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Abstract

Seroepidemiological studies imply a correlation between Epstein-Barr virus (EBV) reactivation and the development of
nasopharyngeal carcinoma (NPC). N-nitroso compounds, phorbols, and butyrates are chemicals found in food and herb
samples collected from NPC high-risk areas. These chemicals have been reported to be risk factors contributing to the
development of NPC, however, the underlying mechanism is not fully understood. We have demonstrated previously that
low dose N-methyl-N"-nitro-N-nitrosoguanidine (MNNG, 0.1 pg/ml) had a synergistic effect with 12-O-tetradecanoylphorbol-
13-acetate (TPA) and sodium butyrate (SB) in enhancing EBV reactivation and genome instability in NPC cells harboring EBV.
Considering that residents in NPC high-risk areas may contact regularly with these chemical carcinogens, it is vital to
elucidate the relation between chemicals and EBV and their contributions to the carcinogenesis of NPC. In this study, we
constructed a cell culture model to show that genome instability, alterations of cancer hallmark gene expression, and
tumorigenicity were increased after recurrent EBV reactivation in NPC cells following combined treatment of TPA/SB and
MNNG. NPC cells latently infected with EBV, NA, and the corresponding EBV-negative cell, NPC-TWO01, were periodically
treated with MNNG, TPA/SB, or TPA/SB combined with MNNG. With chemically-induced recurrent reactivation of EBV, the
degree of genome instability was significantly enhanced in NA cells treated with a combination of TPA/SB and MNNG than
those treated individually. The Matrigel invasiveness, as well as the tumorigenicity in mouse, was also enhanced in NA cells
after recurrent EBV reactivation. Expression profile analysis by microarray indicates that many carcinogenesis-related genes
were altered after recurrent EBV reactivation, and several aberrations observed in cell lines correspond to alterations in NPC
lesions. These results indicate that cooperation between chemical carcinogens can enhance the reactivation of EBV and,
over recurrent reactivations, lead to alteration of cancer hallmark gene expression with resultant enhancement of
tumorigenesis in NPC.
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antibodies against EBV [6,7]. These studies strongly support the

notion that EBV plays an etiological role in the carcinogenesis of
Nasopharyngeal carcinoma (NPC) is a common cancer in the NPC.

southern part of China, Taiwan and southeastern Asia. Genetic,
environmental and microbial factors have been incriminated in
the carcinogenesis of NPC [1,2]. Epstein-Barr virus (EBV),
a human gamma-herpesvirus, is the etiological agent of infectious
mononucleosis and is implicated in the development of several
human malignancies, including NPC. Retrospective studies
revealed that the sera of NPC patients contained antibodies

Introduction

The consumption of Cantonese-style salted fish has been
associated with NPC since 1972 [8]. It was found that volatile
MNenitrosamines and their precursors are present in foodstuffs from
NPC high risk areas and are a potential etiological factor for NPC
[9,10]. Preserved food samples from NPC high risk areas were
found to contain EBV inducers and mutagens, as well as N-
nitrosamines [11]. Moreover, it has also been shown that various

against EBV prior to diagnosis and prospective studies also
indicated that individuals with elevated antibodies against EBV
have a higher risk of the development of NPC [3-5]. In addition,
seroepidemiological studies revealed that populations living in

NPC high risk areas have higher frequencies and levels of
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chemicals, including phorbol esters and n-butyrate which are
present in several herbal medicines and food sources, can induce
the EBV lytic cycle and may be involved in the tumorigenesis of
NPC [12-14]. It has been shown that regions of China with a high
annual incidence of NPC were colocalized with those where
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herbal drugs containing phorbol esters are commonly used [13].
These results suggest that chemical carcinogens may contribute to
the carcinogenesis of NPC. However, the underlying mechanism
has not been extensively studied yet [16].

Chromosomal abnormalities have been detected in NPC tissues
[17-19]. Taking chromosomal 3p loss of heterozygosity (LOH) as
a marker, NPC patients were reported to have the highest
frequency of 3p deletion, followed by residents in NPC high risk
areas, while the LOH frequency on 3p is low in areas with low
incidence of NPC [20]. This observation suggested that genome
instability is closely associated with the development of NPC.
Given that both chemicals and the virus have been shown to be
co-carcinogens in the development of cancer [21], it would be
interesting to examine the interplay between EBV and chemical
carcinogens and their effects on the genome instability of NPC.

Life-long infection with EBV is ubiquitous among human adults
worldwide, yet a very high incidence of NPC is predominately in
specific geographical regions [22]. Although human genetic
variation has been linked to the development of NPC [23], it is
apparent that differences in lifestyle and dietary factors, in concert
with environmental factors, are likely to increase the risk of
developing this cancer and lead to the unique distribution of NPC.
EBV infection, chemical carcinogens and their interaction may
play a substantial role in the development of NPC. Elevation of
antibodies against EBV has been considered as a marker of EBV
reactivation [22,24,25]. Antibody titers against EBV have been
shown to increase with the stage of NPC [26,27], decrease after
therapy with remission [26], and increase prior to relapse and
metastasis [26,28]. These observations suggest that EBV reactiva-
tion is closely related to the development and relapse of NPC. We
have shown previously that 12-O-tetradecanoylphorbol-13-acetate
(TPA) and sodium butyrate (SB) can induce the reactivation of
EBV to enhance the genome instability and tumorigenisity of NPC
cells [29]. This result supports the notion that chemical
reactivation of EBV may contribute to the carcinogenesis of
NPC [15]. Our recent study showed that the reactivation of EBV
could be initiated in NPC cells by N-methyl-N-nitro-N-nitroso-
guanidine (MNNG, a nitrosamide). Moreover, when treated in
combination, low dose MNNG (0.1 pg/ml) had a synergistic effect
with TPA/SB in enhancing EBV reactivation [30]. Because
residents of areas with a high risk of NPC may come into contact
with these carcinogens in a long-term, low dose, repeated manner,
we sought to determine the consequence of repeated exposure of
EBV-harboring nasopharyngeal cells to carcinogens. Additionally,
although EBV reactivation has been shown to enhance genome
instability, its impact on the alteration of cellular gene expression is
unknown. Herein, we developed an in vitro NPC cell model
system to simulate the repeated exposure to carcinogens by
repeated treatment of NPC cells with a combination of TPA, SB
and MNNG. This treatment induced recurrent reactivation of
EBV in EBV-positive NPC cells and the degree of genome
instability in these cells were enhanced significantly with combined
TPA/SB and MNNG treatment, rather than when they were
treated with the chemicals individually. The invasiveness, as well
as tumorigenicity, was also enhanced in NPC cells after recurrent
EBV reactivation. The genes with altered expression in EBV-
positive NPC cells following recurrent reactivations were identified
by expression profile analysis and can be categorized into many
carcinogenesis-related clusters. Notably, several of these aberra-
tions corresponded to alterations in clinical NPC lesions. Taken
together, our study provides evidence for cooperation between
chemical carcinogens and EBV reactivation in the enhancement of
genome instability and alteration of cancer hallmark gene
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Synergism of Carcinogens Enhances NPC Progression

expression, resulting in a contribution to the carcinogenesis of

NPC.

Results

MNNG Enhances TPA/SB-induced EBV Reactivation

We have previously shown that MNNG can synergistically
enhance TPA/SB-induced EBV reactivation [30]. A similar result
is demonstrated in Figure 1. At mock-treated condition, a back-
ground level of EBV lytic markers was detected by immunoblot,
which represents few spontaneous viral reactivation of EBV-
positive NA cells under normal condition (Figure 1A). Treatment
of 0.1 pg/ml MNNG did not induce discernible viral reactivation
in NA cells, as compared to the mock-treated group. Treatment of
TPA (10 ng/ml) and SB (1 mM) can induce EBV into reactiva-
tion, as demonstrated by the expression of EBV lytic gene BRLF1
(Rta), BZLF1 (Zta), and BMRF1 (EAD). Interestingly, although
0.1 ug/ml MNNG induced indiscernible EBV reactivation, its
combination with TPA and SB did significantly enhance the
TPA/SB-induced EBV reactivation (Figure 1A). Under this
condition, more than 70% NA cells were induced into EBV lytic
cycle, as determined by EAD immunofluorescence (Figure 1B).
This result indicated that MNNG can act synergistically with
TPA/SB in enhancing EBV reactivation in NPC cells.

Enhanced Recurrent EBV Reactivation by Chemical
Carcinogens Leads to Increased Genome Instability in NA
Cells

Since low dose MNNG has a synergistic effect with TPA and SB
in inducing EBV reactivation (Figure 1). We postulated that
frequent contact with these chemicals could trigger the recurrent
reactivation of EBV and lead to the enhanced malignancy of NPC.
To test this hypothesis, we carried out chemically-induced
recurrent reactivation of EBV in EBV-positive NA cells in vitro
to assess the impact of recurrent EBV reactivation on genome
mstability of the cells. A culture system was established to carry out
a longitudinal study by repeated incubation of NPC cells in
medium containing inducing chemicals (Figure 2A, detail de-
scribed in Materials and Methods). The EBV-negative NPC-
TWO1 (TWO1, the parental cell of NA) and EBV-positive NA cells
were both engaged in this study for comparison of the effects
between chemicals treatment alone (in TWOI cells) and chemi-
cally-induced EBV reactivation (in NA cells). The formation of
micronuclei (MN) was used to determine how genome instability
was affected by recurrent EBV reactivation. As shown in
Figure 2B, formation of MN was low in EBV-negative TWOI
cells (1.0% to ~2.0%) throughout the 10 passages, regardless of
the types of chemical treatment. This indicated that at a relatively
low dose, these chemicals/carcinogens only induced a subtle
increase in genome instability in EBV-negative cells after repeated
treatment. The formation of MN in the mock treated-NA cells
remained at a low level (approximately 2.6%) and did not rise
significantly with progressive passages (p>0.05). It seemed that the
intrinsic genome instability in mock-treated TWOIl and NA cells
remained relatively stable through the 10 passages. A steady
increase of MN formation was observed in MNNG and TPA/SB-
treated NA cells (2.8% to 5.0% and 3.3% to 6.0%, respectively).
Furthermore, a profound increase in the formation of MN was
observed in NA cells treated with combined TPA/SB and MNNG
(3.7% to 10.3%) in proportion to the progression of treatment.
These results indicate that, not only can MNNG and TPA/SB
alone increase genome instability in EBV-positive NA cells, but the
combination treatment with TPA/SB and MNNG can induce
almost twice the amount of genome instability in NPC cells after
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Figure 1. MNNG enhances TPA/SB-induced EBV reactivation. Cells were mock or treated with indicated chemicals. (A) Cell lysates were
subjected to western blot analysis of EBV lytic protein Rta, Zta, and EAD. Reactivation of EBV was enhanced by co-treatment of MNNG and TPA/SB in
NA cells, as determined by the expression level of lytic proteins. 3-actin was used as a loading control. MG, TS and TS-MG indicate cells treated with
MNNG, TPA/SB, and TPA/SB combined with MNNG, respectively. (B) Over 70% of NA cells were induced into EBV reactivation by the combination
treatment of MNNG and TPA/SB, as determined by immunofluorescence assay of EAD. The nuclei of cells were stained with Hoechst 33258.

doi:10.1371/journal.pone.0044810.g001

repeated treatment. Although TWO01 and NA cells both received
the same scheme of repeated chemical treatment, only the EBV-
positive NA cells were induced into recurrent EBV reactivation by
chemicals (Figure 1 and [30]). Therefore, this result suggests that
chemically-induced recurrent EBV reactivation can lead to the
accumulation of genome instability in host cells, and the
aggravation is proportional to the degree of EBV reactivation.

Enhanced Invasiveness is Concomitant with Increased
Genome Instability in NPC Cells after Recurrent EBV
Reactivation

Because genome instability is a hallmark of cancer [31], the
increase in the occurrence of MN observed in recurrently
reactivated NA cells led us to question whether this chemically-
induced recurrent EBV reactivation also enhance the carcinogenic
phenotype of the NA cells. To examine this, an in vitro
invasiveness assay was performed. As shown in Figure 3, for
EBV-negative TWO1 cells, a single treatment did not reveal
marked differences in invasiveness. A slight increase in in-
vasiveness was observed in chemically-treated cells at passage 5.
When the treatments were extended to passage 10, the mvasive
ability was increased to about 2.0 fold for the TPA/SB and TPA/
SB/MNNG-treated groups of TWO1 cells (p<<0.01; compared to
TWO1-P1/mock cells). This indicates that repeated treatment with
chemical carcinogens, TPA/SB or MNNG, can increase the
invasiveness of NPC cells, supposedly through the tumor-pro-
moting properties of these compounds. For EBV-positive NA cells,
a single treatment also did not reveal significant differences in the
invasiveness of these cells. However, as the number of cycles of
treatment increased, we observed a significant increase in in-
vasiveness, with increasing passage number, under chemically-
induced conditions. When comparing passage 10 to passage 1 of
NA cells, the invading cells increased 1.6, 2.7, and 3.3 fold for the
MNNG alone, TPA/SB alone and the combined TPA/SB and
MNNG-treated groups, respectively (Figure 3). These results
indicate that repeated treatment with low dose MNNG can
increase slightly the invasive ability of NA cells. Furthermore,
recurrent reactivations of EBV by TPA/SB treatment can
markedly increase the invading cells, as we reported previously
[29]. Notably, when the EBV reactivations were enhanced by
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combined treatment with TPA/SB and MNNG, a marked (3.3
fold) increase in invasiveness was observed. This indicates that
enhanced EBV reactivation triggered by combined TPA/SB and
MNNG not only can enhance the genome instability, but also
result in a significant increase in the invasiveness of NPC cells.
Taken together, these results indicate that chemically-induced
recurrent EBV reactivations can enhance the invasiveness of NPC
cells.

Enhanced Recurrent EBV Reactivation by Chemical
Carcinogens Aggravates the Tumor Progression of NPC
Cells

To evaluate the effect of chemically-induced recurrent EBV
reactivations on tumor growth, a tumorigenicity assay was
performed using SCID mice injected with variously treated NPC
cells and monitored periodically by tumor volume. With only
chemical treatment but no recurrent EBV reactivation, the tumor
growth of TWOI cells exhibited no difference, regardless of one
time or ten times of TPA/SB and MNNG treatment (TW01-P1/
TS-MG and TWO01-P10/TS-MG; Figure 4A and B). NA cells with
one time of TPA/SB/MNNG-treatment (NA-P1/TS-MG) and
ten times of mock treatment (NA-P10/mock) also did not reveal
significant difference in tumor growth when compared with
parental NA cells (NA-P1/mock). A slight increase in tumorige-
nicity was observed in mice inoculated with NA-P10 cells with
repeated MINNG-treatment, albeit below statistical significance
(NA-P10/MG; p>0.05, Figure 4A). A steady increase of tumor
size was observed in mice bearing tumors from cells with recurrent
TPA/SB and combined TPA/SB and MNNG treatment (NA-
P10/TS and NA-P10/TS-MG, respectively). Dramatically in-
creased tumor sizes were observed at day 49 in mice inoculated
with NA-P10/TS-MG cells, compared to tumors obtained from
mice inoculated with NA-P10/TS and NA-P10/MG, NA-P10/
mock, NA-P1 and TWOI cells (Figure 4A). The inoculation sites
photographed at day 52 also showed NA cells with accelerating
tumorigenicity after recurrent EBV reactivation (Figure 4B). It
seems that after 10 times of enhanced EBV reactivation, the NA-
P10/TS-MG cells acquired the ability to propagate even faster
than other cells in vivo. Taken together, these results show that
recurrent EBV reactivation can enhance the tumorigenicity of NA
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Figure 2. Recurrent EBV reactivation concomitant with progressive genome instability in NPC cells. (A) Representative illustration of
recurrent chemical treatment in NPC cells. Cells were mock or treated repeatedly with indicated chemicals. The cells at the beginning of this
experiment were defined as passage 0 (P0) cells. After seeding, the cells were subjected to a 24 h period of mock or chemical treatment, and then
were recovered by replacing with fresh medium for a further 48 h. The resulting cells were defined as passage 1 and the procedure was repeated for
ten times. “Pn" represents treated NPC cells, where n stands for the passage number of the cells. MG, TS and TS-MG indicate cells treated with MNNG,
TPA/SB, and TPA/SB combined with MNNG, respectively. (B) Cells were stained with Hoechst 33258 and MN was examined using a fluorescence
microscope. Occurrence of MN formation (MN%) is presented here as the percentage of the number of micronuclei-presenting cells per 1,000 cells
analyzed and plotted as a function of the frequency of chemical treatment. At least 1,000 cells were counted for each experiment. Data indicate mean

value in MN% (triplicates = SD). *: p<<0.05, **: p<<0.01, ***: p<<0.001, when compared to NA-P10/mock cells.

doi:10.1371/journal.pone.0044810.g002

cells and the aggravation is proportional to the degree and the
frequency of EBV reactivation.

Differentially Expressed Genes in NPC Cells after
Recurrent EBV Reactivation

It is apparent that after chemically-induced recurrent EBV
reactivation, the NA cells became more genetically unstable and
gained enhanced malignancy. To determine which genes were
altered and involved in the enhancement of malignant phenotypes
during the progression, the expression profile of the NA-P1/mock
and the NA-P10/TS-MG cells were analyzed by expression
microarray. Under the criteria of p<<0.01, >1.5-|fold change],
there were 618 probe sets expressed differentially, including 169
overexpressed and 449 underexpressed (result represented in
Table S1). These genes were categorized by DAVID (the Database
for Annotation, Visualization, and Integrated Discovery) to assign
annotation groups, based on gene ontologies (GO). A complete list
of the GO results can be found in Table S2. Pathways that are
related to important cellular physiology are listed selectively in
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Table 1. Carcinogenesis-related clusters, including apoptosis,
protease/peptidase, cell proliferation, response to extra/intra-
cellular stimuli, and lipid/steroid metabolic processes were found
to be altered (Table 1). Genes involved in five categories, including
apoptosis, peptidase activity, cell proliferation, cell adhesion and
antigen presentation, are presented in Table 2. Downregulation of
apoptotic genes, such as DAPK2, HRK, TP53INPI1, and
upregulation of anti-apoptotic genes, including BCL11B, BAGI,
SERPINB2, were noted. Genes involved in cell proliferation,
including CCND2 and CDKG6 were upregulated while CDKNI1A,
CDKN2B, IFITMI1 and IGFBP7 were downregulated. Down-
regulation of many peptidases, including several kallikrein-related
peptidases (KLKS5, 6, 7, 8, and 10) and complement components
(CIR, CIRL, C18S, and C2/CFB) also were observed. Repression
of serine protease inhibitor SLPI and matrix metalloproteinases
(MMP) inhibitor TIMP2 also were noted. MHC genes that are
involved in antigen presentation, including HLA-B/-C/-F/-G,
and genes responsible for antigen processing, CG'T'SB and HSPA2,
were underexpressed after recurrent EBV reactivation. The
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Figure 3. Recurrent EBV reactivations promote the invasiveness of NPC cells. EBV reactivation increases invasiveness, dependent on the
number of rounds of reactivation. Mock or chemically-treated TWO1 and NA cells were assayed for their ability to invade a Matrigel-coated
membrane. Data indicate the average number of invading cells in three independent experiments (mean = SD). *: p<0.01, when compared to the

TWO01-P1/mock cells; **: p<<0.01, when compared to the NA-P1/mock cells.

doi:10.1371/journal.pone.0044810.9g003

expression profiles of five of these genes were verified by
quantitative RT-PCR (Figure S1). MIR17HG, a host gene for
the micro RNA miR-17-92 cluster, was upregulated in NA-P10/
TS-MG cells while HPGD (hydroxyprostaglandin dehydrogenase
15-(NAD)), FBXO32 (f-box only protein 32), TGM2 (transgluta-
minases 2) and LOXIL4 (lysyl oxidase homolog 4) were down-
regulated. These results indicate that many genes differentially
expressed in NPC cells after recurrent EBV reactivations are
carcinogenesis-related genes.

Several Differentially Expressed Genes in NPC Cells after
Recurrent EBV Reactivation Corresponded to Alterations
Observed in NPC Biopsies

Recurrent EBV reactivation altered the expression profile of
NPC cells in vitro. Since many of these altered genes were
carcinogenesis-related, we sought to determine whether these
alterations corresponded to those observed in NPC lesions. To
achieve this, a series of data sets containing the expression profiles
of 31 laser captured, microdissected NPC biopsies and 10 normal
nasopharyngeal (NP) tissue specimens (GSE12452) [32,33], were
included for comparison with the expression profiles of NPC cell
lines in this study. The expression profiles of the NA-P1/mock and
the NA-P10/TS-MG cells were analyzed here with the criteria of
$<<0.01, >2-|fold change|, which yielded a list of 170 differen-
tially expressed probe sets (result represented in Table S3). Gene
lists were created from GSE12452 (NPC vs. normal) using a cutoff
of false discovery rate (FDR) <0.05, >2-|fold change|, which
yielded a list of 1584 differentially expressed probe sets. In-
tersection between two probe sets yields 36 probes that were
commonly differentially expressed between the groups (Figure 5A).
Figure 5B illustrates the expression profile of 26 genes (derived
from the 36 probe sets) of NPC cell lines and normal NP and NPC
specimens. Upregulation of CCND2 and ZNRF'3 was observed in
NA-P10/TS-MG cells and in NPC biopsies, while other genes,
including ALDH3A1, ASS1, MGLL, PSCA, and TJP3, were
downregulated as compared to NA-P1/mock cells and normal NP
tissues, respectively. Expression profiles of five genes in biopsies,
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including ZNRF3, PI3, TJP3, ALDH3A1, and MGLL are shown
in Figure 5C. Several genes corresponding to the 170 probes in
NA-P10/TS-MG cells are categorized as carcinogenesis-related
oncogenes and tumor suppressor genes (Table S4). Literatures
from previous studies of other malignancies, indicating those genes
as putative oncogenes/tumor suppressor genes, are indexed in this
table (listed references in Document S1). The alterations
corresponding to the 26 genes of the 31 NPC biopsies are also
noted. In this table, six genes were found to be overexpressed while
58 genes were underexpressed (Table S4) in NA-P10/TS-MG cells
after recurrent EBV reactivation. Alterations of these oncogenes
and tumor suppressor genes were reported previously in many
types of cancers. Interestingly, there are ten genes, which were
upregulated in many, if not all, cancers and have been considered
as putative oncogenes, and these were downregulated in NA-P10/
TS-MG cells (Table S4C). Among these genes, the downregula-
tion of MGLL, ALDH3A1, SERPINB3, PSCA and H19 also were
observed in NPC lesions (Table S4C). Taken together, these
results indicate that genes differentially expressed in NPC cells
after recurrent EBV reactivation are carcinogenesis-enhancing
and correspond to the alterations observed in NPC biopsies.

Discussion

Many dietary ingredients, particularly MN-nitroso compounds,
have been suggested to be associated with the development of
NPC [9,34]. Epidemiological studies show that the ingestion of
Cantonese-style salted fish is a causative factor for NPC in
Southern China [8]. Volatile nitrosamines are known to be present
in foods from NPC high risk areas and considered to be the
etiological factors for NPC [9,10]. The total volatile nitrosamines
were estimated to be in the range of 0.028 to 4.54 mg/kg in
Chinese salted fish [10]. Under this condition, the exposure of
volatile nitrosamines may reach significant level for people who
consume them regularly. Interestingly, the highest incidence of
NPC was observed among the boat people of Hong Kong who
consumed salted fish as a major food source during weaning age
[8]. Another common route for contact with N-nitroso compounds
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Figure 4. Recurrent EBV reactivations increase the tumorigenicity of NA cells in vivo. (A) The tumorigenicity of cells after recurrent EBV
reactivation by chemical treatment was evaluated in vivo by injecting cells subcutaneously into SCID mice. The size of the tumors at the inoculation
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when compared to NA-P10/mock cells. (B) Representative photographs of tumor nodules in the mice at day 52.

doi:10.1371/journal.pone.0044810.g004

is tobacco products, which contain various types of nitrosamines
that have been proved to be highly carcinogenic [35]. A recent
report indicates that the hazard ratio of developing NPC is 3.0 for
=30 pack-year of cumulative cigarette smoking persons when
compared with <30 pack-year as the reference in Taiwan [36]. A
study of Thai cigarettes indicated that the exposure level for
mainstream smoker was 20.3 to 100.4 ng/cigarette for volatile
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nitrosamine, while total tobacco-specific nitrosamine was 88 to
1,580 ng/cigarette [37]. These reports suggest that the exposure
level of nitrosamines for cigarette smokers, especially those with
heavier habitat (>1 pack/20 cigarettes per day), may be quite
substantial, considering that the nasopharyngeal tissue is one of the
primary regions that contacts with these carcinogens. In addition
to MN-nitroso compounds, TPA and SB were also reported to
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Table 1. Selective presentation of 30 functional categories of
the 618 probe sets by gene ontology.

Gene P

Category count value
Response to organic substance 41 2.20E-05
Oxidation reduction 35 2.06E-04
Regulation of apoptosis* 32 0.039444
Peptidase activity* 31 0.001359
Regulation of cell proliferation* 30 0.072033
Response to wounding 27 0.003459
Lipid biosynthetic process 26 3.74E-06
Steroid metabolic process 25 1.86E-09
Negative regulation of gene expression 24 0.013345
Negative regulation of cellular biosynthetic 23 0.063909
process

Serine-type peptidase activity 21 2.29E-07
Response to hormone stimulus 21 0.003223
Cholesterol metabolic process 17 4.09E-09
Response to extracellular stimulus 17 4.25E-04
Cofactor binding 17 0.002546
Negative regulation of apoptosis 17 0.037907
Non-coding RNA processing 13 0.005967
Cofactor metabolic process 13 0.008282
Anti-apoptosis 12 0.028939
Response to hypoxia 1 0.004124
Regeneration 9 6.18E-04
Regulation of inflammatory response 9 0.001179
Regulation of cell adhesion* 9 0.036925
Ribonucleotide metabolic process 9 0.052154
Peptidase inhibitor activity 9 0.077741
Glutathione metabolism 7 0.004067
Complement control module 7 0.005638
Metabolism of xenobiotics by cytochrome P450 7 0.009956
Antigen processing and presentation* 7 0.042248
Cyclin 6 0.010782

doi:10.1371/journal.pone.0044810.t001

*Genes involved in the functional category are listed in table 2.
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induce the EBV lytic cycle efficiently [12,13]. The choice of TPA
and SB for EBV reactivation is a reflection of previous studies
indicating that regions with a high annual incidence of NPC were
colocalized with those where herbal drugs containing phorbol
esters are consumed [15,38]. Croton oil, which contains up to
1.6% of phorbols [39], is used commonly in traditional medicine
in Southern China and Sri Lanka. The observation that the use of
croton oil is overlapped with regions with high incidence of NPC
have prompted scientists to propose that phorbol esters is involved
in NPC carcinogenesis [15,38]. Additionally, butyrates are fatty
acids found in dairy products, especially in butter. When butter
goes rancid, butyric acid is liberated from the glyceride by
hydrolysis. Microorganisms in oral cavity and digestive tracks also
produce butyrates as the end product of anaerobic fermentation.
Consumption in certain North African regions of rancid butter or
rancid sheep fat, which contains 3 to 4% of butyrates, also had
been linked to NPC development [40]. Taken together, these
studies reflect that frequent consumption of salted fish and tobacco
products, croton oil or rancid butters, which contain nitrosamines,
phorbols and butyrates respectively, can increase the incidence of
NPC. However, the underlying mechanisms have not been
elucidated. In our study, we demonstrated that these chemicals
can induce or enhance EBV reactivation, and upon repeated
exposure, lead to genome instability of host cell and increase its
carcinogenicity.

Although studies have indicated that M-nitroso compounds,
phorbols, and butyrates are the etiological cofactors of NPC, it is
not known if these chemicals act simultaneously in vivo.
Epidemiological investigation for the combination effects of any
two of these factors is unavailable. However, since salted fish and
rancid butter consumption, cigarette smoking, and herbal
medicine are common in these etiological regions, it is possible
that these chemicals may act synergistically in inducing EBV
reactivation. Altogether, our study provides a possible mechanism
to elucidate how these EBV inducers can contribute to the
carcinogenesis of NPC. Even if the contact dosage is low, through
regular and repeated exposure to single or more of these
chemicals, some of the EBV-positive nasopharyngeal cells can be
induced into recurrent reactivation and lead to accumulation of
genome instability. Via selection, the reactivated cells with
enhanced malignancy may emerge.

For EBV-positive NA cell and its parental, EBV-negative TWO1
cell, the result after repeated chemical treatment is dramatically
different. In this study, the dosage of treatments, either single or
combined, did not induce profound increase of genome instability
in TWOI cells (Figure 2B). However, after 10 times of treatment,
the invasiveness of TWOL cells did increase to two-fold (Figure 3).

Table 2. List of genes involved in the indicated functional category from table 1.

Category

Genes involved in the functional category

Regulation of apoptosis

Peptidase activity

Regulation of cell proliferation

Regulation of cell adhesion

Antigen processing and presentation

BCL11B, BCL6, BAG1, CD70, DFFA, DNAJB6, RAB27A, ANXA4, AEN, CAMK1D, CARD16, CTSB, CCL2, CDKN1A,
DAPK2, HRK, HSPATA/HSPA1B, HMGB1, ING3, IL7, MX1, NEFL, PCSK9, RYR2, SERPINB2, SOCS3, MUTED, TXNIP,
TGM2, TNFAIP3, TP53INP1, ZC3H8

OMA1, SECT1C, CARD16, CTSB, C1R, C1RL, C1S, C2/CFB, DPP7, EML2, ERMP1, ECE2, KLK10, KLK5, KLK6, KLK7,
KLK8, MMP28, PLAU, PCSK9, PRSS23, PRSS8, PSMB9, RHBDL1, SLPI, SCPEP1, SERPINB2, TMPRSS3, TPP1,

TNFAIP3, ZMPSTE24

DHCR7, BCL11B, BCL6, DBP, KLF4, TIMP2, ANG, CCL2, CCND2, CDK6, CDKN1A, CDKN2B, CTH, FGFBP1, FXN,
GJA1, ID2, IGFBP7, IFITM1, IL7, KRT5, KRT6A, MVD, OSMR, ODC1, PLAU, SKAP2, TXNIP, TGM2, TP53111

BCL6, FXYD5, L1CAM, CHRD, CDK6, GSN, SAA1, TGFBI, TGM2
CTSB, HSPATA/HSPA1B, HSPA2, KLRC1, HLA-B, HLA-C, HLA-F, HLA-G

doi:10.1371/journal.pone.0044810.t002
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Figure 5. Differentially expressed genes in NPC cells after recurrent EBV reactivation corresponded to the alterations observed in
NPC biopsies. (A) Differentially expressed probe sets of NA-P10/TS-MG and NA-P1/mock, and 31 NPC and 10 normal biopsies (GSE12452). The
intersection between two data sets yielded a 36 common probe set which was presented in both groups. (B) Expression profile of 28 genes (derived
from the 36 common probes) that were differentially expressed in NPC cell lines and biopsies. Hierarchical clustering was performed by shifting genes
to mean of zero and scale to standard deviation of one. (C) Expression profile of five carcinogenesis-related genes in 31 NPC and 10 normal biopsies.
Each circle represents the expression level of an individual biopsy. Boxplot indicates the median (central band) and the 10th and 90th percentile
(lower and upper whiskers, respectively) of expression level. ZNRF3: zinc and ring finger 3; PI3: peptidase inhibitor 3, skin-derived; TJP3: tight junction
protein 3; ALDH3A1: aldehyde dehydrogenase 3 family, member A1; MGLL: monoglyceride lipase.

doi:10.1371/journal.pone.0044810.g005
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This might reflect the intrinsic properties of these chemicals as
tumor-promoting agents. TPA, an activator of the protein kinase
C, is known to be involved in cell proliferation, differentiation, and
migration [41]. Prolonged treatment with TPA had been shown to
increase migration and invasion in tumor cells [42]. SB, a histone
deacetylase imnhibitor, is known to inhibit proliferation, induce
apoptosis and differentiation in cancer cells [43]. MNNG is an
alkylating agent, which induces DNA strand breaks and is involved
in the carcinogenesis of model animals [44]. When treated in
combination at low dosage, these chemicals had moderate effect
on genome instability of TWOI cells throughout the ten passages
(Figure 2B). In contrast, treatment of these chemicals induced
EBV reactivation in NA cells (Figure 1). Accumulation of genome
instability was observed as the frequency of treatment increased,
while concomitant with marked elevation in invasiveness and
tumorigenesis (Figure 2, 3 and 4). Epidemiological studies have
suggested that contact with chemical carcinogens can contribute to
the carcinogenesis of NPC, possibly through its tumor-promoting
properties. Latent infection of EBV and expression of latent genes
in EBV-infected cells were also shown to promote NPC pro-
gression [45]. However, since these chemicals can trigger the EBV
into reactivation, a profound increase in carcinogenesis was
observed in this study. Therefore, we proposed that, although
chemical carcinogens and latent EBV infection do contribute
independently to the carcinogenesis of NPC, recurrent EBV
reactivation induced by chemicals may make a much significant
contribution. Together, the cooperation of these three factors
(chemical carcinogens, latent EBV infection and chemically-
induced EBV reactivation) may lead to the dramatic change of
genome instability and consequently contribute to the carcino-
genesis of NPC.

In this study, recurrent EBV reactivation is markedly associated
with accumulation of genome instability (Figure 2B). This result
indicates that induction of the EBV lytic cycle can contribute to
the damage of host cell genomes. In our previous study, EBV
DNase, uracil DNA-glycosylase and major DNA-binding protein
were found to increase MN formation and DNA damage when
expressed in NPC cells [29]. Among these genes, a striking effect
was found to be contributed by the EBV DNase, an early lytic
gene in EBV replication [29]. In addition to induction of DNA
damage, our previous study revealed that EBV DNase can repress
DNA repair and increase genetic mutations [46]. We have also
found that EBV BHRFI, a homologue of the BCL-2 proto-
oncogene, and BALF3, an EBV DNA terminase, can increase MN
formation when expressed in epithelial cells (unpublished observa-
tions). We have also shown that EBV BGLF4 induces premature
chromosome condensation [47], which can contribute to genome
instability of the host cell [48]. The expression of EBV DNase has
been detected in NPC tissues [49], as have other EBV lytic genes
such as Zta, Rta and gp220 [50-52]. Reactivation and replication
of EBV has been reported in the nasopharyngeal region,
indicating that EBV reactivation may not be an uncommon event
in vivo [32,53]. Conversely, inhibition of EBV reactivation by
interfering RNA specific to the EBV immediate early gene Zta
could abolish MN formation. We have shown that, even in the
presence of EBV-inducing carcinogens, blocking EBV reactivation
by siZta led to reduce genome instability in NPC cells [30]. These
studies indicate that, in addition to the well-accepted concept of
contribution to carcinogenesis of NPC by latent EBV infection,
expression of lytic genes during EBV reactivation can induce DNA
damage, enhance genome instability and subsequently contribute
to the carcinogenesis of NPC. Still, further studies are required to
elucidate the underlying mechanisms of this viral contribution to
host cell genome instability.

PLOS ONE | www.plosone.org
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Following recurrent EBV reactivation, the invasiveness and
tumorigenesis of NA cells were found to increase significantly
(Figure 3 and 4). Previously, we have shown that recurrent EBV
reactivation can lead to chromosomal structural aberrations and
alterations of DNA copy-numbers [29]. Hence, in this study, we
turned to explore the impact of recurrent EBV reactivation on the
gene expression of host cells. The transcription profile assayed
between the parental NA-P1/mock and the most aberrant NA-
P10/TS-MG cells revealed that, after recurrent EBV reactivation,
the expression of many genes was altered, including genes involved
in various carcinogenic pathways (Table 1 and 2). Upregulation of
anti-apoptotic genes, including BAG1, BCL11B and SERPINB2,
and downregulation of apoptotic genes, such as DAPK2, HRK
and TP53INP1, can promote tumor cell survival. A high
frequency of promoter hypermethylation of DAKP2 in NPC
patients has been reported [54]. Upregulation of CCND2 (cyclin
D2) and CDKG6 (cyclin-dependent kinase 6), which are involved in
cell proliferation, and downregulation of CCNG2 (cyclin G2),
CDKNIA, CDKN2B, IFITMI1 and IGFBP7, have been noted
after recurrent EBV reactivation. Upregulation of cyclin D2 and
CDKG6 has been observed in cancers [55,56]. Conversely, the
expression of the cyclin-dependent kinase inhibitors, CDKN2B
and CDKNIA, were suppressed. The aberrant expression of these
genes may promote NPC cell proliferation while escaping tight cell
cycle control. Interestingly, alteration of these genes, including
apoptotic and cell cycle-related (Table 2), may play a substantial
role in the enhancement of tumorigenesis of NA-P10/TS-MG
cells observed in SCID mouse assay (Figure 4). Moreover,
repression of the MMP inhibitor TIMP2 and serine protease
inhibitor SLPI can enhance tumor invasion and has been reported
in several cancers [57,58]. Downregulation of MHC genes that are
involved in antigen presentation, including HLA-B/-C/-F/-G,
and genes responsible for antigen processing, C'I'SB and HSPA2,
may facilitating tumor cell evasion of immunosurveillance and,
hence, increase tumor cell survival. Interestingly, deregulation of
MHC genes has also been reported previously in the study of NPC
biopsies with GSE12452 data sets [32].

List of putative oncogenes/tumor suppressor genes derived
from the 170 differentially expressed probe sets is demonstrated
(Table S4). Several of these aberrations correspond to altera-
tions observed in NPC lesions (Figure 5 and Table S4).
Interestingly, there are more deletions than amplifications of
genes observed after 10 repeated EBV reactivations. It seems
that reactivation of EBV has a tendency to suppress rather than
promote host gene expression. Another interesting result also
revealed in Table S4C is that several genes found to be
overexpressed in many cancers were downregulated in NPC cell
lines and biopsies. MGLL, a monoglyceride lipase overexpressed
in several cancers [59,60], was significantly downregulated in
recurrent EBV reactivated cells and in all 31 NPC biopsies
(Table S4C and Figure 5C). ALDH3AI, an aldehyde de-
hydrogenase involved in the acetaldehyde detoxification and
steroids metabolism, had been shown to be upregulated in
tumors and can promote cell proliferation [61,62]. PSCA,
a prostate stem cell antigen, has been reported to be
upregulated in bladder, prostate and pancreatic cancers
[63,64] but is downregulated in esophageal and gastric cancers
[65,66]. PSCA seems to be a “Jekyll and Hyde” molecule that
plays various roles, promoting or suppressing tumors depending
on the cellular context [67]. The downregulation of these
“putative oncogenes” in NPC cell lines and biopsies may
indicate a unique feature of NPC. Nevertheless, how these
discrepancies contribute to malignancy of NPC requires further
investigation. The genes from the 170 probe sets were
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categorized according to the criteria of ten hallmarks of cancers
proposed by Hanahan and Weinberg (Table S5) [31]. Except
for one group, “Enabling Replicative Immortality”’, which is an
early event required for cell transformation, these genes can be
sorted into the remaining nine groups, with “Invasion and
Metastasis” and “Resisting Cell Death” being the most
remarkable. These results reflect the fact that many genes
expressed aberrantly after recurrent EBV reactivation promotes
carcinogenesis. Based on these results, we proposed that the
genomic alterations resulting from the recurrent EBV reactiva-
tion may serve to increase the mutability of the host genome,
thereby accelerating the acquisition of alterations of cancer
hallmark genes and promoting the carcinogenesis of NPC.

Materials and Methods

Ethical Statement

The mouse experiment of this study was carried out in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Institutional Animal
Care and Use Committee of National Health Research Institutes,
Taiwan (NHRI-TACUC-098089-A). All efforts were made to
minimize any possible suffering of the animals.

Cell Lines

NPC-TWO1 (TWO1) is an EBV-negative nasopharyngeal
carcinoma cell line derived from the nasopharyngeal tumors of
a Chinese patient [68]. NA cell is an EBV-positive NPC cell
derived from NPC-TWO1 [69]. TWO1 and NA cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (HyClone, Waltham, MA) at 37°C
with 5% CO,. G418 (400 ng/ml, Ameresco, Solon, OH) was
added to the medium of NA cells to maintain the EBV genome in
the cells [69].

Repeated Induction of EBV Reactivation

The EBV-negative TWO1 cell and EBV-positive NA cell were
both engaged in this study to compare the effects between
chemicals treatment alone (in TWOI cells) and chemically-
induced EBV reactivation (in NA cells). Repeated chemical
exposures were achieved by incubating these cells periodically
with (1) 0.1 ug/ml MNNG, or (2) TPA/SB (10 ng/ml and
1.0 mM), or (3) TPA/SB in combination with MNNG. A group
of mock treated cells was included as negative controls. The
cells at the beginning of this experiment were defined as passage
0 (PO) cells. 24 h after seeding, the cells were subjected to a 24 h
period of mock or chemical treatment. After this 24 hr
treatment, the cells were recovered by replacing the medium
with fresh (treatment-free) medium and incubation for a further
48 h. The resulting cells were defined as passage 1 (P1,
llustrated in Figure 2A). Cells from P1 were trypsinized and
transferred and the process repeated again to obtain the P2
cells. “Pn” represents treated NPC cells, where 7 stands for the
passage number of the cells. A total of ten treatments were
applied to the cells in this study. For convenience, MG, TS and
TS-MG are used for description of cells treated with MNNG,
TPA/SB, and TPA/SB combined with MNNG, respectively.

Western Blot and Immunofluorescence Assay

The procedure for western blot assay of EBV lytic gene Rta, Zta
and EAD, and immmunofluorescence assay of EAD in TPA/SB and
MNNG treated NPC cells, are followed as describe previously [29].
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Analysis of Genome Instability by Micronucleus
Formation

To determine whether the genome instability is a result of EBV
reactivation in EBV-positive NPC cells following chemical
treatment, we evaluated the occurrence of micronuclei (MN),
which arise from acentric chromatids and have been recognized as
a marker of genome instability [70]. The fixed cells were stained
with Hoechst 33258 (0.2 pg/ml) (Sigma-Aldrich, St. Louis, MO).
Micronuclei were examined using a fluorescence microscope and
at least 1,000 cells were counted for each experiment.

In vitro Invasiveness Assay

In vitro invasion assays were performed as described previously
using HT'S FluoroBlok inserts (Falcon, Cambridge, MA) [29]. The
transwell membranes were first coated with Matrigel (Becton
Dickinson, Franklin Lakes, NJ). 1x10° cells were seeded onto the
Matrigel-coated membranes and the inserts were incubated in 24-
well plate for 48 h. After incubation, the membranes were fixed
with methanol and stained with 50 pg/ml propidium iodide
(Sigma-Aldrich). The cells that had invaded through the Matrigel
and transmigrated to the lower surface of the polycarbonate
membrane were photographed under a fluorescence microscope
and the cell number was calculated using AIS software (Imagine
Research Inc., Ontario, Canada).

In vivo Tumorigenesis Assay

Six-week-old severe combined immunodeficiency (SCID) mice
were used for this study. Mice were kept under sterile conditions.
Tested cells (2x10° cells in cach case) were resuspended in serum-
free DMEM and injected subcutaneously into the dorsal flanks of
SCID mice. Injected mice were examined weekly and tumor
volumes were estimated from their length () and width (w), as
measured by calipers, using the formula tumor volume =/
w’ x0.52.

RNA Extraction and Semi-quantitative Real-time PCR

RNA was extracted from NPC cells using the Qiagen RNeasy
mini kit (Qiagen, Valencia, CA). The quality of total RNA
samples was examined by Bioanalyzer 2100 (Agilent, Santa
Clara, CA) to ensure the integrity of RNA samples (RNA
integrity numbers >8). For quantification of genes of interest,
the RNA samples were reverse transcribed into cDNA using the
QuantiTect Reverse Transcription Kit (Qiagen). One twentieth
of the ¢cDNA was used In semi-quantitative real-time PCR
(qRT-PCR) for genes of interest using QuantiTect SYBR Green
PCR kit (Qiagen). The calculations for determining the level of
gene expression were made using the cycle threshold (Ct)
method. Utilizing the human GAPDH gene as the internal
control, the relative quantitation values of a target template for
each sample were expressed as 222 where AACt=ACt
PIOZIS-MG _ Ay NA-PI/mock The primer sequences used in this
study are listed in Table S6.

Gene Expression Profiling

The expression profile of the NA-P1/mock and the NA-P10/
TS-MG cells were analyzed by expression microarray. The
analyses used whole-genome Affymetrix U133 Plus 2.0 human
oligonucleotide microarrays containing over 47,000 transcripts
and variants including 38,500 well-characterized human genes.
Preparation of cRNA, hybridizations, washes, and detection were
carried out according to the protocol recommended by the
supplier (http://www.affymetrix.com/index.affx). A duplicate of
each sample was analyzed and the result data set was deposited in
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the GEO database (http://www.ncbinlm.nih.gov/geo/) with
accession number GSE38453.

Public Domain Data

A data set of expression profile of NPC, GSE12452, which was
deposited by Paul Ahlquist in GEO [32,33], was included in the
following data analysis. This data set includes expression profiles of
31 laser captured, microdissected NPC biopsies and 10 normal
healthy nasopharyngeal tissue specimens, also assayed by Affyme-
trix U133 Plus 2.0 microarrays.

Gene Expression Data Analysis

Gene expression data were imported into the Partek Genomics
Suite 6.5 (Partek, St Louis, Mo) using default parameters. Raw
data were preprocessed by background correction, normalization,
and summarization using robust multiarray average analysis, and
the expression data were logy transformed. Differential expression
analysis was performed by 1-way analysis of variance (ANOVA).
Differentially expressed gene lists from NPC cell lines (NA-P10/
TS-MG vs. NA-P1/mock) were first created using a cutoff of
$<<0.01, >1.5-|fold change|. To identify genes that corresponded
to alterations observed in NPC lesions, the gene list of NPC cell
lines (NA-P10/TS-MG vs. NA-P1/mock) were created using
a cutoff of p <0.01, >2-|fold change|. Gene lists from GSE12452
(NPC vs. normal) were created using a cutoff of false discovery rate
(FDR) <0.05, >2-|fold change|. The resulting gene lists from the
NPC cell lines and the GSE12452 data set were compared further
by probe set intersection. Genes that appeared in both lists were
identified accordingly. Hierarchical clustering was performed by
shifting gene expression to mean of zero and scale to standard
deviation of one in the Partek Genomics Suite.

Gene Ontology/pathway Analysis

The Database for Annotation, Visualization, and Integrated
Discovery (DAVID) Bioinformatics Resource 6.7 from the
National Institute of Allergy and Infectious Diseases (NIAID/
NIH; http://david.abce.nciferf.gov/) was applied to generate
clusters of functionally related genes. The Functional Annotation
Clustering tool was used to generate clusters of overrepresented
Gene Ontology (GO) terms [71,72]. For categorizing genes
according to the criteria of ten hallmarks of cancers [31], the
QuickGO of the Gene Ontology Annotation (UniProt-GOA,
http://www.ebi.ac.uk/QuickGO/) Database was applied to de-
termine the function and process of examined genes [73].

Statistical Analysis

Differences between multiple groups were analyzed by one-
way ANOVA with Tukey’s method for pairwise comparisons.
T-test was used for comparisons of two groups. All statistical
tests were two sided, and p<<0.05 was considered to be
statistically significant.

Supporting Information

Figure S1 Quantitative RT-PCR validation of genes that
were differentially displayed in NA-P1/mock and NA-
P10/TS-MG cells. The expression level of gene in NA-P1/mock
cells was adjusted as the base line (l-fold) and the relative
expression level of gene in NA-P10/TS-MG cells was determined
accordingly. Data indicate the mean expression level * SD.
MIR17HG: miR-17-92 cluster host gene; HPGD: hydroxypros-
taglandin dehydrogenase 15-(NAD); FBXO32: f-box only protein
32; TGM2: transglutaminases 2; LOXIL4: lysyl oxidase homolog
4.
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(PDF)

Table S1 List of genes that were altered after recurrent
EBV reactivation. To determine which gene expression levels
were altered during recurrent EBV reactivation, the expression
profile of the NA-P1/mock and the NA-P10/TS-MG cells were
analyzed by expression microarray. Under the criteria of p<<0.01,
>1.5-]fold change|, there were 618 probe sets expressed
differentially, including 169 overexpressed and 449 underex-
pressed.

(XLS)

Table S2 Ontology categorization of genes that were
altered after recurrent EBV reactivation. The differentially
expressed 618 probe sets were categorized by DAVID (the
Database for Annotation, Visualization, and Integrated Discovery)
to assign annotation groups, based on gene ontologies (GO).

(XLS)

Table 83 List of genes that were altered after recurrent
EBV reactivation with fold change >2. The expression
profiles of the NA-P1/mock and the NA-P10/TS-MG cells were
analyzed with the criteria of p<<0.01, >2-|fold change|, which
yielded a list of 170 differentially expressed probe sets.

(XLS)

Table S4 Putative oncogenes and tumor suppressor
genes that were altered after recurrent EBV reactiva-
tion. Several genes corresponding to the 170 probes in NA-P10/
TS-MG cells are categorized as carcinogenesis-related oncogenes
and tumor suppressor genes. Literatures from previous studies of
other malignancies, indicating those genes as putative oncogenes/
tumor suppressor genes, are indexed in this list. The alterations
corresponded to the 26 genes of the 31 NPC biopsies are also
noted.

(PDF)

Table S5 Differentially displayed genes in NA-P10/TS-
MG cells arranged by the criteria of ten hallmarks of
cancers. The genes from the 170 probe sets were categorized
according to the criteria of ten hallmarks of cancers proposed by
Hanahan and Weinberg [31]. Genes were categorized by their
function and involved process provide by gene ontologies.

(PDF)
Table S6 Primers used in semi-quantitative real-time
PCR for genes of interest.

(PDF)
Document S1 List of cited references in Table S4 and

S5.
(PDE)

Acknowledgments

We are indebted to Dr. Tim J Harrison for critical reading of this
manuscript. We acknowledge the technical services provided by Micro-
array & Gene Expression Analysis Core Facility of the National Yang-
Ming University VGH Genome Research Center (VYMGC). The Gene
Expression Analysis Core Facility is supported by National Research
Program for Genomic Medicine (NRPGM), National Science Council,

Taiwan.

Author Contributions

Conceived and designed the experiments: CYF JYC. Performed the
experiments: CYF SYH HYH. Analyzed the data: CYF JYC. Contributed
reagents/materials/analysis tools: CCW SPC CHT YC KT. Wrote the
paper: CYF JYC.

September 2012 | Volume 7 | Issue 9 | e44810



References

1.

20.

21.

22.

23.

26.

27.

28.

29.

Hildesheim A, Levine PH (1993) Etiology of nasopharyngeal carcinoma:
a review. Epidemiol Rev 15: 466-485.

. McDermott AL, Dutt SN, Watkinson JC (2001) The actiology of nasopharyn-

geal carcinoma. Clin Otolaryngol Allied Sci 26: 82-92.

. Chen JY, Hwang LY, Beasley RP, Chien CS, Yang CS (1985) Antibody

response to Epstein-Barr-virus-specific DNase in 13 patients with nasopharyn-
geal carcinoma in Taiwan: a retrospective study. J Med Virol 16: 99-105.

. Zeng Y, Zhang LG, Wu YC, Huang YS, Huang NQ, et al. (1985) Prospective

studies on nasopharyngeal carcinoma in Epstein-Barr virus IgA/VCA antibody-
positive persons in Wuzhou City, China. Int J Cancer 36: 545-547.

. Chien YC, Chen JY, Liu MY, Yang HI, Hsu MM, et al. (2001) Serologic

markers of Epstein-Barr virus infection and nasopharyngeal carcinoma in
Taiwanese men. N Engl ] Med 345: 1877-1882.

. Zeng Y (1985) Seroepidemiological studies on nasopharyngeal carcinoma in

China. Adv Cancer Res 44: 121-138.

. Chen JY, Chen CJ, Liu MY, Cho SM, Hsu MM, et al. (1989) Antibody to

Epstein-Barr virus-specific DNase as a marker for field survey of patients with
nasopharyngeal carcinoma in Taiwan. ] Med Virol 27: 269-273.

. Ho JH (1972) Nasopharyngeal carcinoma (NPC). Adv Cancer Res 15: 57-92.
. Poirier S, Ohshima H, de-The G, Hubert A, Bourgade MC, et al. (1987)

Volatile nitrosamine levels in common foods from Tunisia, south China and
Greenland, high-risk areas for nasopharyngeal carcinoma (NPC). Int J Cancer
39: 293-296.

. Zou XN, Lu SH, Liu B (1994) Volatile N-nitrosamines and their precursors in

Chinese salted fish-a possible etological factor for NPC in china. Int J Cancer
59: 155-158.

. Bouvier G, Poirier S, Shao YM, Malaveille C, Ohshima H, et al. (1991) Epstein-

Barr virus activators, mutagens and volatile nitrosamines in preserved food
samples from high-risk areas for nasopharyngeal carcinoma. IARC Sci Publ:
204-209.

. zur Hausen H, O’Neill EJ, Freese UK, Hecker E (1978) Persisting oncogenic

herpesvirus induced by the tumour promotor TPA. Nature 272: 373-375.

. Luka J, Kallin B, Klein G (1979) Induction of the Epstein-Barr virus (EBV) cycle

in latently infected cells by n-butyrate. Virology 94: 228-231.

. Rickinson AB, Kieff E (2001) Epstein-Barr Virus. In: Knipe DM, Howley PM,

editors. Fields’ Virology. 4th ed. Philadelphia: Lippincott Williams & Wilkins.
2575-2627.

. Hirayama T, Ito Y (1981) A new view of the etiology of nasopharyngeal

carcinoma. Prev Med 10: 614-622.

. Lo KW, To KF, Huang DP (2004) Focus on nasopharyngeal carcinoma. Cancer

Cell 5: 423-428.

. Kristensen M, Quek HH, Chew CT, Chan SH (1991) A cytogenetic study of 74

nasopharyngeal carcinoma biopsies. Ann Acad Med Singapore 20: 597-600.

. Mutirangura A, Tanunyutthawongese C, Pornthanakasem W, Kerekhanjanar-

ong V, Sriuranpong V, et al. (1997) Genomic alterations in nasopharyngeal
carcinoma: loss of heterozygosity and Epstein-Barr virus infection. Br J Cancer
76: 770-776.

. Hui AB, Lo KW, Leung SF, Teo P, Fung MK, et al. (1999) Detection of

recurrent chromosomal gains and losses in primary nasopharyngeal carcinoma
by comparative genomic hybridisation. Int J Cancer 82: 498-503.

Chan AS, To KF, Lo KW, Mak KF, Pak W, et al. (2000) High frequency of
chromosome 3p deletion in histologically normal nasopharyngeal epithelia from
southern Chinese. Cancer Res 60: 5365-5370.

Haverkos HW (2004) Viruses, chemicals and co-carcinogenesis. Oncogene 23:
6492-6499.

de-The G (1982) Epidemiology of Epstein-Barr virus and associated diseases in
man. In: Roizman B, editor. The Herpesviruses. New York, London: Plenum.
25-103.

Hildesheim A, Apple RJ, Chen CJ, Wang SS, Cheng Y], et al. (2002)
Association of HLA class I and II alleles and extended haplotypes with
nasopharyngeal carcinoma in Taiwan. J Natl Cancer Inst 94: 1780-1789.

. Crawford DH (2004) Epstein-Barr virus. In: Zuckerman AZ, Banatrala JE,

Pattison JR, Griffiths PD, Schoub BD, editors. Principles and practice of clinical
virology. 5th ed. West Succex: John Wiley and Sons. 123-146.

. Okano M, Thiele GM, Davis JR, Grierson HL, Purtilo DT (1988) Epstein-Barr

virus and human diseases: recent advances in diagnosis. Clin Microbiol Rev 1:
300-312.

Henle W, Ho JH, Henle G, Chau JC, Kwan HC (1977) Nasopharyngeal
carcinoma: significance of changes in Epstein-Barr virus-related antibody
patterns following therapy. Int J Cancer 20: 663-672.

Lynn T, Tu S, Hirayama T, Kawamura A Jr (1973) Nasopharyngeal carcinoma
and Epstein-Barr virus. I. Factors related to the anti-VCA antibody. Jpn J Exp
Med 43: 121-133.

de-Vathaire F, Sancho-Garnier H, de-The H, Pieddeloup C, Schwaab G, et al.
(1988) Prognostic value of EBV markers in the clinical management of
nasopharyngeal carcinoma (NPC): a multicenter follow-up study. Int J Cancer
42: 176-181.

Fang CY, Lee CH, Wu CC, Chang YT, Yu SL, et al. (2009) Recurrent chemical
reactivations of EBV promotes genome instability and enhances tumor
progression of nasopharyngeal carcinoma cells. Int J Cancer 124: 2016-2025.

PLOS ONE | www.plosone.org

32.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Synergism of Carcinogens Enhances NPC Progression

. Huang SY, Fang CY, Tsai CH, Chang Y, Takada K, et al. (2010) N-methyl-N’-

nitro-N-nitrosoguanidine induces and cooperates with 12-O-tetradecanoylphor-
bol-1,3-acetate/sodium butyrate to enhance Epstein-Barr virus reactivation and
genome instability in nasopharyngeal carcinoma cells. Chem Biol Interact 188:

623-634.

. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell

144: 646-674.

Sengupta S, den Boon JA, Chen IH, Newton MA, Dahl DB, et al. (2006)
Genome-wide expression profiling reveals EBV-associated inhibition of MHC
class I expression in nasopharyngeal carcinoma. Cancer Res 66: 7999-8006.
Dodd LE, Sengupta S, Chen IH, den Boon JA, Cheng Y], et al. (2006) Genes
involved in DNA repair and nitrosamine metabolism and those located on
chromosome 14q32 are dysregulated in nasopharyngeal carcinoma. Cancer
Epidemiol Biomarkers Prev 15: 2216-2225.

TARC (1997) Working Group on the Evaluation of Carcinogenic Risk to
Human: Epstein-Barr Virus and Kaposi Sarcoma Herpesvirus/Human
Herpesvirus 8. International Agency for Research on Cancer, Lyon, France:
248-250.

. Hoffmann D, Rivenson A, Hecht SS (1996) The biological significance of

tobacco-specific N-nitrosamines: smoking and adenocarcinoma of the lung. Crit

Rev Toxicol 26: 199-211.

5. Hsu WL, Chen JY, Chien YC, Liu MY, You SL, et al. (2009) Independent effect

of EBV and cigarette smoking on nasopharyngeal carcinoma: a 20-year follow-
up study on 9,622 males without family history in Taiwan. Cancer Epidemiol
Biomarkers Prev 18: 1218-1226.

Mitacek EJ, Brunnemann KD, Hoffmann D, Limsila T, Suttajit M, et al. (1999)
Volatile nitrosamines and tobacco-specific nitrosamines in the smoke of Thai
cigarettes: a risk factor for lung cancer and a suspected risk factor for liver cancer
in Thailand. Carcinogenesis 20: 133-137.

Ito Y, Kishishita M, Yanase S (1980) Induction of Epstein-Barr virus antigens in
human lymphoblastoid P3HR-1 cells with culture fluid of Fusobacterium nucleatum.
Cancer Res 40: 4329-4330.

Ocken PR (1969) Dry-column chromatographic isolation of fatty acid esters of
phorbol from croton oil. J Lipid Res 10: 460-462.

Feng BJ, Jalbout M, Ayoub WB, Khyatti M, Dahmoul S, et al. (2007) Dietary
risk factors for nasopharyngeal carcinoma in Maghrebian countries. Int ] Cancer
121: 1550-1555.

Nishizuka Y (1984) The role of protein kinase C in cell surface signal
transduction and tumour promotion. Nature 308: 693-698.

Szaniawska B, Maternicka K, Kowalczyk D, Miloszewska J, Janik P (1996) The
pleiotropic effect of TPA on in vitro invasion/migration of glioma and
melanoma cell lines. Cancer Lett 107: 205-209.

Myzak MC, Dashwood RH (2006) Histone deacetylases as targets for dietary
cancer preventive agents: lessons learned with butyrate, diallyl disulfide, and
sulforaphane. Curr Drug Targets 7: 443-452.

O’Connell JF, Klein-Szanto AJ, Digiovanni DM, Fries JW, Slaga T] (1986)
Malignant progression of mouse skin papillomas treated with ethylnitrosourea,
N-methyl-N’-nitro-N-nitrosoguanidine, or 12-O-tetradecanoylphorbol-13-ace-
tate. Cancer Lett 30: 269-274.

. Young LS, Rickinson AB (2004) Epstein-Barr virus: 40 years on. Nat Rev

Cancer 4: 757-768.

Wu CC, Liu MT, Chang YT, Fang CY, Chou SP, et al. (2009) Epstein-Barr
virus DNase (BGLF5) induces genomic instability in human epithelial cells.
Nucleic Acids Res 38: 1932-1949.

Lee CP, Chen JY, Wang JT, Kimura K, Takemoto A, et al. (2007) Epstein-Barr
virus BGLF4 kinase induces premature chromosome condensation through
activation of condensin and topoisomerase II. J Virol 81: 5166-5180.

Chang YH, Lee CP, Su MT, Wang JT, Chen JY, et al. (2012) Epstein-Barr virus
BGLF4 kinase retards cellular S-phase progression and induces chromosomal
abnormality. PLoS One 7: ¢39217.

Sbih-Lammali F, Berger F, Busson P, Ooka T (1996) Expression of the DNase
encoded by the BGLF5 gene of Epstein-Barr virus in nasopharyngeal carcinoma
epithelial cells. Virology 222: 64-74.

Jochet C, Martel-Renoir D, Grunewald V, Bosq J, Cochet G, et al. (1993)
Expression of the Epstein-Barr virus immediate early gene, BZLFI, in
nasopharyngeal carcinoma tumor cells. Virology 197: 358-365.

Martel-Renoir D, Grunewald V, Touitou R, Schwaab G, Joab I (1995)
Qualitative analysis of the expression of Epstein-Barr virus lytic genes in
nasopharyngeal carcinoma biopsies. J Gen Virol 76: 1401-1408.

Feng P, Ren EC, Liu D, Chan SH, Hu H (2000) Expression of Epstein-Barr
virus lytic gene BRLF1 in nasopharyngeal carcinoma: potential use in diagnosis.
J Gen Virol 81: 2417-2423.

Hadinoto V, Shapiro M, Sun CC, Thorley-Lawson DA (2009) The dynamics of
EBV shedding implicate a central role for epithelial cells in amplifying viral
output. PLoS Pathog 5: e1000496.

Wong TS, Chang HW, Tang KC, Wei WI, Kwong DL, et al. (2002) High
frequency of promoter hypermethylation of the death-associated protein-kinase
gene in nasopharyngeal carcinoma and its detection in the peripheral blood of
patients. Clin Cancer Res 8: 433-437.

September 2012 | Volume 7 | Issue 9 | e44810



56.

57.

58.

59.

60.

61.

62.

63.

. Takano Y, Kato Y, Masuda M, Ohshima Y, Okayasu I (1999) Cyclin D2, but

not cyclin DI, overexpression closely correlates with gastric cancer progression
and prognosis. J Pathol 189: 194-200.

Chilosi M, Doglioni C, Yan Z, Lestani M, Menestrina F, et al. (1998) Differential
expression of cyclin-dependent kinase 6 in cortical thymocytes and T-cell
lymphoblastic lymphoma/leukemia. Am J Pathol 152: 209-217.

Cordes C, Hasler R, Werner C, Gorogh T, Rocken C, et al. (2011) The level of
secretory leukocyte protease inhibitor is decreased in metastatic head and neck
squamous cell carcinoma. Int J Oncol 39: 185-191.

Ivanova T, Vinokurova S, Petrenko A, Eshilev E, Solovyova N, et al. (2004)
Frequent hypermethylation of 5° flanking region of TIMP-2 gene in cervical
cancer. Int J Cancer 108: 882-886.

Ye L, Zhang B, Seviour EG, Tao KX, Liu XH, et al. (2011) Monoacylglycerol
lipase (MAGL) knockdown inhibits tumor cells growth in colorectal cancer.
Cancer Lett 307: 6-17.

Nomura DK, Long JZ, Niessen S, Hoover HS, Ng SW, et al. (2010)
Monoacylglycerol lipase regulates a fatty acid network that promotes cancer
pathogenesis. Cell 140: 49-61.

Oraldi M, Saracino S, Maggiora M, Chiaravalloti A, Buemi C, et al. (2011)
Importance of inverse correlation between ALDH3AI and PPARgamma in
tumor cells and tissue regeneration. Chem Biol Interact 191: 171-176.

Patel M, Lu L, Zander DS, Sreerama L, Coco D, et al. (2008) ALDHIAL and
ALDH3ALI expression in lung cancers: correlation with histologic type and
potential precursors. Lung Cancer 59: 340-349.

Zhigang Z, Wenlv S (2004) Prostate stem cell antigen (PSCA) expression in
human prostate cancer tissues: implications for prostate carcinogenesis and
progression of prostate cancer. Jpn J Clin Oncol 34: 414-419.

PLOS ONE | www.plosone.org

13

64.

66.

67.

68.

69.

70.

71.

72.

73.

Synergism of Carcinogens Enhances NPC Progression

Wente MN, Jain A, Kono E, Berberat PO, Giese T, et al. (2005) Prostate stem
cell antigen is a putative target for immunotherapy in pancreatic cancer.
Pancreas 31: 119-125.

. Bahrenberg G, Brauers A, Joost HG, Jakse G (2000) Reduced expression of

PSCA, a member of the LY-6 family of cell surface antigens, in bladder,
esophagus, and stomach tumors. Biochem Biophys Res Commun 275: 783-788.
Sakamoto H, Yoshimura K, Saeki N, Katai H, Shimoda T, et al. (2008) Genetic
variation in PSCA is associated with susceptibility to diffuse-type gastric cancer.
Nat Genet 40: 730-740.

Sacki N, Gu J, Yoshida T, Wu X (2010) Prostate stem cell antigen: a Jekyll and
Hyde molecule? Clin Cancer Res 16: 3533-3538.

Lin CT, Wong CI, Chan WY, Tzung KW, Ho JK, et al. (1990) Establishment
and characterization of two nasopharyngeal carcinoma cell lines. Lab Invest 62:
713-724.

Chang Y, Tung CH, Huang YT, Lu J, Chen JY, et al. (1999) Requirement for
cell-to-cell contact in Epstein-Barr virus infection of nasopharyngeal carcinoma
cells and keratinocytes. ] Virol 73: 8857-8866.

Heddle JA, Cimino MC, Hayashi M, Romagna F, Shelby MD, et al. (1991)
Micronuclei as an index of cytogenetic damage: past, present, and future.
Environ Mol Mutagen 18: 277-291.

Huang DW, Sherman BT, Lempicki RA (2009) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4:
44-57.

Huang DW, Sherman BT, Lempicki RA (2009) Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res 37: 1-13.

Binns D, Dimmer E, Huntley R, Barrell D, O’Donovan C, et al. (2009)
QuickGO: a web-based tool for Gene Ontology searching. Bioinformatics 25:
3045-3046.

September 2012 | Volume 7 | Issue 9 | e44810



