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Diphenylene iodonium interferes with cell cycle progression and
induces apoptosis by modulating NAD(P)H oxidase/ROS/cell cycle
regulatory pathways in Burkitt's lymphoma cells
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Abstract. Infection with Epstein-Barr virus (EBV) and its
encoded latent membrane protein 1 (LMP1) play oncogenic
roles in Burkitt's lymphoma (BL). Flow cytometry was used
to measure cellular reactive oxygen species (ROS) concentra-
tions, and cellular lactate generation and diphenylene iodonium
(DPI) cytotoxicity were determined by analyzing lactate
concentrations and cell viability. We also measured NAD(P)H
oxidase (NOX) activity. Reverse transcriptase PCR and qPCR
assays were used to analyze LMPI levels, and protein expres-
sion was measured by immunoblotting. In the present study,
EBV was able to induce NOX activity and ROS generation in
the BL cells. Inhibition of NOX activity by DPI suppressed
ROS levels and elevated lactate levels. DPI treatment first
resulted in a G2-M phase cell cycle arrest and then induced
significant apoptosis. Immunoblot analysis demonstrated that
DPI suppressed the expression of c-Myc and Cdc25A within
6 h, which may have caused the cell cycle arrest. Collectively,
these findings indicate a close relationship between EBV infec-
tion and NOX activation, permitting a deeper understanding of
ROS inhibition in cell cycle regulation and providing a novel
therapeutic target for BL treatment.
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Introduction

Burkitt's lymphoma (BL) is a malignancy of the human
lymphatic system that was first described in children in
Central Africa by the surgeon Denis Parsons Burkitt in 1956.
The pathogenesis of both the endemic and the sporadic types
of BL are closely related to impaired immunity and Epstein-
Barr virus (EBV) infection (1,2). In addition to EBV, BL is
also associated with a translocation involving the c-Myc
and IgH genes, t(8;14)(q24:q32) (3). The first human BL cell
line, Raji, was established in 1963 and was found to inte-
grate the EBV into its genome, leading to the discovery and
isolation of this virus (4). EBV infection has been reported
to contribute to BL development by increasing the lympho-
magenic potential of c-Myc translocation-positive cells (5).
Moreover, Lassoued et al suggested that the EBV infection
of B lymphocytes and epithelial cells leads to oxidative
stress that facilitates viral transformation (6). Cerimele et al
also demonstrated that EBV-positive BL cells exhibit higher
levels of reactive oxygen species (ROS) than EBV-negative
BL cells and that latent membrane protein 1 (LMP1) is a
major inducer of ROS (7). LMPI is known to resemble CD40
and function as a constitutively active tumor necrosis factor
receptor (TNFR) (8). Ha et al showed that the ligation and
activation of CD40 produces ROS by activating the NAD(P)H
oxidase (NOX) regulatory subunit p40P"* (9). The NOX family
is an important intrinsic source of ROS that consists of seven
catalytic enzymes (NOX1-5 and DUOX 1-2) and six regulatory
subunits (10). Using NAD(P)H as a substrate, NOX catalyzes
the conversion of oxygen to superoxide.

In cancer cells, ROS stimulate oncogenic transformation,
cell proliferation, and mitochondrial malfunction (11-14),
and the redox status alters the sensitivity of cancer cells to
anticancer agents (15). In BL cells, an amonafide analog was
demonstrated to actively inhibit cell proliferation and induce
apoptosis via an ROS-mediated mitochondrial pathway (16).
Rituximab was found to elevate ROS generation and sensi-
tize BL cells to X-irradiation (17). Since multiple effective
and clinically used chemotherapy agents induce excess ROS
accumulation to increase their anticancer activities (18,19),
most researchers have focused on developing ROS-stimulating
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compounds to improve anticancer treatment outcomes (15,20).
However, less attention has been paid to the anticancer effects
of ROS-suppressing compounds.

Scientists believe that ROS are important carcinogens (21)
and that ROS-suppressing compounds can be used as
chemoprevention drugs to reverse ROS-induced carcino-
genesis (22). For example, polyphenols have been reported
to target cyclooxygenase-2 (COX-2) and scavenge ROS in
tumor cells, indicating the antitumorigenic potentials of these
compounds (23). In addition to the polyphenol compounds
derived from phytonutrients, microalgal products have also
exhibited chemopreventative activities in cancer cells (24).
The chemical compound dibenziodolium chloride (DPI),
which is a potent inhibitor of NOX, is thought to signifi-
cantly suppress ROS levels, and Yamaura et al reported that
inhibition of NOX activity by DPI arrests melanoma cells at
the G2-M phase of the cell cycle (25). Although anti-ROS
compounds have been proven to prevent the development of
various types of cancers, there are limited reports of their
destruction of cancer cells.

In the present study, we found that EBV-encoded LMP1
was responsible for the activation of NOX and the accumulation
of cellular ROS in Raji BL cells. Inhibition of EBV-activated
NOX by DPI not only suppressed cellular ROS levels but
also led to lactate accumulation, which first arrested the Raji
cells at the G2-M phase of the cell cycle and subsequently
resulted in significant apoptosis. The obvious decreases in
the expression levels of c-Myc and Cdc25A within 6 h of DPI
treatment suggest that c-Myc and Cdc25A may be responsible
for DPI-induced cell cycle arrest in Raji BL cells. In this case,
the ability of EBV infection to activate NOX and stimulate
ROS generation represents a novel therapeutic target for BL
treatment. Due to its ability to inhibit NOX-ROS-cell cycle
progression, it is possible to use DPI to suppress the prolifera-
tion of BL cells.

Materials and methods

Materials. CM-H,DCF-DA was purchased from Invitrogen-
Molecular Probes (Carlsbad, CA, USA). DPI was purchased
from Sigma-Aldrich (St. Louis, MO, USA), dissolved in
dimethyl sulfoxide (DMSO) and freshly diluted in culture
media before use. The final DMSO concentration was <0.1%
/v).

Celllines.Raji cells, which were derived from a well-established
human BL cell line with latent EBV infection, JM1 cells (an
acute lymphoblastic leukemia B cell line) and NALM 16 cells
(a human hematopoietic B cell line) were maintained in our
laboratory in RPMI-1640 medium (Gibco-BRL, Gaithersburg,
MD, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Thermo Scientific, HyClone, Logan, UT, USA).
Cells were incubated in a humidified, 5% CO, atmosphere at
37°C.

Flow cytometry. Cellular ROS concentrations were
measured by incubating control or drug-treated Raji, IM1
and NALMI16 cells with 1 uM CM-H,DCF-DA for 60 min
followed by flow cytometric analysis using a FACSCalibur
equipped with CellQuest Pro software. CM-H,DCF-DA is
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a fluorescent probe with relative specificity for hydrogen
peroxide (41). To determine the effects of the drug on the
cell cycle, propidium iodide (PI) staining after 75% alcohol
fixation was used, followed by flow cytometric analysis. Cell
death was determined by flow cytometry after the cells were
double stained with Annexin V-FITC and PI using an assay
kit from BD Pharmingen (San Diego, CA, USA) in a routine
manner.

Examination of cellular lactate generation. To analyze cellular
lactate production, cells in the exponential growth phase were
incubated with fresh medium or medium containing DPI
for 24 h. Aliquots of culture medium were then removed for
analysis of lactate concentrations using a portable Accutrend
lactate analyzer with a linear range of standard lactate concen-
trations, according to the manufacturer's recommendations
(Roche, Mannheim, Germany).

Assays for DPI cytotoxicity. Cell viability was assessed
using MTS assays. Raji cells were plated in 96-well culture
clusters (Costa, Cambridge, MA, USA) at densities of
20,000-30,000 cells/ml, and serial dilutions of DPI were
prepared at concentrations of 2.5-20 M using a stock solution.
All experimental concentrations were prepared in triplicate.
The percent absorbance of the DPI-treated cells relative to
that of the DMSO-treated control cells (<0.1% DMSO) was
plotted as a linear function of the DPI concentration. The
antiproliferative effect of DPI on the Raji cells was measured
as the percentage of viable cells relative to the DMSO-treated
control cells.

NOX activity assay. DPI is widely used as an inhibitor of
flavoenzymes, particularly NOX. To determine cellular
NOX activity, 10 uM DPI was added 4 h before the cells
were harvested. The control and the DPI-treated NP69 and
NP69-LMP1 cells were lysed in hypotonic phosphate buffer
containing protease inhibitors, disrupted by sonication,
and centrifuged for 10 min at 1,500 rpm. The supernatant
containing the cytosolic and mitochondrial fractions was
further ultracentrifuged at 100,000 x g for 30 min at 4°C.
The resulting pellet, which contained the membranous frac-
tions of the cytosol and mitochondria, was resuspended in
buffer B [S0 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA,
and protease inhibitor cocktail (one tablet for 10 ml of buffer)]
and used for the assay. The samples were adjusted to the same
protein concentration (1 pug/ul). Then, 5-ul aliquots of the
samples were incubated with 94 ul of phosphate buffer (50 mM
K,HPO,, 1 mM EGTA, and 150 mM sucrose) and with 1 ul of
3-NAD(P)H (4 mM) for 15 min. Before measurements were
performed, 2.5 ul of lucigenin (2 mM) was added, and the
lucigenin-derived chemiluminescence of the cell homogenates
was assessed over 1 min in a 20/20" tube luminometer (Turner
Biosystems, Sunnyvale, CA, USA).

Small interfering RNAs and transfection. The siRNA pools
for LMP1 and the non-targeting siRNAs were purchased from
Thermo Scientific Dharmacon. Lipofectamine™ 2000 trans-
fection reagent (Invitrogen) was used to introduce the siRNA
(final concentration of 50 nM) or plasmids [the ratio of DNA
(ng) to lipid reagent (ul) was 1 to 2.5] into the cells.
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Figure 1. Epstein-Barr virus-encoded LMP1 upregulates NOX activity and ROS levels in Raji BL cells. (A) Comparison of cellular ROS concentrations in
Raji, JM1 and NALMI6 cells using flow cytometry and H,DCF-DA. Each histogram is representative of three experiments (p<0.001, Raji vs. IM1 cells).
(B) Comparison of NOX activity in Raji, JM1 and NALMI16 cells, measured using a luminometer and lucigenin in the presence of NAD(P)H (mean + SD
of three experiments; “p<0.01). (C) mRNA expression of LMP1 in NALM16, JM1 and Raji cells, measured by RT-PCR assays. B-actin served as an internal
control. (D) Quantitative real-time PCR was performed to quantify mRNA expression of LMPI in Raji, JM1 and NALM16 cells (mean + SD of three
experiments; “p<0.001). (E) The effects of LMP1 siRNA on NOX activity in Raji cells were measured using a luminometer and lucigenin in the presence of
NAD(P)H (mean = SD of three experiments; ‘p<0.01). LMP1, latent membrane protein 1; NOX, NAD(P)H oxidase; ROS, reactive oxygen species; BL, Burkitt's

lymphoma.

Reverse transcriptase PCR and gPCR assays for LMPI. Total
RNA was isolated from cells using an RNeasy Mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer's instruc-
tions, and cDNA was synthesized as previously described (4).
Thirty-five cycles of PCR were performed, and the primer
sequences used to amplify LMP1 were as follows: forward,
5'-CGTTATGAGTGACTGGACTGGA-3' and reverse,
5'"TGAACAGCACAATTCCAAGG-3'. Quantifications of
LMP1 mRNA expression in the NPC and non-cancer cells
were performed by amplifications using SYBR-Green. The
absolute threshold cycle values (Ct values) of LMP1 were
determined using SDS software v.2.1 (Applied Biosystems).
LMP1 mRNA expression was analyzed by determining its Ct
values relative to those of 3-actin.

Immunoblot analysis. Protein analyses by immunoblotting
were performed as previously described (42) using primary

antibodies against c-Myc (sc-764; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), Cdhl (ab3242; Abcam), Chkl (#2345;
Cell Signaling), Cdc25A (sc-97; Santa Cruz Biotechnology),
DDBI1 (#5428; Cell Signaling), CDK2 (sc-163), cyclin E
(sc-481) (both from Santa Cruz Biotechnology) and GAPDH
(ab9489; Abcam). Total cell lysates were harvested, subjected
to 12% SDS-polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene difluoride membranes (Roche, Basel,
Switzerland). Immunoblotting involved incubation with the
primary antibodies followed by the addition of secondary anti-
bodies conjugated to horseradish peroxidase (Cell Signaling)
to facilitate detection. Subsequently, enhanced chemilumines-
cence reagent (Cell Signaling) was added to develop the blots.

Statistical analysis. All analyses for comparing the signifi-
cance of the measured levels were performed using the
one-way ANOVA test with SPSS 19.0 software.
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Figure 2. DPI suppresses ROS concentrations and increases lactate production in Raji cells. (A) The effects of a 4-h 10-uM DPI treatment on NOX activity
in the Raji cells was measured using a luminometer and lucigenin in the presence of NAD(P)H (mean = SD of three experiments; “p<0.01). (B) The effects of
5-uM DPI treatments for 0, 12 and 24 h on the ROS level in the Raji cells were measured using flow cytometry and H,DCF-DA. Each histogram is representa-
tive of three experiments. (C) The effects of 5-uM DPI treatments for 24 and 48 h on lactate production in the Raji cells were measured using an Accutrend
lactate analyzer (mean + SD of three experiments; ‘p<0.01, “p<0.001). ROS, reactive oxygen species; NOX, NAD(P)H oxidase.

Results

Accumulation of cellular ROS in Raji BL cells is triggered
by EBV-encoded LMPI. BL is unique among the various
types of B cell malignancies since its carcinogenesis is
closely associated with EBV infection. EBV-encoded LMP1
is predominantly expressed in B cell lymphocytes latently
infected with EBV. The virus-encoded nuclear protein 2
(EBNA?2) and its downstream factor LMP1 have been reported
to facilitate ROS production in malignant B cells (7). The
NOX family proteins consume NAD(P)H and transfer elec-
trons across biological membranes to generate superoxide and
ROS (26). Thus, we hypothesized that LMP1 may be able to
stimulate ROS generation by activating NOX in BL cells. To
test our hypothesis, we first analyzed ROS and NOX activity
levels in Raji cells (from a well-established BL cell line with
latent EBV infection) and in two other EBV-negative, malig-
nant B cell lines, JM1 (an acute lymphoblastic leukemia B cell
line) and NALM 16 (a human hematopoietic B cell line). As
illustrated in Fig. 1A and B, the Raji cells exhibited a much
higher basal ROS level (9.7- and 35.9-fold) and significantly
higher NOX activity (2.9- and 10.5-fold) compared with the
EBV-negative B cell lines NALM16 and JM1, respectively
(p<0.01). Next, we detected EBV-encoded LMP1 mRNA levels

by RT-PCR and qPCR. As shown in Fig. 1C and D, the expres-
sion of LMP1 mRNA was much higher in the Raji BL cells
than in the JM1 and NALMI6 cells. To identify the effects of
LMPI1 on NOX activation in the Raji BL cells, we knocked
down LMP1 expression using RNAi and then analyzed NOX
activity using lucigenin and a luminometer. As shown in
Fig. 1E, inhibition of LMP1 expression by siRNA markedly
suppressed NOX activity, suggesting that EBV LMP1 may be
responsible for activating NOX enzyme activity as well as the
generation of excessive ROS in the EBV-positive Raji BL cells.

Inhibition of NOX activity by DPI suppresses cellular ROS
accumulation and stimulates lactate generation. Over
the past decade, most studies have focused on evaluating
ROS-stimulated compounds, investigating their effects on the
destruction of cancer cells since excessive ROS accumulation
is thought to result in the apoptosis of these cells (15,20).
However, little attention has been paid to the application of
novel compounds that suppress cellular ROS levels in anti-
cancer treatments. In the present study, we found that the
small-molecular-weight compound DPI was able to effectively
inhibit NOX activity (by ~82%, Fig. 2A) in the Raji cells. Since
the aforementioned findings suggest that LMP1-activated
NOX is responsible for stimulating ROS generation in Raji BL
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Figure 3. DPI treatment arrests Raji cells at the G2/M phase of the cell cycle. (A) Raji cells were incubated with DPI (5 uM) for 0, 24 and 48 h, and MTS assays
were performed to evaluate the effects of DPI on cell viability (mean = SD of three experiments; “p<0.01). (B) Apoptotic effects of the 5-uM DPI treatment on
NALMI16 and Raji cells at 12 and 24 h after treatment, as detected by Annexin V-PI staining and flow cytometry. The percentages under the plots indicate live
cells, showing both low Annexin V staining and low PI staining. Each histogram is representative of three experiments. (C) Cell cycle analysis of untreated
Raji cells, and Raji cells treated with 5 xM DPI for 8, 16, 24 and 48 h, as analyzed by flow cytometry and PI staining. Each histogram is representative of three
experiments. (D) The effects of DPI treatment on the cell cycle distribution of the Raji cells were analyzed using MultiCycle software program (Phoenix Flow

System) (mean = SD of three experiments; “p<0.01).

cells, we suspected that DPI may suppress cellular ROS levels
in Raji cells by inhibiting NOX activity. As shown in Fig. 2B,
flow cytometry indicated that 5 uM DPI effectively suppressed
ROS accumulation in the Raji cells by blocking NOX activity,
causing ~35 and 57% decreases in cellular ROS concentrations
at 4 and 8 h, respectively. Notably, in addition to suppressing
ROS levels, the DPI treatment was able to markedly elevate
lactate production in the Raji cells. As shown in Fig. 2C, treat-
ment of Raji cells with 5 yM DPI caused significant increases
in lactate levels by 2.6- and 5.4-fold at 24 and 48 h, respec-
tively. These increases may have occurred due to upregulation
of lactate dehydrogenase (LDH) activity by inhibition of NOX
since NOX and LDH utilize the same substrate, NAD(P)H, to
generate ROS and lactate.

DPI treatment arrests Raji cells at the G2-M phase of the cell
cycle. Lactate accumulation can be harmful to cancer cells
and cause irreversible damage, suggesting that a hyperacidic
environment and ROS inhibition may mediate the anticancer

effects of DPI. As shown in Fig. 3A, DPI effectively inhibited
proliferation of the Raji cells at 48 h, and ~72% of their capacity
for proliferation was inhibited at 5 xM DPI. However, both cell
viability assays and Annexin V/PI flow cytometric analyses
showed that 24 h of incubation with DPI (5 xM) did not cause
obvious cell apoptosis in the Raji cells (Fig. 3A and B). Instead
of undergoing apoptosis, many of the cells were arrested at
the G2-M phase of the cell cycle within 24 h of DPI treat-
ment (Fig. 3C). Compared to the 34% of untreated Raji cells at
the G2-M phase, 43, 53 and 72% of these cells were arrested at
the G2-M phase after DPI treatments for 8, 16 and 24 h, respec-
tively, as quantified by flow cytometry using PI as a fluorescent
probe (Fig. 3C and D). When we prolonged the DPI incubation
time to 48 h, this G2-M phase arrest disappeared, and large
numbers of Raji cells were arrested at the sub-Gl1 phase, indi-
cating the occurrence of apoptotic cell death (Fig. 3C and D).
These data suggest that the anticancer activity mediated by
DPI first resulted in cell cycle arrest during the G2-M phase,
which may have led to apoptotic cell death.
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DPI treatment induces apoptosis in Raji cells. Since the afore-
mentioned flow cytometry data indicated that the apoptotic
cell death was the result of DPI-induced cell cycle arrest, we
further examined the cell-killing effects of DPI on Raji BL
cells. Annexin V/PI flow cytometry assays were adopted to
evaluate the cytotoxicity of DPI in the Raji cells. As shown in
Fig. 4A and B, compared to the NALM16 cells, which exhib-
ited obvious cell death at both 24 and 48 h after the 5-uM DPI
treatment, Raji cells only exhibited significant apoptotic cell
death at 48 h after the 5-uM DPI treatment, implying a delayed
response of these cells to DPI-induced cell cycle arrest. In other
words, the DPI-induced destruction of Raji cells may have
been caused by the effects of DPI on the cell cycle. Subsequent
MTS assays were performed to assess cell viability after DPI
treatment at a series of concentrations ranging from 2.5 to
20 uM. As illustrated in Fig. 4C, the DPI treatment induced
time- and dose-dependent cell death in Raji cells, and a signifi-
cant decrease in cell viability was first observed at 48 h after
treatment. Based on these data, we believe that DPI is a potent
killer of Raji BL cells and may represent an improved, novel
treatment strategy for the treatment of BL patients.

Cell cycle regulators are involved in DPI-induced cell cycle
arrest. By inhibiting NOX activity, DPI arrested the Raji
cells at the G2-M phase of the cell cycle and effectively
induced apoptotic cell death. To further investigate the related
molecular mechanism, a panel of cell cycle regulators was
analyzed by immunoblotting following treatments for 3-36 h.
The data indicated that the cell cycle regulators Cdhl, Chkl,
c-Myc and Cdc25 were modified by the 5-uM DPI treat-
ment (Fig. 5A and B). Among these four proteins, c-Myc and
Cdc25 were significantly downregulated at 6 h after treatment,
Chk1 was significantly downregulated at 12 h after treatment,
and Cdhl was only obviously downregulated at 36 h after treat-
ment. Based on these modifications of the cell cycle regulators,
we suspect that c-Myc and Cdc25 are quite possibly involved
in DPI-induced G2-M cell cycle arrest in the Raji BL cells.

Discussion

The incidence of BL, which is a highly aggressive form
of B lymphoma that remains problematic for children in
endemic areas, has increased dramatically worldwide due to
its association with immunodeficiency (27). EBV, which is a
frequently occurring virus found in all human populations, is
strongly linked to the pathogenesis of BL. While most studies
have focused on the activities of cancer-related viruses in
stimulating the oncogenic signaling pathways of host cells,
few investigations have evaluated their roles in modifying the
redox status of tumor cells. Recent studies have shown that the
hepatitis B virus X protein (HBx) is involved in viral metabo-
lism and ROS accumulation in liver disease (28). Human T-cell
leukemia virus type 1 (HTLV-1) has also been demonstrated
to stimulate ROS generation under glucose deprivation (29).
Previous studies have reported that EBV-positive BL cells
express high levels of mitogen-activated protein kinase
(MAPK) and have high ROS concentrations compared with
EBV-negative malignant B cells (7). In the present study, the
role of EBV in ROS stimulation in BL cells and its underlying
applications for clinical use were investigated. Following
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latent EBV infection and LMP1 expression, EBV-positive BL
cells (Raji cells) exhibited much higher NOX activity and ROS
levels than two EBV-negative malignant B cell lines (JM1
and NALM16). By inhibiting NOX activity, DPI was a potent
suppressor of cellular ROS levels, which resulted in lactate
accumulation that initially caused significant cell cycle arrest
during the G2-M phase and subsequently led to substantial
apoptosis of Raji BL cells. Moreover, we suggest that c-Myc
and Cdc25A may contribute to DPI-induced cell cycle arrest
and the subsequent apoptosis.

EBYV infection is known to have three latency programs
(latency I, IT and III), each of which leads to the production
of a distinct panel of viral proteins and RNAs (30). Consistent
with a previous report that emphasized the role of EBNA2 and
its downstream factor LMP1 in ROS induction in BL cells
with EBV type III latent infections (7), our findings suggest an
important role of LMP1 in activating NOX and modulating ROS
generation in Raji BL cells. When we knocked down LMP1
expression by RNAi, NOX enzyme activity was suppressed.

The NOX family consists of a group of enzymes that utilize
molecular oxygen to generate ROS. Since activated NOX
enzymes in cancer cells consume the substrate NAD(P)H,
which is also used as a substrate by LDH to produce lactate,
some reports have indicated that NOX is also involved in
modulating glycolysis (31,32). Since the activation of NOX
enzymes is always linked with inflammation and malignant
disorders, it can be targeted to treat these diseases (33,34). DPI
is a well-established inhibitor of NOX enzymes. In pancreatic
adenocarcinoma cells, DPI potently inhibits ROS produc-
tion and induces apoptosis (35). In chronic myelogenous
leukemia (CML) cells, both DPI and NOX RNAi suppress
BCR-ABL-induced cell proliferation and reduce cellular
growth (36). In addition to DPI, multiple other compounds,
such as plumbagin, celastrol and phenothiazines, have been
shown to effectively target NOX (37-39). Here, we demon-
strated that inhibition of NOX by DPI not only suppressed ROS
levels yet also elevated lactate production. Excessive lactate
concentrations can lead to lactic acidosis, causing great harm
to cells. In this manner, DPI induced a marked G2-M phase
cell cycle arrest that eventually led to irreversible apoptosis in
Raji BL cells.

The underlying mechanisms of NOX in cell cycle progres-
sion have rarely been investigated, but some information
can be obtained from recent publications. ROS produced
by NOX enzymes can influence cell cycle progression by
regulating phosphorylation and ubiquitination of cyclin-
dependent kinases (CDKs) and cell cycle regulators (40). The
cell cycle progression induced by platelet-derived growth
factor (PDGF) is partially mediated by NOX1-induced ROS
production (26), and NOX4 has been associated with G2-M
phase cell cycle progression in melanoma cells (25). In these
reports, Cdc25 phosphorylation and the ubiquitination of CDK
inhibitor proteins (CKIs) have been suggested to be involved
in NOX-mediated cell cycle progression. In our system, CDK2
expression seemed to be elevated after DPI treatment, possibly
due to ubiquitination of CKIs. Consistent with previous find-
ings, Cdc25 expression was altered by DPI treatment. More
importantly, c-Myc, which is a vital oncoprotein in BL cells,
was significantly downregulated by DPI, strongly implying its
potential use for the treatment of BL.
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In summary, the present study linked EBV infection with

NOX-activated ROS generation in BL cells, suggesting that
NOX activation is a potential target for development of anti-
cancer treatment strategies for BL patients. DPI, which is a
specific inhibitor of NOX enzymes, was demonstrated to be
capable of decreasing cellular ROS concentrations and of stim-
ulating excess lactate generation, resulting in a G2-M phase
cell cycle arrest and eventually leading to significant apoptosis
in Raji cells. Moreover, the involved cell cycle regulators
were likely c-Myc and Cdc25. Therefore, we propose that
EBV-induced NOX activation and ROS generation are potent
targets for BL treatment. By halting cell cycle progression and
inducing apoptosis, DPI demonstrated the ability to kill Raji
BL cells, indicating that it may be valuable for development as
an effective anti-BL treatment.
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