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Abstract. This study aimed to determine the molecular mecha-
nisms underlying the effect of the LMP1-targeted DNAzyme 1 
(DZ1) on cell cycle progression in nasopharyngeal carcinoma 
(NPC) cells. We showed that the active DZ1 inhibited the 
expression of latent membrane protein 1 (LMP1) and induced 
a G1 phase arrest. In addition, this cell cycle deregulation was 
shown to be accompanied by upregulation of the DNA damage 
marker γ-H2AX, downregulation of the DNA damage response 
factor p-p53-Ser15 and cell proliferation inhibition. To investigate 
what affected the cell cycle progression, we examined the expres-
sion of two checkpoint-related cyclins and cyclin-dependent 
kinases (CDKs). We found a decrease of cyclin D1 and cyclin E 
protein levels at 24 h from the DZ1 treatment. Moreover, we 
observed inhibition of CDK4 activity and decreased cyclin D1 
expression in the complexes immunoprecipitated with CDK4 
antibody. We also found a reduction in cdc2 phosphorylation 
at Thr161 which partially stands for the cdc2 kinase activity in 
DZ1-treated CNE1-LMP1 cells, although the downregulation 
of LMP1 expression had no effect on the cyclin B1 and cdc2 

expression. Further, we analyzed changes in cdc2 kinase activity 
induced by DZ1 and found that the downregulation of the LMP1 
expression resulted in a 5-fold reduction in cdc2 kinase activity 
in CNE1-LMP1. The data suggest that the downregulation of 
the LMP1 expression by DZ1 was able to induce DNA damage, 
which then further inhibited the cell proliferation and resulted in 
malfunction of cell cycle checkpoints that led to G1 phase arrest 
and the decrease in number of cells in G2/M phase.

Introduction

Epstein-Barr virus (EBV) is a human γ herpesvirus commonly 
carried in the majority of the human population. It is impli-
cated in a variety of human malignancies that include Burkitt's 
lymphoma, nasopharyngeal carcinoma, Hodgkin's lymphoma, 
nasal T cell lymphoma, and immunoblastic lymphomas in 
post-transplant and AIDS patients. EBV-encoded LMP1 is 
the only one implicated in cell immortalization and trans-
formation. It is required for B-cell immortalization, together 
with the EBNA2, EBNA3a and EBNA3c genes (1-4). In 
addition, LMP1 has been shown to induce the transformation 
of certain established rodent fibroblast cell lines, including 
Rat-1 and BALB/c 3T3 (5-7). Furthermore, LMP1 induces 
the tumorigenicity of epithelial cell lines in severe combined 
immunodeficient mice (8,9).

As a 60 kDa integral membrane protein, LMP1 func-
tions as a constitutively active tumor necrosis factor receptor 
(TNFR) and, in certain instances, can substitute for CD40 
in vivo, providing both growth and differentiation responses 
in B lymphocytes (10). LMP1 also contributes to multiple 
aspects of NPC development through activating a number of 
signaling pathways including nuclear factor NF-κB, activator 
protein-1 (AP-1), Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) (11-14). Activation of NF-κB or AP-1 
by LMP1 has been linked to the upregulation of some cellular 
proteins and inhibition of apoptosis. LMP1 has clear oncogenic 
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properties in multiple cell backgrounds and in transgenic mice. 
In NPCs, LMP1 expression is heterogeneous and associated 
with metastasis (15), supported by studies in epithelial cultures 
showing LMP1 induced changes in cell morphology, adhesion, 
cell motility and exo-proteolytic activity (16). Like many clas-
sical oncogenes, the growth promoting properties of LMP1 
appear to be cell-type specific. Whereas LMP1 expression 
promotes growth and proliferation in rodent fibroblasts and 
certain human epithelial cell lines such as C33A and HONE1, 
its expression in RHEK-1, SVK and Hep-G2 cells is associated 
with growth inhibition and, under certain circumstances, cyto-
stasis or apoptosis (17).

Interference with LMP1 function eliminates tumorigenic 
potential. Recently there have been some reports that the RNA 
interference against LMP1 exhibited anti-proliferative and 
anti-metastasis effects in the LMP1 expressing NPCs (18,19). 
Downregulation of the LMP1 expression has been shown 
to induce apoptosis, and sensitize the EBV-positive cells to 
cytotoxic agents (20,21). Although the biological effects of 
inhibition of LMP1 expression has been well demonstrated, 
its cell biological basis is yet to be elucidated. In a previous 
study we demonstrated that the ‘10-23’ DNAzymes specifically 
targeting the LMP1 mRNA significantly downregulated the 
expression of LMP1 in the nasopharyngeal carcinoma cell line 
CNE1-LMP1 which led to sensitization of LMP1 positive cells 
to radiation (22). In this study we found that after DNAzyme 1 
treatment the CNE1-LMP1 cells accumulated in G1 phase and 
the percentage of cells in G2/M phase was decreased. This cell 
cycle change was accompanied by γ-H2AX, a DNA damage 
marker, increased and the phospharylation of p53 decreased. 
However, the mechanisms of the cell cycle arrest caused by 
down regulation of LMP1 are unclear. In the present study, we 
attempt to examine the expression feature of the molecules 
associated with the cell cycle control in G1/S and G2/M check-
points, following the silencing of the LMP1 expression by the 
LMP1-targeted DNAzyme 1. We show that both checkpoints 
contributed to the G1 phase arrest and cells in G2/M phase 
decreased induced by the downregulation of LMP1. Our results 
thus suggest that LMP1 is an important regulator of the cell 
cycle in LMP1-positive NPC cells.

Materials and methods

Cell culture. CNE1 is an LMP1 negative, low differentiated 
nasopharyngeal squamous carcinoma cell line. CNE1-LMP1 
is a cell line transfected with EBV-LMP1 (23) and shown to 
have accelerated cell proliferation (24). The cells were cultured 
in RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS, Gibco), 100 IU/ml penicillin, 100 mg/ml strepto-
mycin, and 2 mM/l L-glutamine in a humidified atmosphere 
of 5% CO2 at 37˚C.

DNAzyme transfection of CNE1-LMP1 or CNE1 cells. Briefly, 
the ‘10-23’ model was adopted by incorporating 9 bp arms at each 
side of the catalytic motif. To increase stability of DNAzymes 
in cells, two phosphorothioate linkages were introduced to 
both ends of the arms. A DNAzyme oligonucleotide control 
(ODN) was a scrambled sequence that consists of the same 
nucleotide composition. To transfect cells with DNAzymes, 
tetra (4-methyridyl) porphyrine (TMP) was used to facilitate 

the cellular uptake of the catalytic oligonucleotides (25). Prior 
to transfection, cells were seeded in 6-well plates overnight. The 
DNAzymes/TMP mixtures were made at a charge ratio (C/R) 
of 1 with 2 µM DNAzyme oligonucleotides as described (26). 
The mixtures were incubated for 15 min at room temperature to 
form the transfection complex. After the cells were rinsed twice 
with PBS, the transfection mixture was added to the cells and 
incubated at 37˚C for 4 h in 5% CO2, followed by the addition 
of complete medium to the wells and further incubation for the 
indicated time.

Cell cycle distribution analysis. Flow cytometry analysis of 
PI-stained cells was performed to study the effect of the active 
DNAzyme on the cellular cycle. Cells (1x106) were cultured 
with or without 2 µM of DNAzyme and collected 24 h later. 
Treated and untreated cells were then washed with ice-cold 
PBS and suspended in 75% ethanol at -20˚C overnight. Fixed 
cells were centrifuged and washed with PBS twice. Before 
flow cytometry analysis, cells were stained with 50 µg/ml of 
propidium iodide and 0.1% of RNase A in 400 µl PBS in a light-
proof tube at 25˚C for 30 min. Stained cells were assayed on 
FACSort (Becton-Dickinson) and the cell cycle parameters and 
the percentage of apoptotic cells (sub-G1 peak) were determined 
using the CellQuest software program (Becton-Dickinson).

Western blot analysis. Cells grown in 6-well plates were cultured 
without or with DNAzymes. Cells were harvested at different 
time points, washed with ice-cold PBS and lysed in the lysis 
buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 2% SDS, 5 mM 
DTT, 10 mM PMSF, proteinase inhibitor mix) for 30 min on 
ice. The lysate was centrifuged for 15 min at 13,000 rpm in a 
microfuge at 4˚C. After protein quantification by the BCA 
Assay Reagent (Pierce Chemical, Inc), 50 µg of the total 
proteins from the treated or untreated cells were mixed with 
the sample buffer and boiled for 5 min. The samples were then 
resolved on a 10% polyacrylamide SDS gel and transferred onto 
a nitrocellulose membrane by electroblotting. The membrane 
was incubated in blocking buffer (TBS containing 5% skimed 
milk and 0.1% Tween-20) for 2 h, followed by incubation with 
primary antibody diluted in the same buffer (1:1,000). The 
membrane was washed in TBS containing 0.1% Tween-20 
and further incubated with a secondary antibody that could be 
detected using a peroxidase-conjugated anti-IgG at 1:10,000. 
Protein expression were determined using a supersignal chemi-
luminescence system (ECL, Pierce) followed by exposure to 
autoradiographic film. The antibodies used in the study include 
LMP1 (Dako), mouse monoclonal anti-β-actin (Sigma), mouse 
monoclonal anti-α-tublin (Santa Cruz), rabbit anti-phosphoserine 
(Zymed), rabbit polyclonal anti-cdc2 p34 (Santa Cruz), rabbit 
polyclonal anti-phospho-Thr161-cdc2 and rabbit polyclonal 
anti-phospho-Tyr15-cdc2 (Cell Signaling), mouse monoclonal 
anti-cyclin B1 (Santa Cruz), p-p53 (Ser15) (1:500, Santa Cruz), 
and γ-H2AX (1:1,000, Millipore). Secondary antibodies were 
horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG 
(Santa Cruz), HRP-conjugated goat anti-rabbit IgG (Santa Cruz).

Immunofluorescent analysis. CNE1 and CNE1-LMP1 cell lines 
were seeded on Millicell EZ slides (Millipore), and subjected 
to the following treatments: untreated, DNAzyme- or control 
ODN-treated for 24 h. Cells were fixed in ice cold methanol for 
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10 min and washed with PBS, then blocked with 5% donkey 
serum/PBS for 1 h. The cells were subsequently incubated with 
the mouse anti-γ-H2AX (1:450, Millipore) overnight. Followed 
by washing with PBS for 15 min, AlexaFluor 488-conjugated 
goat anti-mouse secondary antibodies (1:1,000, Molecular 
Probes, Eugene, OR) were used. All samples were mounted in 
Prolong Gold antifade reagent with DAPI (Molecular Probes) 
and fluorescence images were captured using Leica DMI3000 
B (Leica, Germany).

Immunoprecipitation kinase assay. The cyclin D1-CDK4 
kinase assay was performed as described with modifica-
tions (27). Cells were transfected with LMP1-specific 
DNAzyme 1 or control ODN 24 h after the transfection, cells 
were washed twice with ice-cold PBS and harvested with 
a kinase buffer [25 mM Tris-HCl (pH 7.5), 5 mM glycero-
phosphate, 2 mM DTT, 0.1 mM Na3VO4, 10 mM MgCl2, and 
1 mM PMSF]. Protein content was determined using the BCA 
assay. Cyclin D1 was immunoprecipitated from 600 µg of 
the cell extract using an anti-cyclin D1 monoclonal antibody 
diluted at 1:100 overnight. A total of 20 µl of protein A/G 
PLUS-Agarose (Santa Cruz) was added, incubated at 4˚C, and 
then washed at 4˚C four times with ice-cold kinase buffer. 
Immunoprecipitated cyclin D1 was incubated with 1 µg Rb-C 
fusion protein (Cell Signaling) and 200 µM ATP in a kinase 
buffer at 30˚C for 30 min. Phosphorylation of Rb-C fusion 
protein was detected by western blot analysis with anti-
phospho-Rb (Ser780) polyclonal antibodies.

cdc2 Kinase Activity Assay. The cdc2 kinase activity assay 
was carried out according to the instruction in the MESACUP 
Cdc2 Kinase Assay Kit. Cells were lysed in a sample buffer 
(50 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 5 mM EDTA, 2 mM 
EGTA, 0.01% Brij35, 1 mM PMSF, 0.05 mg/ml leupeptin, 
50 mM β-glycerophosphate, 1 mM Na-orthovanadate). After 
sonication, cell extracts were separated. The amount of 600 µg 
cell extracts were incubated with HCK-gel suspension (MBL, 
Code no. 5236) on ice for 1 h. Followed by centrifugation, the 
pellets were separated and used for an enzyme source. Reaction 
reagents added into the HCK-gel pellets included 10 x cdc2 
reaction buffer, biotinylated MV peptide, ATP and distilled 
water. Following incubation for 30 min with the sample buffer 
as a control, the phosphorylation reaction was terminated to 
permit the cdc2 kinase activity to be measured. The reaction 
mixture was transferred to a microwell strip coated with mono-
clonal antibody (4A4), incubated at 25˚C for 60 min, and washed 
with the washing solution. Peroxidase (POD)-conjugated strep-
tavidin was added and incubated, and then the mixture was 
washed once again. POD substrate solution was added and 
incubated for 3 to 5 min. Stop solution was then added, and 
the optical density (OD) of each well was read at 490 nm with 
a microplate reader.

Co-immunoprecipitation analysis (Co-IP). CDK4 was pulled 
down by anti-CDK4 antibody, and then precipitated by binding 
with protein A Sepharose CL-4B beads (Pharmacia, USA). 
Anti-cyclin D1 antibody was used as the primary antibody to 
detect the levels of cyclin D1. A co-immunoprecipitation (Co-IP)/
western blot assay was performed to analyze the interaction of 
CDK4 with cyclin D1. The cell extract was prepared for immu-

noprecipitation or Co-IP/western blot analysis. The harvested 
cells were lysed in IP lysis buffer (50 mM Tris-HCl, 150 mM 
NaCl, 10% Nonidet P-40, 1 mM EDTA, 10% glycerol, 10 mM 
NaF, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF, and phosphatase 
inhibitor cocktail). The supernatant was mixed with protein A 
Sepharose CL-4B beads, incubated for 2 h, centrifuged for 2 min 
at 2,000 rpm for pre-clearing and incubated overnight with 
CDK4 antibody and protein A Sepharose CL-4B beads, followed 
by centrifugation for 2 min at 12,000 rpm. The immunoprecipi-
tates were collected, washed five times, and finally subjected to 
western blot analysis.

Co-IP was used to analyze protein interaction with a 
special antibody linked to protein A Sepharose CL-4B beads 
(Pharmacia). Immunoprecipitates were separated for western 
blot analysis.

MTS analysis. MTS assays were performed to assess the 
effect of DNAzymes on cell proliferation. Briefly, 200 µl of 
logarithmically growing cells were plated on a 96-well plate 
and LMP1-targeted-DNAzyme 1 or control ODN were trans-
fected as described above. Then cells were incubated at 37˚C 
and 100 µl of sterile MTS dye (30156802, Promega) were 
added to each well at different time points. The plates were  
further incubation at 37˚C for 4 h. After that, spectrometric 
absorbance at the wavelength of 570 nm was measured on a 
microplate reader (Bio-Tek Inc). The background absorbance 
of medium in the absence of cells was subtracted. All samples 
were assayed in triplicate, and the mean for two experiments 
was used to calculate cell proliferation rate expressed as 
percentage of control.

Statistical analyses. All data were shown as mean ± standard 
deviation. The difference between 2 groups of data was exam-
ined by Student's t-test. The statistical difference at p<0.05 
was considered as significantly and p<0.01 as very significant.

Results

EBV-LMP1-targeted DNAzyme 1 inhibits the expression of 
EBV-LMP1 and affects the cell cycle distribution in CNE1-LMP1 
cells. In order to determine if the DNAzyme 1 could affect the 
target gene expression, we used a cationic porphyrin TMP, as 
a transfection reagent, for transfecting DNAzyme oligonucle-
otides into CNE1-LMP1 cells. DZ1 (2 µM) was transfected into 
both CNE1-LMP1 cells and CNE1 cells (as a negative target 
control). The effect on the LMP1 expression at the protein level 
was assayed using western blot analysis. As shown in Fig. 1A, 
DZ1 significantly inhibited the LMP1 protein expression in 
CNE1-LMP1 cells, while the control ODN had no effect on the 
LMP1 expression.

Since LMP1 can promote cell growth and accelerate cell 
cycle progression, we next examined the effect of down-
regulation of LMP1 on cell cycle. DZ1 was transfected into 
CNE1-LMP1 and CNE1 cells after overnight serum starvation 
and the cell cycle distribution was assessed by flow cytometry, 
it was shown that DZ1 significantly increased the percentage 
of cells in G1 phase (49.06±3.12) compared to the untreated 
(33.83±4.96) or control ODN (38.01±2.18) in LMP1-positive 
cells. This increase in the G1 phase was coupled with a 
significant decrease in the percentage of cells in G2/M phase 
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(7.61±3.84 of DZ1 treated LMP1-positive cells vs 22.43±1.41 of 
untreated or 23.26±1.85 of control ODN treated LMP1-positive 
cells) after 24 h of transfection. Whereas, such an effect was 
not observed on the cell cycle of LMP1-negative tumor cell 
(CNE1) (Fig. 1B). These data confirmed that DZ1 could down-
regulate the LMP1 expression, resulting in G1 phase arrest of 
CNE1-LMP1 cells and a decreased cell number in G2/M phase.

EBV-LMP1-targeted DNAzyme 1 induces DNA damage in 
CNE1-LMP1 cells and inhibits cell proliferation. Since DNA 
damage is an early event of cell cycle arrest, we examined 
whether DZ1 could induce DNA damage in CNE1-LMP1 cells 

through inhibiting LMP1. As shown in Fig. 2A, the expression 
level of γ-H2AX, a marker of DNA damage, was significantly 
increased by DZ1 in CNE1-LMP1 cells compared with the 
untreated or control ODN treated cells. This result was also 
confirmed by immunofluorescence (Fig. 2B). When LMP1 
was inhibited, the γ-H2AX level was highly induced in 
CNE1-LMP1 cells.

It is known that p53 is required to promote the DNA 
damage induced response. One key event for p53-mediated 
DNA damage response is phosphorylation of serine 15 (Ser15) 
in human p53 (28). To evaluate whether the LMP1-targeted 
DNAzyme mediated the DNA damage response, we examined 

Figure 1. DZ1 inhibition of LMP1 protein expression in CNE1-LMP1 changing the cell cycle distribution (A) LMP1 was downregulated by DZ1. (B) G1 phase 
arrest caused by LMP1-targeted DNAzyme 1 in CNE1-LMP1 cells but not in CNE1 cells.

Figure 2. LMP1-targeted DZ1 decreased p-p53 (Ser15), increased γ-H2AX and inhibited cells proliferation in the CNE1-LMP1 cell lines. CNE1 and CNE1-LMP1 
cells were transfected with DZ1 or control ODN (2 µM) for 24 h and then harvested. (A) Total cell lysate was analyzed by western blotting using antibodies 
targeting p-p53 and γ-H2AX. β-actin was used for the loading control. (B) Immunofluorescent staining revealed that CNE1-LMP1 but not CNE1 transfected 
with LMP1-targeted DZ1 had significantly increased γ-H2AX foci. (C) MTS showed that DZ1 inhibited LMP1-positive cell proliferation from 24 to 72 h.
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the level of p-p53 (Ser15) by western blot analysis. It was 
shown that the phosphorylation of Ser15 was downregulated 
in DZ1-treated CNE1-LMP1 cells (Fig. 2A).

To explore whether the LMP1-targeted DNAzyme 1 could 
affect cell proliferation, MTS was performed. The results 
showed that CNE1-LMP1 cells grew faster than CNE1 cells. 

However, when CNE1-LMP1 is transfected with DZ1, they 
have a significant slower growth rate than the cells trans-
fected with negative control or untreated cells from 24 to 72 h 
(Fig. 2C).

EBV-LMP1-targeted DNAzyme 1 affects the expression of the 
genes that regulate G1/S progression in CNE1-LMP1 cells. 
Cells entering the proliferation phase go first through the G1/S 
checkpoint, which is mainly regulated by CDK4 and cyclin D1 
and other CDKs and cyclins. We transfected the DZ1 to the 
CNE1-LMP1 and CNE1 cells, and examined the expression of 
the G1/S checkpoint-related genes. It was found that DZ1 mark-
edly decreased the expression of CDK4 and cyclin D1, as well 
as CDK2 and cyclin E. These changes were not found in the 
LMP1 negative CNE1 cells (Fig. 3). The results suggested that 
DZ1 specifically inhibited the LMP1 expression resulting in 
the downregulation of the expression of the G1/S checkpoint 
related cyclins and CDKs.

It is necessary for CDKs and cyclins to interact directly to 
function in the cell cycle control. Western blot analysis demon-
strated that inhibition of LMP1 expression led to downregulation 
of cyclin D1 and CDK4. To investigate if the effect was due 
to a weaker interaction between CDK4 and cyclin D1, Co-IP 
analysis was used to assay such an interaction. CDK4 was pulled 
down by excess anti-CDK4 antibody, a co-immunoprecipitation 
(Co-IP) assay performed to analyze cyclin D1. Analysis of total 
cell lysates showed that the DZ1-mediated inhibition of LMP1 
resulted in a decrease of the level of CDK4 and also the associ-
ated cyclin D1, which suggested a decrease of the interaction 
between cyclin D1 and CDK4 (Fig. 4A).

pRb is a key regulator in the transition from G1 to S 
and its activity is modulated by cyclin D-CDK complexes. 

Figure 3. Effect of DZ1 on G1/S cell cycle regulators in CNE1 and CNE1-LMP1 
cells. CNE1 and CNE1-LMP1 cells grown in 6-well plates were transfected 
with DZ1 or control ODN (2 µM) for 24 h. Total cell lysates were analyzed by 
western blotting using specific antibodies, respectively.

Figure 4. LMP1-targeted DNAzyme 1 mediated effect on CDK4/cyclin D1-pRb-E2F1 signaling pathways in CNE1-LMP1. (A) Analysis of the association between 
CDK4 and cyclin D1 in CNE1-LMP1 cells. Cell lysates from DZ1 or control ODN transfected CNE1-LMP1 cells and untreated cells were immunoprecipitated 
with an anti-CDK4 antibody. Lysates were immunoblotted with the corresponding antibodies as marked. (B) DZ1 suppression of the activation of the cyclin 
D1-CDK4 complex in CNE1-LMP1 cells. CNE1 and CNE1-LMP1 cells grown in 6-well plates were transfected with DNAzymes or control ODN (2 µM) for 
24 h. Cells were harvested with a kinase buffer. The immunoprecipitated kinase assay for cyclin D1-CDK4 was performed as described in Materials and methods. 
Phosphorylation of Rb-C fusion protein was detected by western blot analysis. NC, the negative control without immunoprecipitated cyclin D1. (C) Effect of the 
DNAzyme on pRb-E2F pathway in CNE1 and CNE1-LMP1 cells. CNE1 and CNE1-LMP1 cells grown in 6-well plates were transfected with DZ1 or control ODN 
(2 µM) for 24 h. Total cell lysates were analyzed by western blotting using specific antibodies, respectively.
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In pRb, the Ser780 site is specifically phosphorylated by the 
cyclin D/CDK4 complex both in vivo and in vitro (29). Having 
shown that the downregulation of LMP1 expression by DZ1 
lessened the CDK4/cyclin D1 complex, we next examined if 
the activity of the CDK4/cyclin D1 complex was affected in the 
context of pRb phosphorylation. Using the Immunoprecipitation 
Kinase Assay, it was shown that the downregulation of the 
LMP1 expression by DZ1 led to a significant reduction of the 
phosphorylation of Ser780 in pRb (Fig. 4B). The result indi-
cated that the LMP1-specific DNAzyme 1 could slow down 
the G1 to S transition through the suppression of activation of 
cyclin D1-CDK4.

The CDK4/cyclin D1 complex phosphorylates pRb that 
transcriptionally activates some important transcriptional 
factors such as E2Fs, which promotes the expression of the 
downstream proteins such as cyclin A. Entry into S phase is 
controlled, in part, by the level of active E2F (30). To explore 
whether LMP1 could regulate the pRb signaling pathway, 
we investigated the change of phosphorylation status of 
pRb induced by LMP1-specific DNAzyme 1 and the level 
of the pRb-regulated E2F. As shown in Fig. 4C, DZ1 medi-
ated suppression of LMP1 could markedly decrease the 
level of phosphorylated pRb, while total pRb level remained 
unchanged. This decreased level of pRb phosphorylation 
directly impacted on the E2F1 expression.

EBV-LMP1-targeted DNAzyme 1 does not affect expression 
of cdc2, but downregulates levels of phosphorylation of cdc2 
on Thr161 and cdc2 kinase activity. Cdc2 is a critical regulator 
during the G2 phase progression. Its activation depends on the 
Thr161 phosphorylation and dephosphorylation of the Thr14 
and Tyr15 (31,32). Thus, the status of Thr161 phosphorylation of 
cdc2 partially reflects cdc2 kinase activity. To further examine 
whether the G2/M checkpoint could contribute to the decrease 
of the number of cells in G2/M phase, cdc2 kinase assay was 
performed.

The results showed that the level of phosphorylation of the 
Thr161 was decreased and the dephosphorylation of Tyr15 was 

increased in DZ1 treated CNE1-LMP1 cells, whereas ODN 
had no effect (Fig. 5A). There was no difference in the level 
of cdc2 and cyclin B1 expression in CNE1-LMP1 cells with or 
without DZ1 treatment. ELISA results demonstrated that cdc2 
kinase activity in untreated CNE1-LMP1 cells was nearly 
5-fold higher than that in the cells treated with DZ1. Together 
the LMP1-specific DNAzyme 1 significantly suppressed the 
LMP1 expression and attenuated cdc2 kinase activity (Fig. 5B).

Discussion

LMP1, as a key oncogenic protein in NPC, plays important roles 
in several signal transduction pathways that are involved in cell 
proliferation, oncogenesis and apoptosis (33,34). There are some 
reports showing that the silencing of EBV-LMP1 by siRNA  
slowed the cell cycle progression and enhance chemosensitivity 
(35). Here we show that EBV-LMP1 may through two cell 
cycle checkpoints, regulate the cell cycle distribution affecting 
the DNA damage response. This was evidenced by the present 
data showing that the LMP1-targeted DNAzyme 1 induced cell 
accumulation in G1 phase and decreased the number of cells in 
G2/M phase. H2AX is one of several genes coding for histone 
H2A. H2AX becomes phosphorylated on Ser139, then called 
γ-H2AX, as a reaction on DNA double-strand breaks (DSB). The 
modification can happen in the response to ionizing radiation. 
As a sensitive target for looking at DSBs in cells, γ-H2AX is 
considered as a DNA damage marker. We found that the DNA 
damage marker γ-H2AX was significantly increased by DZ1 
in CNE1-LMP1 cells shown by western blot and immunofluo-
rescent analyses. The DNA damage response factor p-p53 was 
downregulated by DZ1 and the proliferation of LMP1-positive 
cells was also inhibited by DZ1. Taken together silencing of 
EBV-LMP1 induced DNA damage and caused cell cycle arrest 
in LMP1 positive cells.

Cell cycle change is sometimes controlled by the cycling 
checkpoints. We found downregulation of LMP1 could inhibit 
expression of cyclin D1 and CDK4 as well as cyclin E and 
CDK2; suppress cyclin D1 and CDK4 interaction and the 

Figure 5. DZ1 suppression of the cdc2 kinase activity in CNE1-LMP1 cells. (A) Western blot analysis of G2/M cell cycle regulators cyclin B1 and cdc2 in 
CNE1-LMP1 cells. (B) ELISA assay of cdc2 kinase activity of CNE1, and CNE1-LMP1 cells (n=3).
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activity of the complex; and decrease the Rb protein phos-
phorylation at Ser780 site. E2F1 is an important regulator of 
cell entry to S phase (36). Our results showed the DZ1 could 
suppress the Rb/E2F1 pathway and markedly downregulate the 
expression of E2F1. In addition, the DZ1-mediated suppression 
of LMP1 could markedly decrease the cdc2 kinase activity. 
Taken together, our data suggested that the G1 phase arrest 
caused by the LMP1 targeted DNAzyme 1 is likely through 
the G1/S and G2/M checkpoints.

In NPC cells, it has been shown that LMP1 impacted on 
cell proliferation and growth at three levels: stimulation 
of quiescent cells to re-enter the cell cycle, acceleration of 
cycling cells through the G1 phase and increase of cycling 
cells in the G2/M phases (37,38). In our previous study we 
demonstrated that LMP1 expression could enhance phos-
phorylation of p105-Rb to upregulate E2F1 expression and 
increase E2F1 ability to transactivate the downstream signal 
molecules through inhibiting p16INK4A expression. In the 
present study, we provided further evidence showing that 
LMP1 plays critical roles in controlling the cell cycle. First, 
downregulation of the expression of LMP1 could decrease 
the expression of the G1/S related molecules and disrupt their 
interactions and activities, which consequentially suppressed 
the pRb-E2F pathway leading to cell cycle arrest through 
the restriction point in G1 phase. Second, downregulation of 
LMP1 could inhibit the cdc2 kinase activity, which led to 
cell cycle arrest through the restriction point in G2 phase. 
Therefore, LMP1 could be a central regulator in oncogenesis 
of EBV-positive cancers, which further support the notion 
that LMP1 could potentially be an important therapeutic 
target for NPC.

It has been well established that different types of cells 
underwent apoptosis from different cell cycle stages under 
different stimulus (39,40). For example, in HeLa cells, 
UV caused apoptosis from G1 phase, while the campto-
thecin (CPT) induced apoptosis from S phase. Several other 
previously reported cancer-preventive agents seem to act in a 
manner similar to LMP1-targeted DNAzyme 1. For example, 
dactylone and inositol hexaphosphate were reported to 
decrease CDK4 and cyclin D1 protein levels and also showed 
an inhibitory effect on Rb phosphorylation at Ser780, Ser807 
and Ser811, causing G1 arrest and apoptotic death of human 
prostate carcinoma LNCaP cells (41). In a previous study, we 
reported that the LMP1 targeted DNAzymes in combination 
with radiation could enhance radiosensitivity to NPC both 
in vitro and in vivo (22,42). Thus, the G1 phase arrest induced 
by DNAzyme accompanied by DNA damage may cause the 
NPC cells to enter apoptosis.

In conclusion, LMP1 plays an important role in 
onco genesis of the EBV-positive cancers. We presented 
data suggesting that downregulation of EBV-LMP1 by 
DNAzyme 1 induced DNA damage leading to G1 phase 
arrest. Our data imply that the G1 phase arrest caused by the 
LMP1 targeted DNAzyme 1 is likely through the G1/S and 
G2/M checkpoints. The biological significance of G1 phase 
arrest could relate to the sensitization of the EBV-positive 
cancer cells to either radiotherapy or chemotherapy. Thus, 
targeting LMP1 by DNAzyme might present a novel strategy 
to sensitize the EBV-LMP1-positive cells to improve the 
current treatment efficacy.
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