiation (Fig. 6A). Moreover, the levels of phosphorylated
hTERT were decreased approximately 60% after treatment with
Dz1 under irradiation (Fig. 6B).

The proliferation of CNEI-LMP1 cells under irradiation, was
analyzed by the MTS assay. As shown in Figure 6C, the survival
rate of CNE1 cells was lower than that of the CNEI-LMP1
cells (P < 0.05). The proliferation rate of CNEI-LMP1 cells was
significantly decreased after treatment with Dzl, and a similar
effect of decreased cell proliferation was also observed after cells
were treated with siRNA. The inhibition was more significant
when a treatment with siRNA and Dzl was combined (P < 0.01).
This indicated that the LMP1 and hTERT expressions were
related to the radiosensitivity of the NPC cells.

Inhibition of LMP1 and hTERT leads to radiosensitization
of LMP1-positive NPC cells

To provide further evidence for the role of LMPI and
hTERT in the regulation of cell growth under irradiation, a
clonogenic assay was performed. CNEI-LMP1 cells were treated
with Dzl and hTERT-targeted siRNA and subjected to X-ray
irradiation. As shown in Figure 7, colony formation of CNEI
cells with or without irradiation is weaker than that of CNE1-
LMP1 cells (P < 0.05), which indicated that the LMP1 could
increase radioresistance in cells. When CNE1-LMP1 cells were
exposed to irradiation at 2 Gy, it induced nearly 40% decrease in
colony formation, irrespective of treatment with Dzl or siRNA,
compared with control cells, whereas only 20% decrease of
colony formation occurred in CON-treated or untreated cells.
In addition, a strong inhibition of colony formation was observed
with a combined treatment of Dzl and siRNA (2 < 0.01).
Together, the data indicated that inhibition of LMP1 and /or
hTERT expression could lead to an increased radiosensitivity in
LMP1 positive cells.

Discussion

LMP1 hijacks cellular signaling pathways that are critical
for NPC cell growth and survival, including some cascades that
are also known to regulate hTERT expression and telomerase
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Figure 6. Inhibition of LMP1 and hTERT decreases the survival of LMP1-positive NPC cells. (A) Cells were irradiated at 2 Gy and after 4 h, the mRNA expres-
sion of hTERT was analyzed using quantitative real time RT-PCR. (B) Cells were seeded at 4 x 10* cells/ml and treated with the 2 uM Dz1, control oligo
(CON), or hTERT-targeted siRNA for 20 h, and irradiated at 2 Gy. After 4 h, the protein expression levels of LMP1 and hTERT were analyzed by western
blots. (C) CNE1-LMP1 cells were transfected with hTERT-targeted siRNA or Dz1. After 20 h, the cells were irradiated at 2 Gy and then incubated for 24, 48,
and 72 h before cell survival was quantified by MTS. Values are the means + SD of 3 replicates, *P < 0.05, **P < 0.01 compared with the control.

activity. LMP1 was shown to induce telomerase activity in
NPC cells through NF«kB activation, an effect that is c-Myc-
dependent because mutagenesis of the c-Myc-responsive E box
elements in the hTERT promoter inhibits LMP1 induced
hTERT transactivation.?*?” Here, our data revealed that LMP1
enhances hTERT expression and phosphorylation through
the Akt signaling pathway, and consequently increases the
telomerase activity in NPC cells. It is well known that telomerase
activation not only maintains the intracellular genetic stability
but is also involved in the radioresistance of tumor cells.!7:28
The abnormally active telomerase in cancer cells has become one
of the most interesting targets aimed at finding a cure for many
different cancers.”3' LMP1 expression in NPC cells may mimic
the effects of growth factors by activating telomerase via Ak,
thus contributing to cell radioresistance.

As a foreign antigen that constitutively activates multiple
pathways, LMP1 represents a good therapeutic target in the
treatment of EBV associated malignancies.®'® In this report, we
found that ectopic expression of LMP1, which resulted in h\TERT
activity in CNEI-LMP1 cells, rendered the cells more resistance
against irradiation. Knockdown of LMP1 by Dzl in LMPI1-
positive NPC cells induced a more radiosensitive phenotype. The
ability of the DNAzyme to specifically cleave RNA with high
efficiency under simulated physiological conditions has fueled
expectations that this agent may have useful biological application
as a gene inactivation strategy. DNAzymes have advantages over

www.landesbioscience.com

RNA molecules such as siRNA, which are more expensive to
synthesize and are subject to ribonuclease degradation.!# In the
present study, although the h\TERT-targeted siRNA had a certain
effect on cell radiosensitivity, the inhibitory effect of Dzl was
more obvious than that of the hTERT-targeted siRNA in cell
survival and growth. This might be because Dzl could affect
cell proliferation and radioresistance through other signaling
pathways.">® Nevertheless, the effect of the combined treatment
with the h"TERT-targeted siRNA and Dzl was the strongest.

Therapeutic agents that are currently used to enhance
radiosensitivity lack specificity for tumor cells and have toxic
side effects for normal tissue, thereby limiting therapeutic usage.
Cancer treatment could be improved by the development of
drugs that target specific pathways deregulated in tumor cells.”
In this study, we demonstrated that LMP1, which is expressed in
over 75% of NPC cases,”? could upregulate hTERT expression
and telomerase activity consequently resulting in radioresistance.
As Dzl targets the exogenous viral gene LMP1, which is absent in
the normal human genome, thus the combined application of Dz1
and NPC radiation therapy will increase the cell radiosensitivity
with reduced side effects.

Conclusions

The results of the present study demonstrated that h\TERT
activation is induced by LMP1 in NPC cells at the transcriptional
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Figure 7. Inhibition of LMP1 and hTERT leads to radiosensitization of LMP1-positive NPC cells. CNE1- 8.0, 1 mM EDTA, 2% SDS, 5 mM
LMP1 cells were transfected with hTERT-targeted siRNA or Dz1. After 20 h, these cells were exposed to DTT, 10 mM PMSF, 1 mM N33VO4’
irradiation and then incubated for 2 weeks before fixation, staining and colony counting. Values are the 1 mM NaF, 10% [vol./vol.] glycerol,
means + SD of 3 replicates, *P < 0.05, **P < 0.01 compared with the control. protease inhibitor cocktail tablet

and posttranscriptional levels through Akt-dependent pathways,
which results in an increase of radiosensitivity in NPC cells. The
findings also showed that Dzl may be a potential radiotherapy
sensitizer in NPC.

Materials and Methods

Cell culture

CNELl is an EBV-LMP1-negative, low differentiated NPC cell
line,and CNEI-LMP1 isastable LMP1 integrated NPC cell line."
Cells were cultured in RPMI 1640 (Gibco-BRL), supplemented
with 10% FBS (Invitrogen), 10 ug/ml streptomycin and
10 IU/ml penicillin, and incubated in a humidified atmosphere
of 5% CO, at 37 °C. The cells in logarithmic growth phase were
used in all experiments.

DNAzyme and siRNA transfection

The Dzl and the control oligonucleotides (CON) were
synthesized and transfected as described.” hTERT-targeted
siRNA (Thermo Scientific, M-003547-02) was transfected
into cells using Lipofectamine 2000 (Invitrogen, P/N52887)
following the manufacturer’s protocol.

Quantitative RT-PCR

Total RNA was isolated from cells with the TRIzol reagent
15596-026) according to the manufacturer’s
instructions, followed by <¢DNA synthesis using the
SuperScript™ IIIRT (Invitrogen, 18080-051). Quantitative
RT-PCR was performed with iTag ™ SYBR Green Supermix
with ROX (Bio-Rad, 172-5850) using an ABI 7500 instrument.
cDNA was subjected to PCR with primers specific for h\TERT
(sense: 5-TCCACTCCCC ACATAGGAAT AGTC-3' and
anti-sense: 5-TCCTTCTCAG GGTCTCCACC T-3') and
LMP1 (sense: 5-CGTTATGAGT GACTGGACTG GA-3'
and anti-sense: 5-TGAACAGCAC AATTCCAAGG-3").
The reaction was amplified as follows: 40 cycles of 95 °C for
15 s and 60 °C for 60 s followed by an extension at 72 °C for

(Invitrogen,
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[Roche, 11697498001]) for 30 min on
ice and then centrifuged at 15000 g

for 10 min. The supernatant was collected from the whole cell
lysates. Protein concentration was determined by the BCA Assay
Reagent (Pierce, 23228). Then, 50 wg of the total protein from
various cell preparations were analyzed by SDS PAGE and then
electrotransferred onto nitrocellulose membranes. Rainbow
molecular weight markers (Thermo Scientific, 26616) were used
as standards. Blots were blocked with 5% non-fat dry milk in
PBS with 0.05% Tween-20 for 2 h at RT, and then incubated
with different primary antibodies overnight at 4 °C. After
washing twice, the membranes were incubated with peroxidase-
conjugated secondary antibodies for 1 h at RT and developed
with Super-Signal West Pico chemiluminescent Substrate
(Thermo Scientific, 34077). The study employed antibodies
against LMP1 (M0897, DAKO), hTERT (sc-7214, Santa Cruz),
p-hTERT against Ser-1125 (sc-130608, Santa Cruz), Akt (9272,
Cell Signaling), p-Akt against Ser-473 (9271, Cell Signaling),
and B-actin (sc-8432, Santa Cruz). Relative protein levels were
quantified with the Image] software (NIH). Three independent
experiments were conducted.

Analysis of telomerase activity

Telomerase activity was determined by using the Telomerase
PCR ELISA kit (Roche, 12013789001) as recommended by the
manufacturer. All solutions were included in the kit. Sample
absorbance was measured with Model 550 Microplate Reader
(Bio-Rad) at the wavelength of 450/690 nm within 30 min after
addition of the stop reagent. Telomerase activity was determined
in triplicate, and negative and positive controls were included in
each experiment. An aliquot of each extract was heat inactivated
for 10 min at 95 °C as a negative control.

Immunohistochemistry

Paraffin-embedded tissues were sectioned and stained for
LMP1, phosphorylated Akt and hTERT, using a streptavidin—
biotin technique, where biotin is coupled to peroxidase. A
negative control was made for each slide using an irrelevant,
isotype antibody. Quantitative expression of target molecular
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in tumor cells determined by staining intensity multiplied
percentage of positive cells. Staining intensity of the tumor
cells in the following rating: no color, yellow, brown, and tan,
respectively, to give 0, 1, 2, and 3 points.

MTS assay

MTS cytotoxicity/proliferation assays were performed using
the CellTiter 96 AQueous One Solution cell proliferation
assay kit (Promega, G3581) according to manufacturer’s
instructions. Cells were seeded in triplicate in a 96-well plate at
2.5 x 10* cells/ml, 100 wl per well. MTS reagent was added on
days 1-3 for 4 h and absorbance was read at 490 nm. Blanks were
subtracted from the values and plotted.

Colony-forming assay

Radiosensitivity was measured by colony-forming analysis
following exposure to irradiation. Briefly, cells were transfected
with Dzl or hTERT-targeted siRNA. Twenty-four hours later,
100, 200, or 800 cells were plated in 6-well culture plates and
cultured for another 24 h. These cells were irradiated with

2 Gy irradiation followed by further culturing for 14 d, and the
number of surviving colonies (defined as a colony with >50 cells)
was counted by staining with 0.0125% crystal violet (w/v in 75%
ethanol; Sigma).

Statistical analysis

Statistical analysis was performed by the Student # test using
SPSS15.0 software. (P < 0.05 was considered significant and
P <0.01 very significant). All data are expressed as the mean + SD.
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