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Epstein-Barr virus (EBV) infection is causatively associated with a variety of human cancers, including nasopharyngeal carci-
noma (NPC). The only viral nuclear protein expressed in NPC is EBNA1, which can alter cellular properties in ways that may
promote oncogenesis. Here, we used 2-dimensional difference gel electrophoresis (2-D DiGE) to profile changes in the nuclear
proteome that occur after stable expression of EBNA1 in the EBV-negative NPC cell line CNE2. We found that EBNA1 consis-
tently altered the levels of a small percentage of the nuclear proteins. The identification of 19 of these proteins by mass spectrom-
etry revealed that EBNA1 upregulated three proteins affecting metastatic potential (stathmin 1, maspin, and Nm23-H1) and sev-
eral proteins in the oxidative stress response pathway, including the antioxidants superoxide dismutase 1 (SOD1) and
peroxiredoxin 1 (Prx1). Western blot analysis verified that EBNA1 expression upregulated and EBNA1 silencing downregulated
these proteins. In addition, transcripts for stathmin 1 were induced by EBNA1, whereas EBNA1 only affected Prx1 and SOD1 at
the protein level. Further investigation of the EBNA1 effects on the redox pathway showed that long-term EBNA1 expression in
NPC resulted in increased reactive oxygen species (ROS) and increased levels of the NADPH oxidases NOX1 and NOX2, known
to generate ROS. In addition, EBNA1 depletion in EBV-positive cells decreased NOX2 and ROS. The results show multiple roles
for EBNA1 in the oxidative stress response pathway and suggest mechanisms by which EBNA1 may promote NPC metastases.

Epstein-Barr virus (EBV) is a ubiquitous human gamma-
herpesvirus that is harbored in at least 90% of the world pop-

ulation (40). Transmitted through saliva, EBV infects B lympho-
cytes as well as the epithelium of the orthopharynx. Upon primary
infection, EBV immediately establishes latent infection in cells by
maintaining multiple copies of its genome in the form of epi-
somes. While most infected individuals control the virus effi-
ciently and remain free of EBV-associated diseases, latent EBV
infection is linked to the development of both lymphoid and epi-
thelial tumors. Nasopharyngeal carcinoma (NPC) is one such ep-
ithelial tumor in which EBV is widely recognized as a causative
agent, since most NPC tumors are monoclonal proliferations of
latently EBV-infected cells (38). These tumor cells express only
one EBV nuclear protein, EBNA1, in addition to the EBV latent
membrane proteins LMP1 and LMP2 (38).

Epstein-Barr nuclear antigen 1 (EBNA1) is essential for the
establishment of latent EBV infection since it replicates and seg-
regates the viral genome in proliferating cells (reviewed in refer-
ence 17). Additionally, it is a transcriptional activator for other
EBV latency genes. Aside from its roles in viral persistence, in-
creasing numbers of observations suggest that EBNA1 alters cel-
lular processes in ways that contribute to host cell survival and
proliferation. First, EBNA1 is expressed in all latency forms in
proliferating cells and is the only EBV protein expressed in all
EBV-associated tumors (3, 38). In addition, downregulation of
EBNA1 in Raji Burkitt’s lymphoma (24) and NPC cells (55) using
RNA interference has been found to decrease cell proliferation.
Similarly, increased apoptosis was observed in Burkitt’s lym-
phoma cells overexpressing a dominant-negative form of the
EBNA1 mutant (28). Finally, EBNA1 expression in lymphoblas-
toid cell lines was shown to decrease apoptosis (34).

One mechanism by which EBNA1 contributes to cell survival is
by lowering p53 levels. This occurs as a result of EBNA1 binding

the cellular ubiquitin-specific protease USP7, which deubiquiti-
nates and stabilizes p53 (31). EBNA1 was found to block the
USP7-p53 interaction by competing for the same binding pocket
on USP7 (22, 41, 44). In keeping with these findings, the expres-
sion of EBNA1 (but not a USP7-binding mutant of EBNA1) in-
terfered with p53 stabilization after DNA damage, thereby de-
creasing apoptosis (41). In addition, EBNA1 limits p53 acetylation
and apoptosis and interferes with DNA repair by inducing the loss
of promyelocytic leukemia (PML) nuclear bodies, known to play
important roles in these processes (46, 47). The loss of the PML
bodies results from degradation of the PML tumor suppressor
proteins. This process involves EBNA1-mediated recruitment of
both USP7 and the cellular protein kinase CK2 (casein kinase 2) to
the PML bodies.

Genome-wide analyses of the cellular effects of EBNA1 have
been performed using microarray analyses, with various results (8,
48, 54). However, the ability of EBNA1 to affect the stability of p53
and PML proteins shows that EBNA1 can modulate the levels of
some proteins without affecting RNA levels, due to the ability of
EBNA1 to bind and reroute cellular-protein-modifying enzymes,
including USP7, CK2, and protein methyl transferases PRMT1
and PRMT5 (23). Since CK2 and USP7 affect multiple cellular
processes, it is likely that EBNA1 binding to these proteins will
affect the posttranslational modifications and/or levels of cellular
proteins in addition to p53 and PML. However, to date there are
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no comprehensive studies on the effects of EBNA1 on the human
proteome. To gain greater insights into the host cell alterations in
the presence of EBNA1, we used an unbiased proteomics-based
approach, 2-dimensional difference gel electrophoresis (2-D
DiGE), coupled with mass spectrometry to compare the pro-
teomes of an EBV-negative NPC cell line in the presence and ab-
sence of stable EBNA1 expression. This approach identified sev-
eral additional cellular proteins that are affected by EBNA1, and
the results suggest roles for EBNA1 in modulating oxidative stress
and metastases.

MATERIALS AND METHODS
Cell lines. The EBV-negative nasopharyngeal carcinoma cell line CNE2
(also called CNE2Z) and the CNE2E cell line that stably expresses EBNA1
have been previously described (47, 49). Both cell lines were grown at
37°C in alpha minimal essential medium (�MEM; Gibco) supplemented
with 10% fetal calf serum (Sigma), and 0.5 mg of hygromycin B/ml was
added to CNE2E cells to stably maintain EBNA1 expression. The EBV-
positive NPC cell line C666-1 has been previously described (12) and was
grown in HEPES-modified RPMI 1640 (Sigma).

Sample preparation for 2-D DiGE. Four 15-cm2 plates of CNE2 and
CNE2E cells at �90% confluence were harvested by scraping and washed
twice in phosphate-buffered saline (PBS). The cell pellet was resuspended
in a 10:1 ratio (buffer/pellet [vol/vol]) of cold hypotonic buffer (20 mM
Tris-HCl, pH 8.0, 2 mM MgCl2, 1 mM dithiothreitol [DTT], and 10 �l/ml
of protease inhibitor cocktail no. 8340 from Sigma-Aldrich) on ice for 10
min. The cells were then disrupted by hypotonic lysis using a Dounce
homogenizer (10 strokes of pestle B), and nuclei were pelleted by centrif-
ugation at 1,500 � g for 10 min at 4°C. The nuclear pellet was washed with
hypotonic buffer to remove any cytosolic proteins and then resuspended
in a 2:1 ratio (buffer/nuclear pellet) of buffer A (200 mM NaCl, 1% NP-40,
1 mM DTT, and protease inhibitors). After 15 min on ice, the extract
was subjected to centrifugation at 15,000 � g for 30 min, and the soluble
fraction (called the soluble nuclear fraction) was precipitated using a 2-D
clean-up kit (GE Healthcare) to remove salts according to the manufac-
turer’s recommendations and then resuspended in buffer B (8 M urea, 4%
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfo-
nate}, 1 mM DTT). The pellet fraction of the nuclear extract was solubi-
lized in buffer B to generate the chromatin-enriched fraction. Nucleic
acids in this fraction were then removed by the addition of 10 mM sperm-
ine followed by ultracentrifugation at 200,000 � g for 1 h, and proteins
were precipitated with the 2-D clean-up kit to remove spermine, as de-
scribed for the soluble nuclear samples.

2-D DiGE. Soluble nuclear and chromatin-enriched extracts were la-
beled with the fluorophores Cy3, Cy5, and Cy2 (GE Healthcare) accord-
ing to the manufacturer’s procedure. Two biological samples were used
for each fraction to achieve statistical confidence. Amounts of 50 �g of
lysates (�7 mg/ml) were minimally labeled with 400 pmol of dye for 30
min in the dark at 4°C. Samples from each cell line (CNE2 and CNE2E)
were labeled with either Cy3 or Cy5; dye swapping was also performed to
minimize labeling-dependent bias. Equal amounts of protein from all
four samples (for each fraction) were pooled to form an internal control,
50 �g of which was labeled with Cy2 to serve as a reference for spot
normalization and comparison between gels. The reaction was stopped by
the addition of 10 mM lysine and incubation for 10 min at 4°C. Labeled
samples from each set were combined in 2-D DiGE rehydration buffer (8
M urea, 4% CHAPS, 0.002% bromophenol blue, 0.5% immobilized pH
gradient [IPG] buffer [pH 3 to 11], and 40 mM DTT).

The 1st-dimension isoelectric focusing (IEF) of Cy3-, Cy5-, and Cy2-
labeled protein samples was performed on an Ettan IPGPhor II electro-
phoresis system (GE Healthcare) using 13-cm Immobiline DryStrips, pH
3 to 11, nonlinear (GE Healthcare). IEF was performed at 20°C with the
following parameters: 50 �A/strip for 14 h of rehydration, stepped to 500
V for 3.5 kV/h, gradient stepped to 1,000 V for 0.8 kV/h, gradient stepped
to 8,000 V for 14 kV/h, and 8,000 V for 10 kV/h. Proteins in the IPG strips

were reduced and alkylated with 1% DTT and 4% iodoacetamide, respec-
tively, in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30%
glycerol, 2% SDS, and 0.00125% bromophenol blue) for 15 min. The
2nd-dimension separation was done using 13% SDS-PAGE at 4°C with 15
min at 10 mA followed by 5 h at 30 mA. The 2-D gels were scanned on a
Typhoon scanner (GE Healthcare) at a 100-�m resolution with � excita-
tion/� emission values of 488/520, 532/580, and 633/670 nm for Cy2, Cy3,
and Cy5, respectively, and were then analyzed using DeCyder software
(version 6.5; GE Healthcare). Gels were matched, and protein spots
were automatically and manually landmarked for determination of
protein abundance. The average volume ratio of each spot was deter-
mined with normalization and statistical analysis (using analysis of
variance [ANOVA] and Student’s t test [P � 0.01]). Protein spots were
considered to be of interest if there was a volume ratio change of �1.5
(decreased) or �1.5 (increased) between the CNE2 and CNE2E samples
with Student’s t test values at 99% statistical confidence (P � 0.01).

Protein identification by mass spectrometry. Preparative 2-D gels for
protein identification were used to analyze 300 �g of unlabeled protein
samples as described above (150 �g each from CNE2 and CNE2E sam-
ples). The 2-D gels were then stained overnight using colloidal Coomassie
dye (17% ammonium sulfate, 3% ortho-phosphoric acid, 34% methanol,
0.1% G-250). Spots of interest were manually excised by matching the
preparative 2-D gels to analytical gels. These were subjected to overnight
in-gel trypsin digestion using 13 ng of trypsin (Sigma) per �l of gel dis-
solved in 50% acetonitrile, 25 mM ammonium bicarbonate. Peptides
were extracted in 16 �M ammonium bicarbonate, then 0.02% formic
acid, then 40% acetonitrile for 10 min each (repeated twice). Mass spec-
trometry on extracted peptides was performed by the Advanced Protein
Technology Centre (Hospital for Sick Children, Toronto, ON, Canada),
using an on-line liquid chromatography (LC)-tandem mass spectrometry
setup using an Agilent 1100 capillary LC system (Palo Alto, CA) fitted to a
linear trap quadrupole (LTQ) ion trap mass spectrometer (Thermo Elec-
tron, San Jose, CA). A C18 precolumn (100-�m inner diameter by 5.0-cm
length) and a micro-liquid chromatography analytical column (75 �m by
10 cm) that also served as a micro-electrospray ionization emitter was
used to separate the digested proteins. The identity of peptides was deter-
mined using Mascot (version Mascot; Matrix Science, London, United
Kingdom) and validated using Scaffold (version Scaffold_2_06_00; Pro-
teome Software, Inc., Portland, OR). Some spots were also analyzed by
matrix-assisted laser desorption ionization–time of flight (MALDI-TOF)
mass spectrometry after in-gel trypsin hydrolysis. The peptides were pu-
rified and analyzed by MALDI-TOF mass spectrometry using a cyano-4-
hydroxycinnamic acid matrix (Sigma) on a Voyager DE-STR instrument
(Applied Biosystems). Identification of the proteins using these mass fin-
gerprinting data was carried out using ProFound software.

Western blotting. Whole-cell lysates were generated by lysing cells in
8 M urea, 10 mM Tris, pH 8.0, followed by clarification by centrifugation.
Amounts of 15 �g of soluble nuclear (obtained as described above) or 50
�g of whole-cell lysates were subjected to 15% SDS-PAGE and transferred
to polyvinylidene difluoride membranes. Membranes were blocked in 5%
nonfat dry milk in PBS and then incubated with antibodies against stath-
min 1/Op18 (sc-55531; Santa Cruz), maspin (sc-22762; Santa Cruz), su-
peroxide dismutase 1 (SOD1) (sc-11407; Santa Cruz), Nm23-H1 (sc-343;
Santa Cruz), Prx1 (ab15571; Abcam), NADPH oxidase 1 (NOX1) (NBP1-
31546; Novus Biologicals), NOX2 (catalog no. ab80508; Abcam), EBNA1
(OT1X; kindly supplied by Jaap Middeldorp), or actin (Ab-1; Oncogene
Research Products). After washing, blots were probed with goat anti-
mouse peroxidase or goat anti-rabbit peroxidase (Santa Cruz) and devel-
oped using enhanced chemiluminescence/chemifluorescence reagents
(ECL Plus; GE Healthcare). Bands were imaged on a Typhoon scanner
and quantified using Image Quant software.

RNA interference. Amounts of 1.5 � 105 CNE2E or C666-1 cells were
transfected with 50 pmol small interfering RNA (siRNA) against green
fluorescent protein (GFP) (GCAAGCUGACCCUGAAGUUCAU) or
EBNA1 (GGAGGUUCCAACCCGAAAUTT) using 2 �l Lipofectamine
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2000 (Invitrogen). Cells underwent three rounds of transfection separated
by 24 h (CNE2E) or 48 h (C666-1).

Transient EBNA1 expression. EBNA1 (with a C-terminal sequential
peptide affinity [SPA] tag) was transiently expressed in CNE2 cells using
an adenovirus delivery system. To generate the adenovirus, the coding
sequence for the SPA tag (56) was first inserted between the EcoRI and
NotI sites of the multicloning site of pENTR4 (Invitrogen), and then an
EBNA1 or LacZ coding sequence was individually inserted between the
BamHI and KpnI sites of the multicloning site to generate constructs
expressing C-terminally tagged EBNA1 or LacZ. The Adenoviral Gateway
Expression system (Invitrogen) was used to make the adenovirus carrying
the EBNA1 or LacZ cassettes. CNE2 cells in 15-cm2 plates at 70% conflu-
ence were infected with the LacZ or EBNA1 adenovirus, and the expres-
sion of EBNA1 and LacZ in the majority of the cells was verified by im-
munofluorescence microscopy. Cells were harvested 48 h postinfection
for Western blot analysis.

Intracellular ROS measurements. Changes in intracellular reactive
oxygen species (ROS) levels were determined by 2=,7=-dichlorodihydro-
fluorescein diacetate (H2DCF-DA; Molecular probes) labeling. Cells at
�70% confluence were loaded with 10 �M H2DCF-DA in PBS for 30 min
at 37°C. Cells were then washed with PBS and scraped for analysis by flow
cytometry using excitation and emission settings of 488 nm and 530 nm,
respectively. The mean fluorescence peak was analyzed from the gated cell
population of 10,000 cells. Experiments were performed with three bio-
logical replicates. Flow cytometry analysis was performed at the Univer-
sity of Toronto, Faculty of Medicine, Flow Cytometry Facility.

RNA extraction and real-time PCR analysis. Total cellular RNA was
isolated using TRIzol reagent (Invitrogen), following the manufacturer’s
instructions. Total cDNA synthesis was performed using a mixture of
total cellular RNA (1 �g), random hexamers (200 ng), oligo(dT) (0.5 �g),
and 1 mM deoxynucleoside triphosphates (dNTPs) in a final 12-�l vol-
ume. The mixture was incubated at 65°C for 5 min and quick chilled on
ice, and then 8 �l of reaction mixture (4 �l 5� First Strand buffer, 2 �l 0.1
M DTT, 40 units RNaseOUT, and 100 units SuperScript II reverse trans-
criptase) was added to each sample. The samples were then incubated at
room temperature for 10 min, followed by incubation at 42°C for 30 min
and heat inactivation at 85°C for 5 min. The cDNA products were used for
real-time quantitative PCR analysis in a final 10-�l volume consisting of 1
�l 10-fold-diluted cDNA products, 2 mM forward and reverse primer
mix, and 5 �l SsoFast EvaGreen supermix (catalog no. 172-5201; Bio-
Rad). A Rotor-Gene RG-3000A real-time PCR machine (Corbett Re-
search) was used with the following cycling parameters: initial denatur-
ation/enzyme activation at 95°C for 10 min, followed by 45 cycles of 95°C
for 10 s, 55°C for 15 s, and 72°C for 25 s. The human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was used as the reference gene
to normalize the expression level between samples, and expression varia-
tions were calculated using the cycle threshold (��CT) method. All
primer sequences are shown in Table 1.

RESULTS
2-D DiGE strategy for analysis of the effects of EBNA1 on the
nuclear proteome. In order to more globally determine the effects
of EBNA1 on the host cell proteome, we used 2-D DiGE to com-

pare an EBV-negative NPC cell line that stably expresses EBNA1
(CNE2E) (47) to the parental CNE2 cell line lacking EBNA1 ex-
pression. CNE2E cells express EBNA1 from an integrated cassette
at a low level similar to that of EBV-positive NPC cells. Since
EBNA1 is a nuclear protein with several nuclear functions, we
were particularly interested in surveying its effects on the nuclear
proteome and, therefore, compared nuclear extracts of CNE2 and
CNE2E cells. We chose the 2-D DiGE method, involving the la-
beling of protein samples with fluorescent Cy dyes prior to 2-D
electrophoresis, because it allows for visualization and quantifica-
tion of differences in protein abundance between samples and is
conducive to statistical analysis. For better separation and visual-
ization of abundant proteins, we further fractionated the nuclear
extract into two parts, soluble and chromatin-enriched fractions,
and subjected them individually to 2-D DiGE. In order to achieve
high statistical confidence, two biological samples were used and
each set of samples was analyzed twice, with dye swapping (Cy3
and Cy5). Additionally, internal controls in which an equal mix-
ture of the samples was labeled with a third dye (Cy2) were used
for accurate analysis between gels. In total, 4 gels were analyzed for
each nuclear fraction. Figure 1A illustrates the strategy used in
detail. For protein identification, preparative gels were run with
unlabeled samples and stained with colloidal Coomassie dye, and
protein spots of interest were excised and subjected to mass spec-
trometry.

Identification of differentially expressed proteins in the
presence of EBNA1. Comparison of normalized spot volumes of
the two differentially labeled samples (from CNE2 and CN2E
cells) identified spot volumes that were increased or decreased
between the cell lines. Approximately 1,000 spots were detected in
the gels for the soluble nuclear fraction, 50 of which showed an
average volume ratio change of �1.5-fold or greater with a P value
of less than 0.01 (based on Student’s t test). For the chromatin
fraction, 3 out of 600 spots were differentially expressed with at
least a 1.5-fold difference (Fig. 1B). Figure 2 shows representative
2-D gels generated from the soluble nuclear (Fig. 2A) and
chromatin-enriched (Fig. 2B) fractions. Nineteen of the EBNA1-
modulated protein spots were excised from the preparative gel of
the soluble nuclear fraction for identification, while 2 EBNA1-
modulated spots were excised from the chromatin-enriched gel
(indicated by numbered spots in Fig. 2A and B). Table 2 summa-
rizes the identity of the excised proteins as determined by mass
spectrometry. Stathmin 1 (also called OP18), peroxiredoxin 1
(Prx1), and nonmetastatic protein 23 (Nm23-H1) were reliably
identified and increased the most in abundance with EBNA1 ex-
pression. Of the proteins that decreased in abundance with
EBNA1 expression, the most striking was the microRNA regula-
tory protein KSRP, followed by tapasin, which is involved in an-

TABLE 1 Primers used for mRNA quantification by real-time PCR

Gene product Forward primer Reverse primer

GAPDH 5=-GAGTCAACGGATTTGGTCGT-3= 5=-AATGAAGGGGTCATTGATGG-3=
NOX1 5=-TAGGCGCCCTAAGTTTGAAG-3= 5=-AAACCGGAGGATCCTTTCAC-3=
NOX2 5=-CCCTTTGGTACAGCCAGTGAAGAT-3= 5=-CAATCCCAGCTCCCACTAACATCA-3=
PRX1 5=-AGCTAGCGAGATTTTCCAAAGCATATGGT-3= 5=-GAAGCTTCATGTTTCATCTACAGATCGTCC-3=
SOD1 5=-CTGAAGGCCTGCATGGATTC-3= 5=-CCAAGTCTCCAACATGCCTCTC-3=
STMN1 5=-GTTCCAGAATTCCCCCTTTC-3= 5=-TCTCGTGCTCTCGTTTCTCA-3=
XDH 5=-AGGTGGACCACTTCAGCAAT-3= 5=-GTTGGAGGGAAGGTTGGTTT-3=

Cao et al.
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tigen presentation for the major histocompatibility complex
(MHC) class 1 molecules. Interestingly, several proteins that were
found to increase in the presence of EBNA1 are involved in oxi-
dative stress, including the antioxidants superoxide dismutase 1
(SOD1), Prx1, Prx6, and glutathione S-transferase (GST). In ad-
dition, three proteins known to affect metastasis (Nm23-H1, mas-
pin, and stathmin 1) were increased with EBNA1 expression, sug-
gesting that EBNA1 may affect the ability of EBV-transformed
tumor cells to metastasize. Interestingly, our finding of increased
Nm23-H1 levels in the nuclear extracts with EBNA1 is consistent
with a previous report that Nm23-H1 interacts with EBNA1 in B
lymphocytes and is relocalized by EBNA1 to the nucleus (36).

Validation of EBNA1-mediated modulation of candidate
proteins. To validate the effects of EBNA1 expression on candi-

date proteins identified as described above, Western blots were
performed on whole-cell and nuclear extracts from cells with and
without EBNA1 expression. Since our DiGE analysis identified
two major pathways (oxidative stress and metastasis) as being al-
tered by EBNA1, validation was focused on proteins from these
pathways. In particular, the antioxidants SOD1 and Prx1 were
further investigated since they showed the greatest change by
DiGE analysis. Validation of the metastasis proteins focused on
stathmin 1 and maspin since studies validating the effect of
EBNA1 on Nm23-H1 have been previously performed (36). Com-
parison of CNE2 and CNE2E extracts from 3 biological samples
showed that stable expression of EBNA1 resulted in significant
increases in stathmin 1 and Prx1 in both whole-cell and nuclear
extracts (Fig. 3A). Smaller but still statistically significant increases

FIG 1 Experimental design and analysis. (A) Flow chart showing the details of the 2-D DiGE strategy used for identification of candidate proteins. LC-MS/MS,
liquid chromatography-tandem mass spectrometry. (B) Summary of the number of candidate proteins identified using DeCyder analysis, selection criteria for
protein spots of interest, and number of spots picked on preparative gels for identification via mass spectrometry.
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FIG 2 Analytical gels from 2-D DIGE. Representative 2-D DiGE Cy3 and Cy5 gel images from soluble nuclear (A) and chromatin-enriched (B) fractions are
shown. Amounts of 50 �g of CNE2 (Cy3) and CNE2E (Cy5) protein samples, along with 50 �g of internal control samples, were run on 13-cm, pH 3 to 11,
nonlinear Immobiline DryStrips gels (1st dimension) and 13% SDS-PAGE (2nd dimension). The positions of the differentially expressed protein spots picked
for mass spectrometry are indicated by the numbers, which correspond to the protein spot numbers in Table 2.
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were also seen for maspin in both extracts from EBNA1-
expressing cells. For SOD1 levels, little difference was detected in
whole-cell extracts from CNE2 and CNE2E cells; however, SOD1
levels were increased 3-fold in CNE2E nuclear extracts compared
to the levels in CNE2 nuclear extracts. This suggests that EBNA1
increases the nuclear localization of SOD1. Overall, the results
confirmed the findings of the 2-D DiGE that stable EBNA1 expres-
sion increased the nuclear levels of stathmin 1, maspin, SOD1, and
Prx1. Since CNE2E cells are normally grown in hygromycin to
maintain EBNA1 expression, we also repeated the experiments
whose results are shown in Fig. 3A with CNE2E cells grown for a
week without hygromycin to determine if hygromycin affected the
results (Fig. 3B). However, the same protein changes in CNE2E
cells relative to CNE2 cells were seen as in the experiments whose
results are shown in Fig. 3A, indicating that hygromycin does not
affect the levels of the proteins in question.

Next, we validated the effects of EBNA1 on these host proteins
by comparing protein abundance in CNE2E cells after downregu-

lation of EBNA1 with siRNA to protein abundance in CNE2E cells
treated with nonspecific siRNA against GFP (Fig. 4A). Downregu-
lation of EBNA1 resulted in small but statistically significant de-
creases in stathmin 1 and SOD1 in both the whole-cell and nuclear
extracts. Consistent with the results shown in Fig. 3A, EBNA1
depletion decreased maspin levels in the nuclear extract more than
in the whole-cell extract and decreased Prx1 more in the whole-
cell extract than in the nuclear extract. Note that whole-cell ex-
tracts not only differ from nuclear extracts in containing cyto-
plasm but also contain additional nuclear proteins that leach out
of the nucleus upon cell lysis. To ensure that the EBNA1 siRNA
was not affecting proteins independent of EBNA1, we also com-
pared the specific protein levels in CNE2 cells after GFP and
EBNA1 siRNA treatments (Fig. 4B). However, in the absence of
EBNA1, EBNA1 siRNA treatment had no effect on the whole-cell
or nuclear levels of any of the proteins in question. Therefore, the
EBNA1 depletion results further confirm the findings from the
2-D DiGE analysis.

FIG 3 Validation of candidate proteins by Western blotting. (A) A representative Western blot comparing CNE2 and CNE2E whole-cell (WC) and nuclear
(Nuc) extracts probed with the antibodies indicated to the left of the gels and detected by enhanced chemifluorescence. Histograms show average values with
standard errors of the bands from three independent experiments; values for CNE2 extracts (dark bars) are set to 1. P values are calculated using Student’s t test
and are indicated as follows: �, P � 0.05; ��, P � 0.01; ���, P � 0.001. (B) CNE2E cells were grown for 1 week without hygromycin and compared to CNE2 cells
by performing Western blots as described above.
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Assessment of immediate effects of EBNA1. We next asked
whether the EBNA1-induced changes observed with stable
EBNA1 expression occur gradually (as might be expected if
EBNA1 affects the protein level indirectly) or whether these
changes are due to more immediate/direct effects of EBNA1. To
this end, we compared the whole-cell and nuclear extracts of
CNE2 cells with and without transient expression of EBNA1. To
ensure that EBNA1 expression occurred in the majority of the
cells, an adenovirus-based system was used to deliver either
EBNA1 or the LacZ negative control to the CNE2 cells, and cells
were harvested 48 h postinfection for Western blot analysis (Fig.
5A). Consistent with the results from stable EBNA1 expression,
transient EBNA1 expression resulted in increased nuclear levels of
stathmin 1, SOD1, and maspin (although the increase in maspin
from multiple experiments was not statistically significant due to
higher variability). However, unlike the result for stable expres-
sion of EBNA1, we did not observe an increase in stathmin 1
expression in whole-cell lysates, nor did we detect any EBNA1-
induced increase in Prx1 in either whole-cell or nuclear extracts.

Therefore, the results suggest that the nuclear increases in stath-
min 1, SOD1, and possibly, maspin are immediate effects of
EBNA1 expression, while increases in Prx1 and in whole-cell levels
of stathmin 1 only occur after more prolonged EBNA1 expression.

Assessment of the effects of EBNA1 in EBV-positive NPC.
We also examined whether EBNA1-mediated changes in the levels
of the candidate cellular proteins occurred in the context of EBV-
infected NPC cells. For these experiments, we used the only natu-
rally EBV-positive NPC cell line that stably maintains EBV ge-
nomes, C666-1 (12). EBNA1 expression was downregulated in
C666-1 cells using siRNA against EBNA1, and cell extracts were
compared to extracts of C666-1 cells treated with negative-control
siRNA (against GFP). Western blots of whole-cell and nuclear
extracts showed that EBNA1 downregulation modestly decreased
the whole-cell levels of stathmin 1, SOD1, and Prx1 (Fig. 6) and
had a greater effect on SOD1 nuclear levels (consistent with the
results shown in Fig. 3A and 5). Note that EBNA1 was only par-
tially depleted in these experiments and, therefore, large effects on
protein levels were not expected. Interestingly, only a small frac-

FIG 4 Effect of EBNA1 depletion on candidate protein expression. (A) CNE2E cells were transfected with siRNA against EBNA1 (siE/siEBNA1) or GFP
(siG/siGFP), and cells were grown in the absence of hygromycin. A representative Western blot comparing whole-cell (WC) and nuclear (Nuc) extracts is shown.
Western blots and quantification were performed as described for Fig. 3A except that values for extracts from GFP siRNA-treated samples (light bars) are set to
1. (B) CNE2 cells (lacking EBNA1 expression) were treated with siRNA against EBNA1 or GFP, and then whole-cell and nuclear lysates were analyzed by Western
blotting.
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tion of the stathmin 1 in the C666-1 cells was found to be in the
nucleus, in contrast to its largely nuclear localization in CNE2 and
CNE2E cells. In addition, we found that C666-1 cells had very low
levels of maspin, which precluded reliable detection and quantifi-
cation of the effects of EBNA1 silencing (data not shown). The
data suggest that, as in EBV-negative NPC cells, EBNA1 increases
the levels of stathmin 1, Prx1, and SOD1 in EBV-positive NPC
cells.

Stable EBNA1 expression increases ROS levels and transcrip-
tion of NOX1 and NOX2 oxidases. Since we observed an upregu-
lation of several antioxidants (i.e., SOD1, Prx1, Prx6, and GST) in
the presence of EBNA1 in our 2-D DiGE screen, we wondered if
EBNA1 affected the balance of redox regulation in NPC cells. For

this purpose, we compared the intracellular levels of reactive ox-
ygen species (ROS) between CNE2 and CNE2E cells by labeling
with DCF-DA, a membrane-permeant indicator that fluoresces
upon oxidation (15). We observed that the EBNA1-expressing
cells had about 7-fold-higher levels of ROS than the same cells
lacking EBNA1 (Fig. 7A). Very similar results were obtained when
CNE2E cells were grown for a week without hygromycin and com-
pared to CNE2 cells (data not shown), showing that hygromycin is
not responsible for the difference in ROS levels.

The accumulation of ROS may be caused by enhanced oxida-
tive metabolism or by downregulation of antioxidants (52). Since
we observed increased ROS in CNE2E cells even with the in-
creased abundance of several antioxidants, we investigated the

FIG 5 Effect of transient EBNA1 expression on candidate proteins. A representative Western blot and quantification comparing CNE2 cells after delivery of
EBNA1 or LacZ expression cassettes via adenovirus infection. Details are as described for Fig. 3A. Values for LacZ-transfected samples (dark bars) were set to 1
in the histograms.
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cellular levels of other players in redox regulation, particularly
oxidases involved in ROS generation. To this end, we extracted
total mRNA from CNE2 and CNE2E cells and compared the tran-
script levels of NADPH oxidases (NOX1 and NOX2) and xanthine
oxidase (XDH) (Fig. 7B). We consistently detected large increases
in the levels of NOX1 and NOX2 transcripts (4.5-fold on average)
and a slight increase in XDH transcripts (1.5-fold on average) in
the presence of EBNA1. An increase in NOX1 and NOX2 proteins
was also seen in CNE2E cells compared to the levels in CNE2 cells
(Fig. 7C), and these levels were decreased by treating CNE2E cells
with siRNA against EBNA1 (Fig. 7D). The data indicate that
EBNA1 increases ROS production and NOX1 and NOX2 levels in
CNE2 cells, suggesting that increased ROS may be due to in-
creased levels of oxidases.

We also examined whether EBNA1 affected NOX1, NOX2, or
ROS in C666-1 cells by comparing the levels of these proteins in
cells treated with siRNA against GFP or EBNA1. EBNA1 down-
regulation in these cells was found to decrease NOX2 but not
NOX1 levels (Fig. 7E) and to result in a small but statistically
significant decrease in ROS levels (Fig. 7F). We conclude that
EBNA1 affects ROS and NOX2 in NPC cell lines and that effects
on NOX1 vary in different cell lines.

EBNA1 increases stathmin 1 transcripts. As part of the tran-
script quantification shown in Fig. 7B, we also examined the effect
of EBNA1 expression on Prx1, SOD1, and stathmin 1 transcripts
in order to determine if the EBNA1-induced increased levels of
these proteins in nuclei were due to effects on the RNA transcripts

or occurred at the protein level. We observed 3-fold-increased
levels of stathmin 1 transcripts in the presence of EBNA1, suggest-
ing that the increase in protein abundance described above is due
to effects on stathmin 1 transcripts. In contrast, we did not see a
significant change in the level of SOD1 or Prx1 transcripts in the
presence of EBNA1, suggesting that EBNA1 was not stimulating
transcription of these mRNAs but, rather, might be affecting the
stability or nuclear localization of these proteins.

DISCUSSION

Considerable evidence indicates that EBNA1 makes important
contributions to EBV-induced cell immortalization and malig-
nant transformation. Some of these EBNA1 effects stem from the
ability of EBNA1 to bind several cellular protein-modifying en-
zymes, thereby affecting the stability of some host proteins. To
gain a more comprehensive understanding of the cellular proteins
affected by EBNA1, we used the 2-D DiGE proteomic approach
coupled to mass spectrometry. 2-D DiGE technology is a powerful
and quantitative tool to address proteomic changes in complex
samples. This and related 2-D gel techniques have been used pre-
viously to provide insight into cellular changes induced by viral
infection or by specific viral proteins (1, 2, 7, 9, 14, 42, 53). Using
this approach, we have identified 19 cellular proteins whose abun-
dance is altered in the presence of EBNA1 in NPC cells. These
alterations include the upregulation of several proteins involved
in metastasis and redox regulation. In addition, cells expressing
EBNA1 had decreased levels of a few proteins, most notably KSRP,
an interferon-responsive regulator of microRNA biogenesis (32,
51), and tapasin, a protein important for MHC class I antigen
presentation (18, 21). Recent studies suggest that regulation of
viral and host miRNA may be an important component of NPC
(11, 13, 57), and hence, the effects of EBNA1 on KSRP could have
biologically important outcomes for miRNA expression. The
downregulation of tapasin suggests that EBNA1 may damp down
MHC class I-mediated antigen presentation in NPC. In keeping
with this possibility, NPC tumor biopsy specimens have been re-
ported to have decreased tapasin and HLA class I antigens (37).

The DiGE results showed that EBNA1 upregulated the nuclear
levels of three different proteins that contribute in various ways to
metastases: stathmin 1, maspin, and Nm23-H1. These findings are
in keeping with a previous report that EBNA1 expression in
HONE-1 nasopharyngeal carcinoma cells increased primary tu-
mor formation, as well as metastases, in nude mice (45). The abil-
ity of EBNA1 to increase nuclear levels of Nm23-H1, a negative
regulator of metastases, has been previously reported in B lym-
phocytes and involves relocalization of Nm23-H1 to the nucleus
(36). This interaction was found to counteract Nm23-H1-
mediated suppression of cell migration and, thereby, increase the
metastatic potential of EBNA1-expressing cells. In addition, a
subsequent study showed that EBNA1 expression in a breast car-
cinoma cell line reversed the growth inhibitory effect of Nm23-H1
and increased lung metastases (27). The fact that our 2-D DiGE
screen identified the nuclear enrichment of Nm23-H1 provides
confidence in our method.

In addition to effects on Nm23-H1, we found that EBNA1 also
increased the nuclear levels of maspin and stathmin 1, both of
which have been found to contribute to metastases. Therefore, the
published reports of increased metastases in the presence of
EBNA1 may be due to multiple EBNA1 effects. Maspin is a serine
protease inhibitor (also called serpin B5) involved in cell adhesion,

FIG 6 Effect on candidate proteins of EBNA1 silencing in EBV-positive cells.
A representative Western blot and quantification comparing EBV-positive
C666-1 cells after transfection with siRNA against EBNA1 (siE/siEBNA1) and
GFP (siG/siGFP) are shown. Details are as described for Fig. 3A. Values for
GFP siRNA-treated samples (light bars) were set to 1. Both dark (D) and light
(L) exposures of the same stathmin blot are shown.
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motility, apoptosis, and angiogenesis (29). It is usually considered
to be a tumor suppressor (4) but has been reported to both inhibit
and increase metastatic potential in different systems (43, 50). By
Western blotting, we confirmed the nuclear enrichment of mas-
pin in NPC cells stably and transiently expressing EBNA1, as well
as decreased nuclear levels upon EBNA1 silencing.

We also confirmed by Western blotting that EBNA1 upregu-
lates stathmin 1 in NPC cell nuclei. This increase is detectable after
transient EBNA1 expression but is more pronounced in cells sta-
bly expressing EBNA1. Stathmin 1 is a regulator of microtubule
dynamics that stimulates cell proliferation, migration, and meta-
static potential and is upregulated in many cancers (6, 25, 39).
Interestingly, the transcription of stathmin 1 is negatively regu-
lated by p53 (16) and we have previously shown that EBNA1 de-
stabilizes p53 (41). This suggests that EBNA1 may increase stath-
min 1 transcription due to its ability to decrease p53 levels. In
keeping with this hypothesis, EBNA1 was indeed found to in-
crease the level of stathmin 1 transcripts, suggesting that the in-
creased levels of stathmin 1 in the nucleus result from a transcrip-
tional effect. Stathmin 1 has also been reported to be aberrantly
regulated by EBV latent-membrane protein 1 (LMP1) in NPC,
thereby promoting cell proliferation (33). Our findings suggest
that EBNA1 may also contribute to deregulation of stathmin 1 in
NPC.

A second group of proteins that we found to be upregulated by
EBNA1 are involved in the oxidative stress response, including the
antioxidants SOD1 and Prx1. The EBNA1-induced increase in
both of these proteins was validated by Western blotting, although
only SOD1 was increased in cell nuclei after transient EBNA1
expression, suggesting that changes in Prx1 occur more gradually.
The levels of transcripts encoding these proteins were unaffected
by EBNA1, suggesting that EBNA1 affects these proteins at the
protein level. In addition, our findings that SOD1 levels were pref-
erentially increased in the nuclear fraction suggest that EBNA1
may increase the nuclear localization of SOD1, similar to its effects
on Nm23-H1. SOD1 facilitates the conversion of free superoxide
radicals into oxygen and hydrogen peroxide and is distributed in
the cytoplasm, nucleus, and mitochondrial intermembrane space
(35). SOD1 in the nucleus protects genomic integrity, as depletion
of nuclear SOD1 increases DNA damage and reduces viability
(26). Therefore, our finding that EBNA1 increases SOD1 levels in
the nucleus may suggest a way of counteracting genome instabil-
ity. Interestingly, high levels of autoantibodies against SOD1 have
been identified in NPC patients, which is consistent with EBV-
mediated SOD1 induction (19). SOD1 induction by viruses ap-
pears to be a conserved phenomenon, as various 2-D gel analyses
comparing cells before and after infection with respiratory syncy-
tial virus, African swine fever virus, rice yellow mottle virus, and

FIG 7 Effect of EBNA1 on ROS, NOX1, and NOX2. (A) ROS levels were
measured by monitoring changes in oxidized DCF fluorescence in CNE2 and
CNE2E cells. Fluorescence-activated cell sorting data from one representative
experiment are shown (left panels), along with quantification of results from
multiple experiments shown in the histogram. Bars represent means � stan-
dard errors of three independent experiments. ���, P � 0.0001. (B) Total RNA
was extracted from CNE2 and CNE2E cells and subjected to quantitative

reverse transcription-PCR for NOX1, NOX2, XDH, SOD1, PRX1, and stath-
min transcripts. Data were normalized to values for GAPDH and expressed as
fold change of results for CNE2E relative to results for CNE2 cells. Bars repre-
sent means � standard errors of three independent experiments measured in
triplicate. (C to E) Western blots were performed on whole-cell lysates with the
indicated antibodies, comparing CNE2 and CNE2E (2E) cells (C), CNE2E cells
with GFP (siG) and EBNA1 (siE) siRNA treatments (D), and C666-1 cells with
GFP and EBNA1 siRNA treatments (E). Different exposure times were used for
the different experiments to maximize protein detection over background. (F)
ROS levels in C666-1 cells after GFP (siGFP) and EBNA1 (siEBNA1) siRNA
treatments were measured as described for panel A.
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tobacco mosaic virus all reported significant induction of SOD,
although the other oxidative stress response proteins induced by
EBNA1 were not commonly reported (1, 7, 9, 53).

The observation of EBNA1-induced antioxidants prompted us
to ask if EBNA1 also induced ROS, as increased ROS could pro-
mote the expression of antioxidants to counteract the ROS. In-
deed, we observed increased ROS levels in NPC cells stably ex-
pressing EBNA1. This effect may be due to EBNA1-mediated
transcriptional activation of NADPH oxidases, as we detected in-
creases in NOX1 and NOX2 transcripts and proteins in EBNA1-
expressing cells. We also found that EBNA1 depletion in C666-1
cells decreased NOX2 and ROS, suggesting a link between NOX2
and EBNA1-induced ROS levels. These observations are consis-
tent with those of Gruhne et al. (20), who found that EBNA1
increased ROS and NOX2 levels in B cells. In addition, primary
EBV infection has been shown to increase oxidative stress in B
cells, epithelial cells, and lymphoblastoid cell lines (30), as well as
in EBV-positive tumor cells (5, 10). In contrast to our results,
Gruhne et al. (20) reported that EBNA1 did not affect ROS or
NOX2 transcripts in epithelial cells. However, this conclusion was
based on EBNA1 expression in epithelial cells by transient trans-
fection, which would require an immediate effect of EBNA1. We
were also unable to detect EBNA1 induction of ROS after transient
EBNA1 expression (data not shown), indicating that this EBNA1
effect occurs gradually and may be indirect. In contrast, increased
levels of nuclear SOD1 were detected after transient EBNA1 ex-
pression, suggesting that ROS induction is not a prerequisite for
the EBNA1-mediated SOD1 nuclear increase and that these two
effects may occur independently. Nonetheless, the interplay be-
tween these counterbalancing effects may be important for cell
survival.

In conclusion, our proteomics study showed that EBNA1 af-
fects the levels of a small percentage of the host proteins and that
these proteins are enriched for those associated with oxidative
stress responses and those that affect cell motility and prolifera-
tion. The latter effects suggest that EBNA1 may increase the met-
astatic potential of EBV-positive NPC cells, while the gradual ac-
cumulation of ROS suggests a mechanism by which EBNA1 may
contribute to the genomic instability observed in NPC. The results
further strength the growing contention that EBNA1 directly con-
tributes to the development of NPC.
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