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Parthenolide induces apoptosis and lytic cytotoxicity
in Epstein-Barr virus-positive Burkitt lymphoma
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Abstract. Burkitt lymphoma (BL) has been reported to be
strongly associated with Epstein-Barr virus (EBV) infection.
The fact that EBV is generally present in cancer cells but rarely
found in healthy cells represents an opportunity for targeted
cancer therapy. One approach is to activate the lytic replication
cycle of the latent EBV. Nuclear factor (NF)-kB is thought to
play an essential role in EBV lytic infection. Elevated NF-«B
levels inhibit EBV lytic replication. Parthenolide (PN) is a
sesquiterpene lactone found in medicinal plants, particularly
in feverfew (Tanacetum parthenium). The aim of the present
study was to analyze the effect of PN on the survival of Raji
EBV-positive lymphoma cells. Raji cells were treated with 0, 4
or 6 ymol/l PN for 48 h. MTT assay and western blot analysis
were performed to evaluate the findings. Results showd that
PN suppressed the growth of the EBV-positive BL cell line,
Raji, and activated the transcription of BZLFI and BRLFI by
inhibiting NF-xB activity. Most notably, when PN was used
in combination with ganciclovir (GCV), the cytotoxic effect
of PN was amplified. These data suggest that the induction of
Iytic EBV infection with PN in combination with GCV may be
a viral-targeted therapy for EBV-associated BL.

Introduction

Epstein-Barr virus (EBV) is a member of the y-herpesvirus
family. EBV-associated lymphoid malignancies include a
subset of Burkitt lymphoma (BL), acquired immune deficiency
syndrome lymphoma, Hodgkin's lymphoma, post-transplant
lymphoma, age-associated B-cell lymphoma, and peripheral
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T- and natural killer-cell lymphomas (1-3). The EBV life
cycle includes distinct latent and lytic genetic programs (4-6).
Several therapeutic strategies requiring the activation of EBV
lytic genes for tumor cell killing have been described (7,8). The
switch from latent to lytic EBV infection is mediated by the
expression of two EBV immediate-early (IE) viral proteins,
BZLF1 and BRLFI1. Lytic EBV replication damages the cancer
cells and triggers host immune responses against EBV and the
infected cells (9). During lytic infection, EBV encodes viral
kinases that phosphorylate the antiviral nucleoside analogue
ganciclovir (GCV) to produce its active cytotoxic activity (10).
Taken together, these findings suggest that EBV-targeted
cancer therapy warrants investigation.

Nuclear factor-kB (NF-«B) is a significant transcriptional
factor involved in the regulation of cell apoptosis, cell cycle
progression and carcinogenic transformation. Constitutive
NF-kB activity has been observed in lymphoma (11). Recent
studies have demonstrated that the transforming EBV-encoded
latent membrane protein 1 (LMPI1) induces constitutive
NF-«B activity (12) and that elevated NF-xB levels promote
the survival and proliferation of infected cells and inhibit
lytic gene promoter activation, lytic protein synthesis and
lytic replication (13-16). These findings suggest that inhib-
iting NF-«xB is an effective and novel method for treating
EBV-positive malignancies.

Parthenolide (PN) is a sesquiterpene lactone (17) found in
medicinal plants, particularly in feverfew (Tanacetum parthe-
nium). The nucleophilic nature of its methylene-y-lactone ring
and epoxide group enables rapid interactions with biological
sites (Fig. 1A). PN is a herbal medicine that has been used
to treat migraines and rheumatoid arthritis for centuries.
Recently, PN has been identified to have several other proper-
ties, including antitumor activity, inhibition of DNA synthesis
and inhibition of cell proliferation, in various cancer cell
lines (18). In addition, PN sensitizes cancer cells to other anti-
tumor agents (19,20). Accumulating evidence has shown that
PN is capable of inhibiting the activity of the NF-kB subunit
RelA/p65 by inhibiting the IkB kinase-mediated phosphoryla-
tion of IkB (21), suggesting that PN is a novel therapeutic agent
for treating EBV-positive lymphoma.

In this study, we analyzed the effect of PN on the survival
of Raji EBV-positive lymphoma cells. We confirmed that
PN inhibited RelA/p65 activity and showed that it induced
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EBV lytic replication in Raji cells, resulting in EBV-positive
cell death in vitro. When PN was used in combination with
GCYV, the anticancer potency of PN was enhanced. These
findings indicate that PN may be a novel agent for targeting
EBV-associated Burkitt lymphoma.

Materials and methods

Cell culture. The EBV-positive BL cell line, Raji, was obtained
from ATCC (Manassas, VA, USA). The cells were cultured
in RPMI-1640 supplemented with 10% fetal bovine serum,
100 U/ml penicillin and 100 pg/ml streptomycin at 37°C and
5% CO,. Peripheral blood mononuclear cells (PBMCs) were
purified from the blood donors' buffy coats by Ficoll gradient
centrifugation. This study was conducted in accordance with
the Helsinki protocol and approved by the Xiamen University
Institutional Review Board.

Reagents and antibodies. PN was purchased from Sigma-
Aldrich (St. Louis, MO, USA). PN was dissolved in dimethyl
sulfoxide (DMSO; Sigma Chemical Co., St. Louis, MO, USA)
asastock solutionof 1 zmol/ml and diluted in the culture medium
immediately prior to use. The final concentration of DMSO in
all experiments was <0.01%. GCV was purchased from North
China Pharmaceutical Group Corporation (Shijiazhuang,
Hebei, China) and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) was purchased from Sigma. An
annexin V fluorescein conjugate (') and propidium iodide
(PI) apoptosis detection kit was purchased from Invitrogen
(Grand Island, NY, USA). An NF-kB (RelA/p65) transcrip-
tion factor assay kit was purchased from Cayman Chemical
(Ann Arbor, MI, USA). Antibodies against RelA/p65 (1:1000),
poly (ADP-ribose) polymerase (PARP; 1:1000), caspase-8
(1:1000), caspase-9 (1:1000), Oct-1 (1:1000) and horseradish
peroxidase-conjugated anti-rabbit immunoglobulin (1:3000)
were purchased from Cell Signaling Technology (Beverly,
MA, USA). Anti-f-actin antibody (1:3000) was obtained from
Epitomics (Burlingame, CA, USA).

Cell proliferation assay. Raji cells and PBMCs in 180 ul RPMI-
1640 were inoculated onto 96-well plates. Four parallel rows of
wells were set up for each group. The MTT assay was performed
48 h following treatment with PN at different concentrations in
the presence or absence of GCV. The absorbance rate [optical
density (OD)] of each well was measured at 570 nm using an
enzyme-linked immunosorbent detector (DG3022A). Growth
inhibition was determined as a percentage of the control.

Apoptosis detection assays and cell cycle analysis. Raji cells
were treated with 0, 4 or 6 ymol/l PN for 48 h. Raji cells were
washed and stained with annexin V'™ and PI according to the
manufacturer's instructions. Apoptosis was quantified using
a FACSort flow cytometer and CellQuest (BD Biosciences,
Mountain View, CA, USA). Apoptosis was also detected via
4'6-diamidino-2-phenylindole (DAPI) staining. Briefly, Raji
cells were washed with phosphate-buffered saline and stained
with 1 mg/ml DAPI for 30 min at 37°C. Slides were then
washed with phosphate-buffered saline, air dried and covered
with coverslips for analysis via fluorescence microscopy using
a Leica DM2500 microscope (Buffalo Grove, IL, USA). For
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cell cycle analysis, the Raji cells were fixed with cold methanol
overnight and then treated with PI (2 ug/ml) and RNase prior
to flow cytometry.

Caspase-3 assays. Caspase-3 activity was measured in the
control and PN-treated Raji cells. Caspase-3 activity assays
were performed using a colorimetric substrate according to the
manufacturer's instructions (EMD Chemicals, Gibbstown, NJ,
USA). Briefly, Raji cells were lysed, and 50 ug of the resulting
cell lysates were added to an assay buffer to a total volume
of 90 ul and incubated at 37°C for 10 min. A colorimetric
substrate for caspase-3 (final concentration, 200 ymol/l) was
then added to the mixture. Absorbance values at 405 nm were
recorded for each sample following incubation at 37°C for 2 h.

NF-kB (RelA/p65) activity. Raji cells were incubated with 4 or
6 umol/l PN for 6, 12 or 24 h. The cells were collected and
nuclear proteins were extracted. NF-kB (RelA/p65) activity was
detected using a NF-kB (RelA/p65) transcription factor assay
kit. The OD of each well was measured at 450 nm using a Model
680 spectrophotometer (Bio-Rad, Philadelphia, PA, USA).

Western blot analysis. Raji cells were incubated with 4 ymol/l
PN for 24 h. The nuclear and cytoplasmic extracts were
then purified to detect RelA/p65. Preparation of nuclear and
cytoplasmic fractions was performed using the NE-PER
extraction reagent kit (Pierce Biotechnology, Rockford, IL,
USA) according to the manufacturer's instructions. Briefly,
cells were suspended in cytoplasmic extraction reagent I
containing 1% protease inhibitor cocktail (Sigma) and 1%
phosphatase inhibitor cocktail (Sigma) and then incubated on
ice for 10 min. Cytoplasmic extraction reagent II (11 ul) was
added to the mixture, vortexed and incubated on ice for 1 min.
The sample was centrifuged at maximum speed (13,000 x g)
for 10 min at 4°C. The supernatant (cytoplasmic fraction) was
transferred to a new tube and stored at -80°C. The pellet was
resuspended in 100 yul of ice-cold nuclear extraction reagent
and vortexed for 15 sec every 10 min for a total of 40 min. The
sample was then centrifuged (13,000 x g) for 10 min at 4°C.
The supernatant (nuclear fraction) was transferred to a new
tube and stored at -80°C.

Raji cells were treated with 0, 4 or 6 ymol/l PN for 48 h.
Whole-cell extracts were purified to detect PARP, caspase-8
and caspase-9. To prepare the whole-cell lysates, the cells
were lysed in a lysis buffer (Cell Signaling). Cell lysates were
kept on ice for 30 min and centrifuged at 13,000 x g for 10 min
at 4°C.

The protein concentration was determined by Bradford
assay (Bio-Rad). Sample proteins (50 pug) were solubilized in
1% sodium dodecyl sulfate (SDS) sample buffer and subjected
to SDS-polyacrylamide gel electrophoresis (PAGE) on a 4-15%
gel (Bio-Rad). Proteins were transferred from the gel onto
a polyvinylidene difluoride membrane and immunoblotted
with various specific primary antibodies and appropriate
horseradish peroxidase-conjugated secondary antibodies.
Proteins were visualized using an enhanced chemilumines-
cence western blotting detection system (Amersham, Sweden).
Densitometric digital analysis of protein bands was performed
to quantify each protein band using Quantity One 1-D analysis
software version 4.1.0 (Bio-Rad). Each protein was normalized
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Figure 1. (A) Chemical structure of PN. (B) Effects of PN on the growth of Raji cells and normal PBMCs as measured by MTT assay. PN, parthenolide;

PBMCs, peripheral blood mononuclear cells.

by the intensity of the (-actin or Oct-1 housekeeping gene in
each sample.

Detection of BZLF1 and BRLF 1 mRNA expression in Raji cells
using reverse transcriptase polymerase chain reaction
(RT-PCR). Raji cells were collected at 6, 12 and 24 h after
incubation with PN 4 umol/l. BZLFI1 and BRLFI mRNA
expression was detected using RT-PCR. The sequences of
primers used were GGGACAAGCAAACACCAC (sense) and
TTTACACCTGACCCATACC (anti-sense) for BZLF1I;
CCATACAGGACACAACACCTCA (sense) and ACTCCC
GGCTGTAAATTCCT (anti-sense) for BRLFI1; GTGGGG
CGCCCCAGGCACCA (sense) and CTCCTTAATGTC
ACGCACGATTTC (anti-sense) for -actin. The PCR condi-
tions for BZLF I were denaturation at 95°C for 2 min; annealing
for 30 cycles each at 94°C for 30 sec, 58°C for 30 sec, and
72°C for 60 sec; and an extension at 72°C for 10 min. The PCR
conditions for BRLF1 were denaturation at 95°C for 2 min;
annealing for 30 cycles each at 94°C for 30 sec, 58°C for
30 sec, and 72°C for 90 sec; and an extension at 72°C for
10 min. The PCR products were subjected to PAGE using a
1.5% agarose gel and visualized using Goldview staining. The
fragments were analyzed using the Quantity One 4.52 analysis
system (Bio-Rad).

Statistical analysis. Experiments were conducted in triplicate.
The results were presented as the means + standard deviation.
Data were processed using SPSS 13.0 software (SPSS Inc.,
Chicago, IL, USA), and statistical differences were determined
using analysis of variance followed by a q test. P<0.05 was
considered to indicate a statistically significant difference.

Results

PN inhibited Raji cell growth. Results of the MTT assay
analysis showed that PN inhibited Raji cell growth in a
dose-dependent manner (P<0.05 compared with the control
group), with a half maximal inhibitory concentration value of
5.07 umol/l1, but had no effect on normal PBMCs (Fig. 1B).

PN induced apoptosis and affects the cell cycle in Raji cells.
To investigate whether PN is capable of inhibiting Raji cell
growth by inducing cell death, we treated Raji cells with 0,
4 or 6 umol/l PN for 48 h. Induction of cell apoptosis was

examined using both an annexin VF'T¢ and PI assay and
DAPI staining. Our results revealed that PN induced Raji cell
apoptosis in a dose-dependent manner (P<0.05 compared with
the control group; Fig. 2A and B). To verify that these cells
underwent apoptosis, we measured the generation of caspase-3
activity. Raji cells treated with PN had increased caspase-3
activity (Fig. 2C). In addition, a known caspase substrate, poly-
(ADP-ribose) polymerase, was cleaved after PN treatment
(Fig. 2D). Furthermore, we found that PN activated caspase-9
but not caspase-8 (Fig. 2D). These results suggest that PN
induced Raji cell apoptosis via the mitochondrial pathway.

To determine whether the inhibition of Raji cell prolifera-
tion induced by PN was associated with changes in cell cycle
progression, a cell cycle analysis was performed on Raji cells
treated with PN. Treatment with 4 and 6 ymol/l PN signifi-
cantly increased the cell population in the GO/G1 phase by
24.9 and 46.5%, respectively, and decreased the cell popula-
tion in the S phase by 19.2 and 36.7%, respectively (P<0.05
compared with the control group; Fig. 2E).

PN inhibited NF-xB activity in Raji cells. To determine
whether PN has an effect on NF-xB activity in Raji cells,
we used a NF-xB transcription factor assay kit to detect
NF-«kB DNA-binding activity. Our results indicated that the
RelA/p65-DNA binding activity gradually decreased between
6 and 24 h after the addition of PN (Fig. 3A). We also inves-
tigated the expression of RelA/p65 in the cytoplasm and the
nucleus separately using western blot analysis. As shown in
Fig. 3B, RelA/p65 expression in the nucleus of these cells was
reduced following incubation with PN.

PN reactivated EBV in Raji cells. Expression of BZLFI and
BRLFI mRNA was increased in Raji cells treated with 4 or
6 umol/l of PN (P<0.05 compared with the control group),
indicating that PN induced EBV lytic replication in the Raji
cells (Fig. 4).

GCV amplified cytotoxicity induced by PN in Raji cells. Raji
cells were incubated with the indicated concentrations of
PN, in the presence or absence of GCV for 48 h. Findings
of the MTT assay showed that Raji cell viability was further
diminished by GCV combined with PN in comparison to PN
alone (P<0.05; Fig. 5). These findings suggest that the NF-xB
inhibitor PN reactivated EBV lytic replication, allowing GCV
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Figure 2. Induction of apoptosis and effects of PN on the cell cycle in Raji cells. Raji cells treated with 0, 4 or 6 gmol of PN for 48 h. (A) Annexin V¢
assay ("P<0.05 vs. control group). (B) DAPI staining (x40), arrows point to PN-treated Raji cells with irregular and shrunken nuclei. (C) Caspase-3 activity
was measured in the control and PN-treated Raji cells ('P<0.05 vs. control group). (D) Cell extracts were subjected to immunoblotting for PARP, caspase-8
and caspase-9 cleavage. (E) Effects of PN on cell cycle profile. The percentages of cells in GO-G1, S and G2-M phases are shown (n=3). PN, parthenolide;

PARP, Poly (ADP-ribose) polymerase.
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Figure 3. NF-«kB activity was inhibited by PN in Raji cells. (A) Raji cells
were treated with PN at different concentrations for 6, 12 and 24 h; nuclear
extracts were prepared and subjected to a RelA/p65-specific NF-kB DNA
binding assay ('P<0.05 vs. control group). (B) Raji cells were incubated with
4 pmol/1 PN for 24 h. Intracellular localization of RelA/p65 was detected
using western blotting. 3-actin and Oct-1 served as the loading control for
cytoplasmic and nuclear extracts, respectively. PN, parthenolide.
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Figure 4. PN increased the mRNA levels of BZLFI and BRLFI in a time-
dependent manner. PN, parthenolide.

to produce its active cytotoxic form, thereby inducing the
cytotoxic activity of GCV.

Discussion

Our findings have shown that PN inhibited Raji cell growth
in a dose-dependent manner and increased the cell population
in the GO/GI1 phase while decreasing the cell population in
the S phase. These results suggest that PN inhibits Raji cell
proliferation by inducing cell cycle arrest at the GO/G1 phase.
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Figure 5. GCV amplified the cytotoxity of PN in Raji cells. "P<0.05 for
treatments with PN alone vs. treatment with PN and GCV. GCV, ganciclovir;
PN, parthenolide.

We also observed that PN induced Raji cell growth arrest by
inducing Raji cell apoptosis via the mitochondrial pathway.

BL development has been reported to be markedly asso-
ciated with EBV. The fact that EBV is generally present in
cancer cells but rarely found in healthy cells represents an
opportunity for targeted cancer therapy (22). One approach is
to activate the lytic replication cycle of latent EBV, when viral
proteins are expressed at a high level and progeny viruses
are produced. Lytic EBV replication damages the cancer
cells and triggers host immune responses against EBV and
the infected cells (23-26). Entry into the viral lytic cycle is
initiated by the expression of two IE EBV proteins, Z Epstein-
Barr virus replication activator, encoded by BZLF1 (27), and
Rta, encoded by BRLF1 (28). The two IE proteins activate
the viral early genes, resulting in a cascade of events that
lead to progeny virion. Activation of NF-«xB is a feature of
numerous viral infections (29). NF-«kB activation during
viral infection is believed to be a protective response of the
host to the viral pathogen. Therefore, a number of viruses
have evolved distinct strategies to control NF-«kB activity to
evade the immune response (30,31). Additionally, viruses
may modulate the NF-xB pathway to enhance viral replica-
tion or prevent virus-induced apoptosis. Overexpression of
NF-«B inhibits the activation of lytic promoters from EBV,
suggesting that NF-«B is a novel target for the disruption of
virus latency and therefore for the treatment of EBV-related
malignancies (32).

Although the mechanisms mediating the various effects
of PN in different diseases are not entirely clear, several
studies have shown that a significant aspect of the antitumor
activity of this compound appears to be associated with its
activity in inhibiting the NF-«B signal pathway by preventing
the degradation of IkBa (33). Our results showed that PN
suppressed NF-kB activity in Raji cells by restricting the
location of NF-«kB from the cytoplasm to the nucleus, which
is in agreement with previous reports that showed that PN
is an inhibitor of NF-kB activity (34-36), and acted as one
mechanism for killing EBV-positive Raji cells. However, our
finding that PN induced a fully lytic form of EBV suggests
that PN has a second mechanism for killing tumor cells. We
found that treatment with PN increased BZLFI and BRLF]
mRNA expression, indicating that PN was capable of inducing
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EBV lytic replication in Raji cells. In this study, GCV ampli-
fied the cytotoxicity induced by PN, indicating a synergistic
cytotoxicity. Our results also suggest lytic virus replication in
PN-treated Raji cells, as GCV functions only in the lytic phase
of EBV infection and our findings showed that GCV treatment
alone had no cytotoxic effect on Raji cells. Moreover, the inhi-
bition of NF-«xB activity specifically causes lytic cytotoxicity
in EBV-positive Raji cells.

In conclusion, findings of this study have shown the ability
of PN to induce EBV lytic replication and produce apparent
anticancer effects in EBV-positive carcinoma cells through the
inhibition of NF-«kB activity. When GCV was added to PN, the
cytotoxic effect was even more potent. However, more studies
are required to test the effect of PN in EBV-positive malignan-
cies in animal models.
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