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Abstract

Cancer stem cells play a central role in the pathogenesis of nasopharyngeal carcinoma and con-
tribute to both disease initiation and relapse. In this study, cyclooxygenase-2 (COX-2) was found
to regulate cancer stem-like side population cells of nasopharyngeal carcinoma cells and enhance
cancer stem-like cells’ characteristics such as higher colony formation efficiency and overexpres-
sion of stemness-associated genes. The regulatory effect of COX-2 on cancer stem-like charac-
teristics may be mediated by ABCG2. COX-2 overexpression by a gain-of-function experiment
increased the proportion of side population cells and their cancer stemness properties. The
present study also demonstrated that in contrast to the classical chemotherapy drug
5-fluorouracil, which increased the proportion of side population cells and upregulated the ex-
pression of COX-2, parthenolide, a naturally occurring small molecule, preferentially targeted the
side population cells of nasopharyngeal carcinoma cells and downregulated COX-2. Moreover, we
found that the cancer stem-like cells’ phenotype was suppressed by using COX-2 inhibitors
NS-398 and CAY 10404 or knocking down COX-2 with siRNA and shRNA. These findings suggest
that COX-2 inhibition is the mechanism by which parthenolide induces cell death in the cancer
stem-like cells of nasopharyngeal carcinoma. In addition, parthenolide exhibited an inhibitory effect
on nuclear factor-kappa B (NF-kB) nucler translocation by suppressing both the phosphorylation
of IkB kinase complex and IkBa degradation. Taken together, these results suggest that par-
thenolide may exert its cancer stem cell-targeted chemotherapy through the NF-kB/COX-2
pathway.

Key words: parthenolide, nasopharyngeal carcinoma, cyclooxygenase-2, nuclear factor-kappa B, side popula-
tion cells.

Introduction

Nasopharyngeal carcinoma (NPC) has a high tonese region around Guangzhou, where the inci-
incidence in southern China, especially in the Can-  dence is approximately 30-80/100,000 population per
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year [1, 2]. The overall five-year survival for all NPC
stages ranges from 50% to 70% [3]. Although ad-
vances in radiation and chemotherapy have improved
the prognosis of individuals with NPC, many patients
still succumb to the disease due to therapeutic re-
sistance and metastasis [1, 3]. These treatment failures
probably result from residual tumor cells remaining
after standard therapies. A better understanding of
the biology of NPC and developing novel theranostic
strategies to eliminate therapy-resistant tumor cells
are important [2, 4].

Recent studies have suggested that cancer stem
cells (CSCs), a small subset of cells in tumors which
possess stem cell properties, may be responsible for
tumorigenesis and may contribute to resistance of
NPC to traditional chemotherapy [5-8]. Specifically,
CSCs with high levels of drug transporters such as
ATP-binding cassette (ABC) transporters, including
their sub-family G member 2 (ABCG?2), are resistant to
xenobiotics due to their ability to actively extrude
drugs out of cells [6, 9].

Side population (SP) cells have been identified
from various cancer cell lines and primary tumor tis-
sues, including NPC and hepatocellular, lung, and
gastric cancers, and have been shown to express high
levels of stem cell-associated genes and possess mul-
ti-potent capabilities such as differentiation, prolifer-
ation, and self-renewal potential, suggesting that
these cells exhibit stem cell properties [10-12]. Re-
cently, a technique has been developed to isolate SP
cells using flow cytometry. SP cells have been sorted
from five NPC cell lines, including C-666-1, CNEI,
HONE-1, CNE2 and SUNE-1, and their presence
ranged from 0.1% to 6.8% of the total cell population
[10]. An in vivo experiment showed that the injection
of SP cells sorted from CNE2 cells into nonobese dia-
betic/severe combined immunodeficient
(NOD/SCID) mice led to tumor formation. The tumor
forming ability of SP cells was about 20 times higher
than non-side population (NSP) cells [10]. Therefore,
SP cells can be considered a type of stem-like cancer
cell in the NPC cell population.

To date, the mainstream treatment for NPC has
been radiotherapy or combined chemo-radiotherapy;
however, application of chemotherapy has become
popular recently and a classical anticancer drug,
5-fluorouracil (5-FU), is one of the commonly used
drugs [4]. Some malignant stem cells in NPC are re-
fractory to these chemotherapeutical drugs [5-8], so it
is important to identify novel therapies, such as
chemopreventative agents that specifically target the
CSC population of NPC.

Parthenolide, a naturally occurring small mole-
cule, is a major sesquiterpene lactone responsible for
the bioactivity of feverfew (Tanacetum parthenium Sch.

Bip.), which is a traditional herbal plant that has been
used for the treatment of fever, migraine, and arthritis
[13]. In our previous study, parthenolide inhibited
proliferation and induced apoptosis sensitivity of
NPC cells [14]. Studies have reported that par-
thenolide killed melanoma cells without affecting
normal melanocytes [15], selectively eliminated oste-
osarcoma cells but not non-malignant osteoblasts [16],
and preferential targeted CSCs for apoptosis while
sparing normal stem cells in leukemia and solid tu-
mors [17-20]. Conventional chemotherapeutic drugs
often act primarily on replicating bulk tumor cells
while sparing CSCs [21]. For example, parthenolide
completely abolished melanospheres even a dose of 5
uM whereas dacarbazine (the first-line anti-melanoma
drug) only kills up to 70% of melanoma CSCs at 2 mM
[22]. Recent studies have shown that parthenolide can
reduce the viability of CSCs in various cancers, in-
cluding leukemia, breast cancer, osteosarcoma, mel-
anoma, mesenchymal tumors, and prostatic carcino-
ma [20]. Importantly, an adequate safety profile for
parthenolide has been shown in Phase I/II clinical
trials [23, 24]. Whether parthenolide can target CSCs
of NPC has not been explored. The current study was
designed to investigate the effect of parthenolide on
NPC stem-like cells.

The transcription factor nuclear factor-kappa B
(NF-kB) is one of the key regulators involved in im-
mune and inflammatory responses [25]. Growing ev-
idence has indicated that the NF-xB signaling path-
way is a central coordinator for carcinogenesis [26].
NF-kB has been detected in many malignant tumors
and also in NPC tissues [27]. In addition, studies have
shown that NF-«B is activated in leukemia and breast
cancer stem cells [28, 29], and the NF-kB pathway can
be selectively targeted to preferentially inhibit
stem-like cells in breast cancer [21] and leukemia [17,
30].

Cyclooxygenase-2 (COX-2), also called prosta-
glandin-endoperoxide synthase 2 (PTGS2), a down-
stream molecule of the NF-xB pathway [31], is com-
monly upregulated in various human cancers [32].
COX-2 produces prostaglandin E2 (PGE2) in cancer
cells [31], while PGE2 favors carcinogenesis by en-
hancing cellular resistance to apoptosis and the po-
tential for invasiveness, angiogenesis, proliferation,
and metastasis [33]. Recent studies have shown that
stem-like CD133* glioblastoma cells have higher
COX-2 expression than CD133- cells [34]. In addition,
COX-2 inhibitors enhance the therapeutic effects of
radiation on CSCs in a variety of tumors, including
glioblastoma [34], melanoma, and oral carcinoma [35].
Most recently, global gene expression analysis of os-
teosarcoma stem cells has revealed a potentially sig-
nificant role for COX-2 in tumor initiation [36]. These
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data suggest that COX-2 may be a meaningful target
for specific killing of CSCs in chemotherapy strate-
gies.

In this study, we investigated the role of COX-2
in regulating the cancer stem-like side population of
nasopharyngeal carcinoma cells. We also studied the
inhibiting effect of parthenolide on NPC SP cells and
the underlying mechanisms. Our data suggest that
suppression of cancer stem-like cells by parthenolide
may be via the NF-kB/COX-2 signaling pathway, and
COX-2 is a potential theranostic target for par-
thenolide’s killing of NPC cancer stem-like cells.

Methods

Cell culture and reagents

It has been reported that cancer stem-like SP cells
were isolated from CNE1 and CNE2 [10], so CNE1
and CNE2 cells were used in the present study. (Of
human NPC cell lines, CNE1 is well-differentiated,
and CNE2 is poorly-differentiated). CNE1, CNE2, and
293T cells were obtained from the Cancer Center of
Sun Yat-sen University (Guangzhou, China). The cells
were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) (Hyclone,
UT, USA), 100 U/mL penicillin G, and 100 pg/mL
streptomycin in a humidified incubator at 37°C with
5% COa,. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazoliumbromide (MTT), Hoechst 33342, verapamil,
dimethyl sulfoxide (DMSO), parthenolide (PN), pyr-
rolidine dithiocarbamate (PDTC), tumor necrosis
factor-o. (TNF-at), and 5-fluorouracil (5-FU) were from
Sigma-Aldrich (MI, USA). The COX-2 inhibitors
NS-398 and CAY10404 were purchased from Cayman
Chemical (MI, USA). TRIzol was purchased from
Invitrogen (CA, USA).

Vector construction and establishment of
COX-2 overexpressing stable cell lines

In order to establish stable cell lines overex-
pressing COX-2, PTGS2 mRNA was incorporated into
a pBabe-puro retroviral vector (a kind gift from Dr.
Wen Chen, Sun Yat-sen University, China) for intro-
duction into CNE1 and CNE2 cells. To construct the
pBabe-PTGS2-FLAG  recombinant plasmid, a
Flag-tagged PTGS?2 fragment was first isolated from a
plasmid ¢cDNA library (a kind gift from Dr. Jiahuai
Han, Xiamen University, China) by RT-PCR with
specific primers for PTGS2 (forward 5'-ATT AGG ATC
CAT GCT CGC CCG CGC CCT-3" and reverse 5'-GAG
TCGACTTACTTATCGTCGTCATCCTIGTAATCC
AGT TCA GTC GAA CGT TICT TI-3'). The isolated
DNA fragment was then inserted into the pBabe-puro
vector. The viruses were packaged in 293T cells ac-
cording to the standard protocol. Briefly, amphotropic

retroviruses were produced by transfection of the
293T producer cell with a ratio of 1:1 retroviral vector
to a vector encoding a replication-defective helper
virus, pCL-Ampho (a kind gift from Dr. Wen Chen,
Sun Yat-sen University, China), using the
X-tremeGENE HP DNA Transfection Reagent (Roche
Molecular Biochemicals, IN, USA).
pBabe-PTGS2-FLAG and pBabe empty vector were
introduced separately into CNE1 and CNE2 cells by
retroviral infection; CNE1 and CNE2 cells were
screened for transformation with 0.7 pg/mL and 1
pg/mL  puromycin, respectively. The COX-2-
overexpressing cell lines, named CNE1-PTGS2 and
CNE2-PTGS2 cells, were identified by the measure-
ment of PTGS2 mRNA and COX-2 protein levels. The
corresponding control cells were called CNE1-pB and
CNE2-pB cells.

Vector construction and establishment of
stable COX-2 knockdown cell lines

Both pLKO.1 lentiviral short hairpin RNA
(shRNA) vector and control shRNA targeting green
fluorescent protein were gifts from Dr. Wen Chen.
The PTGS2-shRNA targeting sequence (5-CCA GGG
CTC AAA CAT GAT GTT-3'), corresponding to posi-
tions 665-685 of human PTGS2 mRNA (Gene Bank
Accession: NMO000963.1), was designed using the
RNAi Consortium website [37]. The sense and anti-
sense oligonucleotides were annealed and ligated into
the pLKO.1 vector. The viruses were then packaged in
293T cells according to the standard protocol. Briefly,
amphotropic lentiviruses were produced by transfec-
tion of the 293T producer cell with a mixture of a len-
tiviral vector, a packaging plasmid (pCMV-delta 8.9),
and envelope plasmid (VSVG) in the ratio of 8:8:1,
using the X-tremeGENE HP DNA Transfection Rea-
gent. To generate stable PTGS2 knockdown cells,
pLKO-PTGS2-shRNA recombinant plasmid was in-
troduced into CNE1 or CNE2 cells by lentiviral infec-
tion and screened with 0.7 pg/mL and 1 pg/mL
puromycin, respectively. The established COX-2
knockdown NPC cell lines were identified and named
CNE1-shPTGS2 and CNE2-shPTGS2 cells. The corre-
sponding control cells were CNE1-shCtrl and
CNE2-shCtrl cells.

Small interfering RNA (siRNA) transfection
for partial PTGS2 knockdown

PTGS2 siRNA and a negative control oligonu-
cleotide duplex, for use as a control, were designed
and synthesized by Ribobio Company (Guangzhou,
China). The specific PTGS2 siRNA sequence was:
5-GCA GCT TCC TGA TTC AAA T-3'. CNE1 and
CNE2 cells were plated at 50% confluence in a six-well
plate in RPMI 1640 without antibiotics. After 24 h, the
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PTGS2 siRNA or negative control (50 nM) was trans-
fected into cells with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions.

Hoechst 33342 staining and SP cell sorting
using flow cytometry analysis

Following Wang et al.’s method [10], cells were
digested with 0.25% trypsin-EDTA (Life Technolo-
gies, CA, USA), washed with calci-
um/magnesium-free PBS, and resuspended in RPMI
1640 supplemented with 2% FBS at a density of 1x10¢
cells/mL. Hoechst 33342 (5 ng/mL), a DNA binding
dye, was then added, and the cells were incubated for
90 min in the dark at 37°C with interval mixing. Sim-
ultaneously, for a control as explained below, a subset
of cells was incubated with 100 pM verapamil, a cal-
cium ion tunnel antagonist-sensitive ABC transporter,
for 30 min at 37°C before the addition of Hoechst
33342. The cells were washed twice with ice-cold PBS
(supplemented with 2% FBS), and then analyzed and
sorted using BD Influx™ flow cytometry (Becton
Dickinson, CA, USA). The Hoechst dye was excited
with the UV laser at 350 nm and its fluorescence was
measured with a 450/20 BP filter (Hoechst Blue) and a
675 EFLP optical filter (Hoechst Red). The SP pheno-
type was characterized by low blue and red fluores-
cence intensity on a dot-plot displaying du-
al-wavelength fluorescence of blue versus red de-
tected at 450 and 675 nm, respectively. As a control,
verapamil was added to block the activity of Hoechst
33342 transporter [9], and the SP gate, indicated by the
blue polygon near the origin of each cell sorting plot,
was defined as the diminished region in the presence
of verapamil. The ratio of SP to NSP cells was calcu-
lated. Both SP and NSP cells were collected for further
experiments.

Cell colony formation assay

To assess the cells’ self-renewal ability, a total of
300 cells/well (low-density inoculation) was seeded
into each well of a six-well plate in the colony for-
mation assay. The cells, including total NPC cells and
freshly sorted SP and NSP cells, were treated with
parthenolide (1 or 5 uM) or one of the selective COX-2
inhibitors NS-398 (20 uM) or CAY10404 (20 uM), for
three days. Then the cells were incubated with fresh
RPMI 1640 complete medium for another four days.
Control cells were incubated with complete culture
medium without treatment for seven days. After most
of the cells had formed colonies of >50 cells, the cells
were washed twice with ice-cold PBS, fixed in meth-
anol for 15 min, and dyed with crystal violet for 15
min at room temperature. After the dye was washed
out, the cell colonies that contained >50 cells had their

areas measured and the colonies were counted using a
phase-contrast microscope (Carl Zeiss AG, Ober-
kochen, Germany), as previously reported [10]. This
assay was repeated at least three times. The colony
formation efficiency (CFE) was the ratio (%) of the
colony number to the plated cell number.

Quantitative real-time polymerase chain
reaction (qQRT-PCR)

Total RNA was extracted from the cells using
TRIzol reagent (Invitrogen Corp, NY, USA). cDNA
was synthesized from 1 pg of total RNA as the tem-
plate in a reaction volume of 20 pL using TaKaRa re-
verse transcription reagents (TaKaRa, Otsu, Japan).
The mRNA level of genes was detected with SYBR
Green I kit (TaKaRa, Otsu, Japan). The relative quan-
tification for the mRNA level of the genes was per-
formed by qRT-PCR using a ViiA™ 7 Real-Time PCR
System (Life Technologies, CA, USA). The target gene
expression was normalized to the expression of beta
actin (ACTB) and analyzed using the 2-24Ct relative
quantification method [38]. The ratio of the target
gene to ACTB was calculated from similar assays
performed in triplicate. And three independent ex-
periments were conducted. The qRT-PCR program
conditions were: initial denaturation at 95°C for 30 s;
40 cycles of 95°C for 5 s and 60°C for 30 s. The primer
sequences used were: PTGS2 (forward 5'-CAG CCA
TAC AGC AAA TCC TTG-3' and reverse 5-CAA
ATG TGA TCT GGA TGT CAA C-3'), ABCG2 (for-
ward 5-ATA TTA TCG AAT ATC AAT GGG ATC
A-3' and reverse 5'-CCA TCA CAA CAT CAT CIT
GTA C-3'), OCT4 (also known as POU5F1) (forward
5'-CAA TGA AAA TCT TCA GGA GAT A-3' and re-
verse 5'-ACC ACA CTC GGA CCA CAT C-3'), KLF4
(forward 5'-CTC CAT TAC CAA GAG CTC AT-3' and
reverse 5-GGT AAG GIT TCT CAC CTIG T-3),
NANOG (forward 5'-AAC CTC AGC TAC AAA CAG
GT-3' and reverse 5'-AGG TCT GGT TGC TCC ACA
T-3"), BMI1 (forward 5-ACA TTC CTIT CTIG TAA
AAC GTG-3', and reverse 5'-CAT TGG CAG CAT
CAG CAG-3'), and ACTB (forward 5'-CAC CAG GGC
GTG ATG GT-3 and reverse 5-CTC AAA CAT GAT
CTG GGT CAT-3).

Western blotting analysis

The cells were lysed in whole-cell lysate buffer
containing 1% NP-40, 5 mM ethylenediaminetet-
raacetic acid (EDTA), 150 mM NaCl, 50 mM Tris-HCI,
pH 8.0, 1% Triton X-100, 1% PMSF, and 1% protease
inhibitor cocktail. For the analysis of phosphorylated
protein, an additional 1% phosphatase inhibitor
cocktail was added to the whole-cell lysate buffer be-
fore use. The protein concentrations were measured
using the bicinchoninic acid (BCA) protein assay

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 3

306

(Beyotime, Shanghai, China). Equivalent amounts of
protein (30-70 pg) from each cell group were resolved
by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to PVDF
membranes (Millipore, MA, USA). The membranes
were blocked with 5% non-fat dry-milk for 1 h and
then incubated overnight at 4°C with antibodies spe-
cific to COX-2 (BD BioSciences, CA, USA; dilution
1:250), NF-«xB p65 (Santa Cruz, CA, USA; dilution
1:5,000), IKKo, IKKB, IkBa, phospho-NF-xB p65,
phospho-IKKa /B, phospho IkBoa (Cell Signaling
Technology, BSN, USA; dilution 1:1,000), GAPDH
(Kangchen, Shanghai, China; dilution 1:2,000), histone
H3 (Beyotime, Shanghai, China; dilution 1:1,000), and
B-actin (ProteinTech Group, IL, USA; dilution 1:3,000).
The membrane was washed with TBST buffer three
times and incubated with the secondary antibodies
anti-rabbit IgG or anti-mouse IgG (Santa Cruz, CA,
USA) for 1 h at room temperature. Photographs were
taken and the relative blot densities were quantified
by scanning the photographic negatives with a gel
documentation and analysis system (Thermo Scien-
tific, NC, USA). The blots were stripped and reprobed
with B-actin primary antibody to ensure equivalent
loading.

Immunofluorescence assay

Freshly sorted NSP and SP cells were grown in
35 mm glass-bottomed dishes (MatTek Corporation,
MA, USA) for 48 h at 37°C, washed twice with PBS,
and fixed in 4% paraformaldehyde (pH 7.4) for 15 min
at room temperature. The cells were washed twice
with PBS and incubated in PBS plus 0.3% Triton X-100
for 10 min at room temperature. The cells were
washed with PBS, incubated with 3% FBS for 30 min
at room temperature, and incubated overnight at 4°C
with COX-2 antibody (dilution 1:30). After washing
three times with ice-cold PBS, the cells were incubated
with Alexa Fluor® 594 goat anti-mouse IgG (Life
Technologies Corporation, NY, USA) in the dark for 1
h at room temperature. After extensive washing with
ice-cold PBS, the cell nuclei were counterstained with
DAPI (Beyotime, Shanghai, China). The cells were
photographed using a confocal microscope (Leica,
Germany).

MTT assay of cell proliferation

The inhibitory effect of parthenolide or 5-FU on
the viability of CNE1 and CNE2 cells was determined
using the MTT assay [14]. The cells were plated in
96-well plates at a density of 8x10° cells/well in trip-
licate and cultured in medium with or without vari-
ous concentrations of parthenolide (1-100 uM) or 5-FU
(0.625-80 pg/mL). The cells were then grown for an
additional 24 h or 48 h. Then, 20 pL of MTT (5

mg/mL) was added to each well for 4 h, and the re-
sulting crystals were dissolved in DMSO. The optical
density (OD) of each well was measured using the
ELx-800 instrument (BioTek, VT, USA) at 570 nm.
Wells treated only with DMSO were used as controls
and represented 100% cell survival, and wells without
cells were used for blanking the spectrophotometer.
The inhibition of the proliferation rate of cells was
calculated as follow: % = 100% - (ODs70 sample ~ODs70
blank) / (OD570 control _OD570 blank) x 100%. The
half-inhibition concentrations (ICsy) were calculated
by the Bliss method to evaluate the inhibitory effect of
the treatment. Each assay was repeated at least three
times.

Subcellular fractionation

Cytoplasmic and nuclear extracts were prepared
using the method described by Zhang et al with minor
modifications [14]. Briefly, the cells were washed with
ice-cold PBS and transferred to centrifuge tubes. The
cells were then centrifuged at 300x g and 4°C for 4
min. After centrifugation, the pellets were resus-
pended in 200 pL of fresh ice-cold buffer A [10 mM
HEPES (pH 7.9), 10 mM KCl, 1 mM DTT, 1% PMSF,
and 1% protease inhibitor cocktail]. After 15 min, the
cells were lysed with NP-40 (at a final concentration of
0.3%), and the mixture was vortexed for 10 s and in-
cubated on ice for 10 min. The nuclei were pelleted by
centrifugation at 1,500x g and 4°C for 5 min, and the
supernatant (cytoplasmic extracts) was recovered by
centrifugation at 13,000x g and 4°C for 15 min. The
nuclei were washed twice with 400 uL of ice-cold
buffer A, resuspended in 50 pL of fresh ice-cold buffer
B [20 mM HEPES (pH 7.9), 400 mM NaCl, 1 mM DTT,
1% PMSEF, 1% protease inhibitor cocktail], and then
incubated on ice for 30 min at 4°C. The mixture was
then centrifuged at 18,000x g and 4°C for 30 min, and
the supernatant was collected as the nuclear extract.
The fraction purity was assessed by electrophoresis
followed by blotting and protein detection with his-
tone H3 (nucleus) and GAPDH (cytoplasm) antibod-
ies.

Statistical analysis

The analysis results were expressed as the means
* standard deviation (SD). Unless otherwise noted,
the statistical significance was determined using
two-tailed unpaired Student’s t test (t-test) for the
comparison of two groups. For the comparison of
multiple groups, the statistical significance was de-
termined using one-way analysis of variance
(ANOVA) followed by Dunnett’s t-test (SPSS version
17.0; SPSS, 1L, USA). The difference was considered
statistically significant when P < 0.05.
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Results

Higher SP ratio and expression of COX-2 and
stemness-associated genes in CNE2 cells
compared to CNEI cells

Using flow cytometry, as shown in Fig. 1A, the
SP cells of CNE1 and CNE2 cells were counted using
the gates indicated by the polygonal box. The SP cells
accounted for 1.52% and 3.55% of the total CNE1 and
CNE2 cells, respectively. Verapamil, an inhibitor of
ABC transporters, was used as a control to ensure the
capture of SP cells by being used to set the gate in cell
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sonable. Moreover, the quantitative CFEs of CNE1
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respectively. Significant differences in the relative
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with CNE2 cells (2.28 * 0.27) higher than CNEI1 cells
(1.00 £ 0.19) (P < 0.01; Fig. 1B).
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Figure 1. Side population (SP) cell fraction, cell stemness characteristics, and cyclooxygenase-2 (COX-2) expression in CNEI and CNE2 cells. (A) SP cell
identification by flow cytometry (upper row) and control of the SP phenotype with verapamil (lower row). The SP was gated and shown as a percentage of the total cell population.
A representative example of the SP proportion is displayed. The percentages of SP cells are indicated in the upper left-hand corners of the panels. The SP assay showed that the
proportion of SP cells in CNE2 cells (right) was higher than in CNEI cells (left). (B) The colony formation assay showed more colonies in the CNE2 cells than in the CNEI cells
(photographs). And the relative colony formation efficiency (CFE) of CNE2 cells was significantly higher than of CNEI cells (bar graph, # P < 0.01). The data shown are the means
+ SD of three parallel samples. (C) Quantitative real-time polymerase chain reaction (QRT-PCR) assays showed that the mRNA levels of ABCG2 and stemness-associated genes
KLF4, OCT4, and NANOG in CNE2 cells were significantly higher than those in CNEI cells (¥ P <0.001). The target gene expression was normalized to that of beta actin (ACTB).
The data shown are the means * SD of three experiments for each group. (D) Western blots showed that the expression of COX-2 in CNE2 cells was higher than that in CNEI
cells (* P < 0.01). B-Actin is shown as a loading control. The data shown are the means * SD of two independent assays. # P < 0.01 and &P < 0.001 compared with CNEI cells;
the data were analyzed by the t-test.
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In addition, when the mRNA level of ABCG2, an
important gene that determines the SP phenotype [9],
was analyzed, it was significantly higher (2.76 + 0.04)
in CNE2 cells than that in CNEL1 cells (1.00 £ 0.06; P <
0.001; Fig. 1C). We also found that the mRNA levels of
stemness-associated genes, including KLF4, OCT4,
and NANOG, in CNE2 cells were significantly higher
than those in CNEL1 cells (P < 0.001). To assess the
relation with stemness, the constitutive protein levels
of COX-2 in CNE1 and CNE2 cells were analyzed. The
expression level of COX-2 protein in CNE2 cells was
higher (2.55 £ 0.16-fold) than in CNE1 cells (1.00 +
0.10-fold; P < 0.01, Fig. 1D), in agreement with the
differences in the SP phenotype. These data showed a
higher proportion of SP cells and a higher expression
of COX-2 in CNE2 cells than in CNE1 cells.

CSC characteristics and upregulated COX-2
expression in the SP cell fraction of CNE2 cells

Because CNE2 cells had more SP cells than CNE1
cells (Fig. 1A), SP cells (the R3 gate) and NSP cells (the
R4 gate) were sorted from CNE2 cells (Fig. 2A, panel a)
for further characterization. The purities of the sorted
SP was 96.96% (Fig. 2A, panel c) and the sorted NSP
cells was 99.77% (Fig. 2A, panel b), respectively. The
quantitative CFEs were evaluated for both SP (59.67 +
2.85 %) and NSP cells (28.11 + 1.35 %; P < 0.001). As
shown in Fig. 2B, SP cells have a higher relative CFE
(212 £ 0.10-fold) compared to NSP cells (1.00 *
0.05-fold). 5-FU was used to test whether or not SP
cells possess CSCs’ drug resistance. As shown in Fig.
2C, the SP cells increased markedly, from 4.66% in
controls, to 18.92% and 16.69% after treatment with 25
and 50 pg/mL 5-FU, respectively. After treatment
with 5-FU, gene expression levels in these sorted cells
were determined using qRT-PCR and the results
showed that both ABCG2 and NANOG were increased
in SP cells compared to levels in NSP cells (P < 0.05,
Fig. 2D). Taken together, these characteristics of SP
cells, including higher colony forming ability, re-
sistance to the chemotherapeutic agent 5-FU, and in-
creased expression of stem cell-associated genes,
suggest that the SP fraction of CNE2 cells displays
typical CSC properties.

As shown in Fig. 3A, the level of PTG52 mRNA
in SP cells was 3.37-fold higher than that in NSP cells.
Similarly, immunofluorescence analysis revealed that
COX-2 protein was more strongly expressed in SP
cells than in NSP cells (Fig. 3B). These data demon-
strated that there is an increased expression of COX-2
in the cancer stem-like cells of NPC.

Effects of overexpression of COX-2 on the SP

phenotype

To assess the functional relationship between the
COX-2 expression and the cancer stemness in NPC
cells, we established stable cell lines of CNE1 and
CNE2 overexpressing COX-2. The establishment of
the two stable cell lines was confirmed at both the
transcription and the translation levels. The PTGS2
mRNA levels in COX-2-overexpressing CNE1-PTGS2
cell (2.78 = 0.21-fold) and CNE2-PTGS2 cell (3.72 £
0.15-fold) was significantly increased (both P < 0.01)
compared with their counterparts, pBabe control cells
(CNE1-pB and CNE2-pB). As shown in Fig. 4A, high-
er COX-2 and flag-tagged COX-2 protein levels were
also detected in -PTGS2 cells. Both CNE1-PTGS2 and
CNE2-PTGS2 cells exhibited increased percentages of
SP cells (Fig. 4B). Overexpression of COX-2 markedly
enhanced the colony forming ability of CNE1-PTGS2
cells compared with control (-pB) cells (Fig. 4C), and
the area of CNE2-PTGS2 cell colonies was larger than
that of CNE2-pB cells. In addition, the mRNA levels of
ABCG2 and stemness-associated genes OCT4,
NANOG and BMI1 were significantly increased in
CNE1-PTGS2 and CNE2-PTGS2 cells (Fig. 4D). These
results demonstrated that the overexpression of
COX-2 increased the cancer stem-like cells phenotype
in NPC.

Reduced SP cell fraction after parthenolide
treatment

To investigate whether or not parthenolide has
an effect on cancer stem-like cells of NPC cells, we
examined the change in the SP percentage after
treatment. As shown in Fig. 5A, the percentage of SP
cells in CNE1 cells was reduced from 1.44% in control
cells to 0.91%, 0.19%, and 0.00% after treatment with
10, 20, and 30 pM parthenolide (PN), respectively.
Similarly, the percentage of SP cells in CNE2 cells was
reduced from 3.12% in control cells to 1.34%, 0.41%,
and 0.30% after treatment with 10, 20, and 30 uM
parthenolide (PN), respectively (Fig. 5B). With respect
to the time dependence of this effect, treatment with 5
UM parthenolide for 24 h, 48 h, and 72 h decreased the
percentage of SP cells in CNE2 cells from 3.43% in
control cells to 3.02%, 2.86%, and 0.49%, respectively
(Fig. 5C). The time- and concentration-dependent de-
crease in the SP cell fraction demonstrated that cancer
stem-like cells in NPC are more sensitive to inhibition
mediated by parthenolide.
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positive (Fig. 2A, panel a). The purity of NSP cells was 99.77% (panel b) and the purity of SP cells was 96.96% (panel c). The SP and NSP cells were collected for subsequent studies.
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shown are the means # SD of three experiments for each group. * P < 0.05 and #P < 0.01 compared with NSP cells; the data were analyzed by the t-test.
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Figure 4. Changes of side population (SP) phenotype in nasopharyngeal carcinoma (NPC) cells resulting from overexpression of cyclooxygenase-2
(COX-2). (A) COX-2-overexpressing NPC cells were constructed by introducing the pBabe-PTGS2-FLAG recombinant plasmid or the pBabe-puro empty vector (as control)
into CNEI and CNE2 cells. Western blot analysis showed significantly higher flag-tagged COX-2 protein expression in CNE1-PTGS2 cells (left) and CNE2-PTGS2 cells (right) than
in either control (-pB) cell line. B-Actin is shown as a loading control. The data shown are the means * SD of two independent assays. (B) Flow cytometry analysis of the SP cells
in COX-2-overexpressing NPC cells. The SP was gated and shown as a percentage of the total cell population. The ratios of SP cells in both CNE1-PTGS2 and CNE2-PTGS2 cells
were increased compared with corresponding control (-pB) cells (upper row). The SP phenotype was controlled by treatment with verapamil (lower row). A representative
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stemness-associated genes in COX-2-overexpressing NPC cells. The ABCG2, OCT4, NANOG, and BMII mRNA levels in both CNEI-PTGS2 (left) and CNE2-PTGS2 (right) cells
were significantly higher than in corresponding control (-pB) cells. The target gene expression was normalized to that of beta actin (ACTB). The data shown are the means + SD
of three experiments for each group. * P < 0.05 and #P < 0.01 compared with the control (-pB) cells; the data were analyzed by the t-test.
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Inhibition of NPC cell proliferation and
self-renewal ability of SP cells by parthenolide

Next, MTT and cell colony formation assays
were applied to determine whether parthenolide in-
hibits the proliferation of NPC cells and self-renewal
ability of SP cells. As shown in Fig. 6A, parthenolide
significantly reduced the growth of NPC cells in a
dose-dependent manner (P < 0.01). Parthenolide had a
stronger inhibitory effect on CNE1 cells than on CNE2
cells (P < 0.05) when cells were exposed to different
concentrations (1-100 pM). The 1C5q values were 20.05
uM (95% IC = 16.24-24.55 uM) and 7.46 uM (95% IC =
5.68-9.62 uM) for CNE1 cells, and 32.66 uM (95% IC =
29.70-35.73 uM) and 10.47 uM (95% IC = 7.77-13.84
uM) for CNE2 cells treated with parthenolide for 24
and 48 h (Fig. 6A), respectively. It was shown that the
inhibitory effect of treatment with 0.625 to 10 ug/mL
5-FU for 24 h plateaued at less than 40% in CNE1 and
CNE2 cells (Fig. 6B), while parthenolide caused
greater than 80% inhibition at a similar time (24 h) and
concentration (1-80 pM). In addition, with prolonged
treatment time (48 h), the inhibition rate approached
to 100% for 60 to 100 uM parthenolide but less than
75% for 5-FU at a similar concentration in CNE1 and
CNE2 cells. These results indicated that there is a 20%
fraction of CNE1 and CNE2 cells that is resistant to
5-FU but is more sensitive to parthenolide (Fig. 6A,
6B). Moreover, the cell colony formation of NPC cells
was also significantly inhibited by treatment with
parthenolide (Fig. 6C). The effect of parthenolide on
SP cells sorted from CNE2 cells was further evaluated
through a colony formation assay. As shown in Fig.
6D, SP cells were treated with lower doses of par-
thenolide (1 or 5 pM) and parthenolide significantly
inhibited the cell colony formation of SP cells as ex-
pected, indicating that parthenolide decreases the
self-renewal and differentiation abilities of SP cells.

Inhibition of COX-2 expression by
parthenolide

Our data have demonstrated that COX-2 is
overexpressed in SP cells compared with NSP cells
(Fig. 3) and that overexpression of COX-2 increases
NPC cancer stem-like cells phenotype (Fig. 4), im-
plying that COX-2 plays a role in cancer stemness. To
assess whether the underlying mechanism of target-
ing COX-2 makes cancer stem-like cells vulnerable to
parthenolide, we first examined and compared COX-2
expression in CNE1 and CNE2 cells in response to a
parthenolide challenge. After 24 h of treatment with
10, 20, or 30 uM parthenolide, the COX-2 levels were
decreased to 50.1 + 33.7%, 38.7 + 24.5%, and 23.1 +
14.0% in CNE1 cells, and to 94.2 + 2.0%, 58.6 + 1.0%,

and 42.2 £ 9.0% in CNE2 cells, respectively (Fig. 7A).
Treatment with 10 uM parthenolide for 24 h, 48 h, or
72 h decreased the COX-2 level in CNE1 cells to 82.8 +
18.1%, 30.7 £ 4.2%, and 21.6 + 2.3%, and in CNE2 cells
to 87.3 £ 10.3%, 77.7 = 15.1%, and 35.5 * 10.6%, re-
spectively (Fig. 7B). Our results suggested that there
was a time- and concentration-dependent decrease in
COX-2 in response to parthenolide treatment. For
comparative purposes, we also tested whether COX-2
expression is regulated by 5-FU. In contrast to the
results with parthenolide, the COX-2 levels increased
in CNE1 and CNE2 cells treated with 25 pg/mL 5-FU
for 24 h (Fig. 7C), indicating that parthenolide and
5-FU play different roles on COX-2 regulation.

The inhibitory effect on COX-2 of parthenolide
was also observed at the gene transcription level. As
determined by qRT-PCR, parthenolide caused a con-
centration- and time-dependent decrease in PTGS?2
mRNA (Fig. 8). Treatment with 10, 20, or 30 pM par-
thenolide for 2 h decreased the level of PTGS2 mRNA
t050.3+11.6%,31.1£1.9%, and 26.7 + 4.5% of control
in CNE1 cells, and to 67.5 £ 6.2%, 78.0 + 14.8%, and
444 + 11.8% of control in CNE2 cells, respectively
(Fig. 8A). And treatment with 10 uM parthenolide for
2 h and 4 h decreased the level of PTGS2 mRNA to
42.6 +11.0% and 15.7 + 2.7% of control in CNE1 cells,
and to 90.6 £ 5.6% and 55.9 £ 7.2% of control in CNE2
cells, respectively (Fig. 8B). These results suggested
that the decrease of COX-2 protein levels shown in
Figs. 7A and 7B may be at least partially due to par-
thenolide-induced suppression of PTGS2 transcrip-
tion.

Reduction of SP cell fraction and colony
formation by selective COX-2 inhibitors

Two selective COX-2 inhibitors, NS-398 and
CAY10404 [39, 40], were used to further confirm that
suppressing COX-2 causes the inhibition of cancer
stem-like cells. As with parthenolide, NS-398 and
CAY10404 significantly decreased COX-2 protein lev-
els in CNE1 and CNE2 cells (Fig. 9A) and reduced the
proportion of SP cells (Fig. 9B). Treatment with 5 or 10
uM NS-398 for 24 h decreased the fraction of SP cells
in the CNE2 cells to 94.90% and 54.29% of control
cells, respectively. A similar decrease in the fraction of
SP cells (to 59.40% of control cells) was also observed
following CAY10404 treatment (Fig. 9B). In addition,
the cell colony formation of SP cells from CNE2 cells
was significantly inhibited by the COX-2 inhibitors
(Fig. 9C). These data demonstrated that COX-2 inhi-
bition may reduce cancer stem-like SP cells and their
self-renewal abilities in NPC.
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Figure 6. Inhibition of the cell proliferation and self-renewal ability of side population (SP) cells in nasopharyngeal carcinoma (NPC) cells treated with
parthenolide. (A) Cell proliferation of CNEI and CNE2 cells after treatment with parthenolide (PN, 1-100 pM) for 24 h or 48 h. The lower graphs, corresponding to the red
rectangles in the upper graphs, showed the cell proliferation of NPC cells treated by parthenolide (PN) at 1-10 pM. Parthenolide significantly inhibited the proliferation of NPC
cells (P < 0.01). The points indicate the means of triplicate samples, and the bars represent the SD. * P <0.05 compared with the untreated group; #P < 0.05 compared with CNEI
cells treated with the same dose of parthenolide (PN); the data were analyzed by the t-test. (B) Cell proliferation of CNE1 and CNE2 cells after treatment with 5-fluorouracil
(5-FU, 0.625-80 pg/mL) for 24 h or 48 h. The red rectangle showed the cell proliferation of NPC cells treated by 5-FU at 0.625-5 pug/mL. The points indicate the means of triplicate
samples, and the bars represent the SD. * P < 0.05 compared with the untreated group; #P < 0.05 compared with CNEI cells treated with the same dose of 5-FU; the data were
analyzed by the t-test. (C, D) The colony formation assays showed that the numbers of cell colonies in the CNEI (Upper photographs) and CNE2 (Lower photographs) cells (C) and
in the SP cells sorted from CNE2 cells (D) decreased after treatment with parthenolide (PN, 1 or 5 pM). The data shown are the means * SD of three parallel samples; &P < 0.001
compared with the control group (Ctrl); the data were analyzed by Dunnett’s t-test.
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Figure 7. Inhibition of the expression of cyclooxygenase-2 (COX-2) in nasopharyngeal carcinoma (NPC) cells treated with parthenolide. (A) Western blot
analysis of CNE1 (left) and CNE2 (right) cells after treatment with parthenolide (PN, 10, 20, or 30 uM) for 24 h. The expression of COX-2 decreased in a concentra-
tion-dependent manner after treatment with parthenolide for 24 h. (B) CNEI (left) and CNE2 (right) cells were subjected to COX-2 level analysis after treatment with par-
thenolide (10 pM) for the indicated times (24, 48, or 72 h). The expression of COX-2 decreased in a time-dependent manner after treatment with parthenolide. (C) Western blot
assays showed that the expression of COX-2 in CNEI and CNE2 cells was induced by treatment with 5-fluorouracil (5-FU, 25 pg/L) for 24 h. The image shown is of a rep-
resentative experiment. B-Actin is used as the loading control. The data shown are the means + SD of two independent assays. * P < 0.05, #P < 0.01, and &P < 0.001 compared
with the control group (Ctrl); the data were analyzed by Dunnett’s t-test.
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Figure 8. Downregulation, induced by parthenolide, of prostaglandin-endoperoxide synthase 2 (PTGS2) mRNA in nasopharyngeal carcinoma (NPC) cells.
(A) qRT-PCR assay of PTGS2 mRNA in CNEI cells and CNE2 cells treated with parthenolide (PN, 10, 20, or 30 uM) for 2 h. Parthenolide downregulated the level of PTGS2
mRNA in a concentration-dependent manner. (B) PTGS2 mRNA level in CNE1 cells and CNE2 cells after treatment with parthenolide (10 uM) for the indicated times (2 or 4 h).
Parthenolide decreased the PTGS2 mRNA level in a time-dependent manner. The target gene expression was normalized to the level of beta actin (ACTB). The data shown are
the means * SD of three independent assays. * P < 0.05 and #P < 0.01 compared with the control group (Ctrl); the data were analyzed by Dunnett’s t-test.
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for 72 h. The data shown are the means * SD of three parallel samples. * P < 0.05, #P < 0.01 and &P < 0.001 compared with the vehicle group (Ctrl); the data were analyzed by

Dunnett’s t-test.
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Down-regulation of the SP phenotype in
COX-2 knockdown cells

To better understand the involvement of COX-2
in the cancer stemness, PTGS2 (COX-2) was knocked
down using lentivirus-mediated PTGS2-shRNA. The
COX-2 protein levels were decreased to 35.3 = 11.0%
of control in CNE1-shPTGS2 cells and to 14.3 £3.0% of
control in CNE2-shPTGS2 cells (Fig. 10A). Compared
to control cells, the percentage of SP cells decreased
from 1.39% to 0.08% in CNE1-shPTGS2 cells and from
3.09% to 0.13% in CNE2-shPTGS2 cells, respectively
(Fig. 10B). Knockdown of COX-2 also markedly re-
duced the cell colony formation efficiency of
CNE1-shPTGS2 cells (Fig. 10C), while the area of cell
colony in CNE2-shPTGS2 cells was smaller than that
in control cells (data not shown). In addition, knock-
down of COX-2 significantly downregulated the
mRNA levels for ABCG2, OCT4, and BMI1 in
CNE1-shPTGS2 cells and CNE2-shPTGS2 cells com-
pared with the control cells (P < 0.01, Fig. 10D). These
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data suggested a direct role of COX-2 in maintaining
the cancer stemness characteristics in NPC cells.

Maintenance of SP cell content by partial
COX-2 expression

To further validate the requirement for remain-
ing COX-2 in maintaining SP in NPC,
small-interfering RNA (siRNA, as opposed to the
shRNA used in the previous section) was used to de-
crease the COX-2 expression slightly in CNE2 cells. As
shown in Fig. 114, the level of COX-2 protein in cells
transfected with PTGS2-siRNA was 70.5 + 7.9% of
control cells. Applying these partial COX-2 knock-
down cells as a rescue assay, we demonstrated that
the SP percentage decreased from 3.97% in the control
to 2.15% (Fig. 11B), less of a change than that seen in
CNE2-shPTGS?2 cells (from 3.09% in control to 0.13%,
Fig. 10B), implying an essential role of COX-2 in SP
cells.
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Figure 10. Inhibition of cancer stem cell (CSC) properties in nasopharyngeal carcinoma (NPC) cells caused by cyclooxygenase-2 (COX-2) knockdown. (A)
CNEI (left) and CNE2 (right) cells were transfected with control short hairpin RNA (shRNA), shCtrl or PTGS2-shRNA lentivirus. Western blot analysis showed that COX-2
protein was markedly reduced in both CNE1-shPTGS2 and CNE2-shPTGS2 cells compared with the corresponding shCtrl cells. B-Actin is shown as a loading control. The data
shown are the means * SD of two independent assays. (B) Flow cytometry analysis showed that the percentage of side population (SP) cells was reduced in both CNE1-shPTGS2
and CNE2-shPTGS2 cells compared with the corresponding shCtrl cells (upper row). The SP phenotype was controlled by treatment with verapamil (lower row). The SP was gated
and shown as a percentage of the total cell population. A representative example of the SP proportion is displayed. The percentages of SP cells are indicated in the upper left-hand
corners of the panels. (C) The colony formation assay showed that the numbers of cell colonies in the CNE1-shPTGS2 cells (left) and the colony area of CNE2-shPTGS2 cells (right)
decreased, when compared with the shCtrl cells. The data shown are the means + SD of three parallel samples. (D) qRT-PCR assay for the mRNA levels of ABCG2 and
stemness-associated genes in CNE1-shPTGS2 cells (left) and in CNE2-shPTGS2 cells (right). The target gene expression was normalized to that of beta actin (ACTB). The data
shown are the means * SD of three experiments for each group. * P < 0.05 and #P < 0.01 compared with the shCtrl; the data were analyzed by the t-test.
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Figure 11. Restoration of side population (SP) cell content in nasopharyngeal carcinoma (NPC) cells resulting from partial cyclooxygenase-2 (COX-2)

expression. (A) Western blot analysis showed that COX-2 protein was reduced to 70.5 + 7.9% of control in CNE2 cells transfected with PTGS2 small interfering RNA (siRNA)
(50 nM) for 48 h, when compared with control siRNA (NC) cells. 3-Actin is shown as a loading control. The data shown are the means * SD of two independent assays; #P <
0.01 compared with NC; the data were analyzed by t-test. (B) Flow cytometry was used to analyze the SP cells in CNE2 cells. The SP was gated and shown as a percentage of the
total cell population. The proportion of SP cells was rescued from the slightly decreased level in COX-2-retaining cells transfected with PTGS2-siRNA (upper row). The SP
phenotype was controlled by treatment with verapamil (lower row). A representative example of the SP proportion is displayed. The percentages of SP cells are indicated.

Down-regulation of COX-2 expression by
parthenolide via the inhibition of NF-xB
activation

NF-«B plays a vital role in the regulation of the
PTGS2 gene [31]. Studies have shown that par-
thenolide may indirectly inhibit COX-2 transcription
through the NF-kB pathway [41]. In this study, the
role of the NF-kB signaling pathway in response to a
parthenolide challenge was examined. As shown in
Fig. 12A, the level of nuclear NF-kB p65 (p65) protein
in CNE1 was significantly decreased after treatment
with parthenolide or PDTC (an inhibitor of NF-kB,
used as a positive control) (P < 0.01). Moreover, par-
thenolide inhibited the level of nuclear p65 induced
by TNF-a (an activator of NF-xB) in CNE1 and CNE2
cells. Meanwhile, parthenolide slightly suppressed
the decrease of cytoplasm p65 induced by TNF-a (Fig.
12A). These data indicated that parthenolide inhibits
NF-«xB nuclear translocation and activation in NPC
cells.

To identify the molecular targets of parthenolide
in the NF-xB pathway, CNE1 and CNE2 cells were
stimulated with TNF-a in the absence or presence of
parthenolide or PDTC, and molecular markers of the
NF-«xB pathway were analyzed in parallel. The inhib-
itory effects of parthenolide on TNF-a-induced IxBa
protein degradation and IKK activation were studied.
As shown in Fig. 12B, parthenolide significantly in-
hibited phosphorylation of IKKa./f and IxBo induced
by TNF-a, while the total protein content of IKKa and
IKKB was not significantly affected by TNF-a or par-
thenolide. Moreover, parthenolide significantly pre-
vented the IxBa degradation induced by TNF-a. In

addition, the treatment with parthenolide or PDTC
suppressed the phosphorylation of p65 activated by
TNF-a (Fig. 12B). Interestingly, the expression of
COX-2 also decreased, to 38.3 £ 2.4% or 83.0 + 2.8% of
control after treatment with parthenolide or PDTC
(Fig. 12C). These results indicated that parthenolide
inhibition of the NF-kB signaling pathway may partly
involve the repression of COX-2.

Discussion

The CSCs are not only critical in the initiation,
development, metastasis, and recurrence of tumors,
but they also play roles in the ineffectiveness of con-
ventional cancer therapy [5-8]. Currently, the com-
plete elimination of cancer continues to elude oncolo-
gists because 90% of drug failures in metastatic can-
cers are attributed to chemoresistance [42]. It had been
reported that the classic chemotherapeutic agent 5-FU
was able to eradicate the bulk of the tumor cells, but
not the CSCs, which may make some tumors resistant
to this drug [42, 43]. The accepted underlying mecha-
nism of drug resistance is that the cancer stem-like SP
cells extrude chemotherapy drugs due to the overex-
pression of one or more ABC transporters, including
ABCG2 and ABCB1/multidrug resistance protein 1
(MDR1), making them inherently resistant to conven-
tional chemotherapy and chemo-radiation therapies
[6, 9]. In the present study, in agreement with a pre-
vious report [10], we have found that the SP cells of
NPC cells exhibit CSC-like properties, such as higher
CFE, overexpression of stem cell-associated genes,
and resistance to chemotherapy [5, 11]. We used this
cell model to study the mechanism of drug resistance
related to CSCs in NPC.
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Figure 12. Inhibition of nuclear factor-kB (NF-kB) signaling activation and cyclooxygenase-2 (COX-2) expression in nasopharyngeal carcinoma (NPC)
cells resulting from parthenolide exposure. (A) CNEI (left) and CNE2 (right) cells were treated with parthenolide (PN, 30 uM) or pyrrolidine dithiocarbamate (PDTC, 30
uM) for 4.5 h, or treated with TNF-o (25 ng/mL) for 30 min, or treated with parthenolide (30 uM) for 4 h prior to TNF-a exposure. The cytoplasmic and nuclear fractions were
prepared and subjected to western blotting. The results showed that both PN and PDTC significantly inhibited the nuclear localization of NF-kB p65 in CNEI and CNE2 cells.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and histone H3 were used as controls for the cytoplasmic and nuclear protein fractions, respectively. (B) CNEI and CNE2
cells were pre-treated with parthenolide (PN, 30 uM) or PDTC (30 uM) up to 4 h before TNF-a treatment (25 ng/mL) for 30 min. Western blot analysis showed that par-
thenolide inhibited the phosphorylation of IKKa/f, IkBa, and NF-kB pé5, and the degradation of lkBa induced by TNF-a.. (C) Western blot analysis of COX-2 in CNE2 cells after
treatment with parthenolide (30 yM) or PDTC (30 pM) for 24 h. Both parthenolide and PDTC significantly inhibited the expression of COX-2 in CNE2 cells (P < 0.05). 3-Actin
is used as a loading control. The image shown is of a representative experiment. The data shown are the means + SD of two independent assays. * P < 0.05 and &P < 0.001

compared with the control group (Ctrl); the data were analyzed by Dunnett’s t-test.

A previous population study had reported that
increased COX-2 expression is associated with chem-
otherapy resistance [44]. Our data revealed that CNE2
cells, with higher COX-2 expression, had a higher SP
cell content than CNE1 cells (Fig. 1). And higher levels
of PTGS2 mRNA and COX-2 protein were found in
the SP cells (Fig. 3), showing that COX-2 may play a
pivotal role in CSC-like SP cells of NPC. Since it is
known that CSCs are resistant to 5-FU, we treated
NPC cells with 5-FU and found that 5-FU significantly
increased the percentage of cancer stem-like SP cells
(Fig. 2C) and also upregulated the expression of
COX-2 (Fig. 7C), suggesting that COX-2 plays a key
role in chemotherapy resistance in NPC. However,
the link between COX-2 and resistance to chemo-
therapy remained unclear, so the role of COX-2 in
drug resistance of CSCs was then explored.

In recent years, there has been an increasing in-

terest in exploring the potential link between COX-2
and ABC transporters in cancer [45], because ABC
transporters (such as Berpl/ABCG2), molecular de-
terminants of the SP phenotype, have been reported
to increase in a wide variety of stem cells [9], and
COX-2 has a potential role in the regulation of ABC
transporters [46, 47]. In the present study, we found
that the ABCG2 gene was significantly upregulated in
CNE2 cells with high COX-2 protein levels compared
to CNE1 cells. And CNE2 cells, compared to CNE1
cells, possessed stronger stem cell characteristics, in-
cluding self-renewal ability (increased CFE) and
higher transcription of stemness-related genes such as
KLF4, OCT4, NANOG, and BMI1 (Fig. 1). These data
suggest a correlation between COX-2 expression and
cancer stemness in NPC cells. Using a
gain-of-function approach, we demonstrated that
overexpressing COX-2 increased the SP proportion,
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CFEs, and mRNA levels of ABCG2 and stem-
ness-associated genes in NPC cells (Fig. 4). In contrast,
selective COX-2 inhibitors showed an inhibitory effect
(Fig. 9). Moreover, the loss-of-function approach
demonstrated that COX-2 plays an essential role in
CSC maintenance. Genetic knockdown of COX-2 (64.7
% in CNE1 and 85.7% in CNE2) by shRNA caused a
remarkable decrease in the SP content and cancer
stemness properties (Fig. 10). On the other hand, par-
tially suppressing (29.5% in CNE2) COX-2 by siRNA
caused a much lesser SP content inhibition (Fig. 11).
The results indicated that COX-2 plays a vital role in
cancer stem-like cell biology and may be a candidate
biomarker for theranostics of NPC. Thus, the inhibi-
tion of COX-2 can be used as an effective strategy for
targeting CSC-like cells.

Current treatments for NPC primarily target the
more differentiated and rapidly proliferating tumor
cells but have minimal cytotoxicity against CSCs. Re-
cent studies indicated that parthenolide may target
CSCs in various cancers, including leukemia and
breast cancer [20]. In this study, we showed that
compared to the standard chemotherapy drug 5-FU,
parthenolide decreased the percentage of SP cells, and
was more cytotoxic toward SP cells than toward NSP
cells, indicating that parthenolide has more effect on
the SP cells in a population of NPC cells. Moreover,
treatment with parthenolide at lower doses could
completely inhibit the self-renewal abilities in NPC
cells, showing that parthenolide could preferentially
target the cancer stem-like SP cells. These data sug-
gested that parthenolide has an intriguing potential as
an alternative treatment for NPC, particularly with
regard to CSCs.

Parthenolide is known to be a potent inhibitor of
NF-«B, targeting multiple steps along the NF-kB sig-
naling pathway [14, 20, 41]. One study has reported
that parthenolide inhibited the cell proliferation and
colony formation of breast cancer stem-like SP cells by
preferentially targeting the NF-xB pathway [21].
Studies have also demonstrated that parthenolide
selectively affected leukemic stem cells through the
NF-«xB pathway, but not normal progenitor cells [17,
18, 30]. It seems likely that the mechanism by which
parthenolide selectively targets CSCs is associated
with the inhibition of NF-«xB in leukemia, bone, breast,
mesenchyme tumors and prostate carcinoma [20].
One reason for this selectivity might be the higher
NF-«B-dependent survival in CSCs relative to normal
stem cells [20, 29]. In agreement with this hypothesis,
our experiment showed that parthenolide inhibited
the phosphorylation of the IkB kinase (IKK) complex,
prevented IkBa degradation, and resulted in the sus-
tained cytoplasmic retention of NF-kB, thereby inhib-
iting its nuclear translocation and transcriptional ac-

tivity. Thus, inhibition of the NF-xB pathway may be
the underlying mechanism for parthenolide in pref-
erentially targeting cancer stem-like SP cells of NPC.

Genetic studies using a dominant-negative re-
pressor of NF-kB have shown that the inhibition of
NF-«B alone is not sufficient to mediate the cell death
observed with parthenolide, suggesting an involve-
ment of multiple molecules [17, 48]. It has been re-
ported previously that a COX-2 selective inhibitor
suppressed the growth of cancer stem-like cells from
glioblastoma [34]. Interestingly, in the current study,
besides NF-kB, COX-2 was also downregulated by
parthenolide. A rapid downregulation of PTGS?2
mRNA (Fig. 8) and COX-2 protein (Fig. 7) was found
in NPC cells, indicating that multiple cellular events
were involved in parthenolide’s anti-cancer activity.
Previous studies demonstrated that COX-2 was a
downstream signal in the NF-kB pathway [31, 49, 50].
Recently, it was revealed that NF-«xB activation is in-
volved in CD133-related COX-2 upregulation, sug-
gesting that COX-2 performs important functions in
tumorigenesis by means of the NF-kB-mediated
pathway [49, 50]. These findings, that parthenolide
downregulated COX-2 by inhibiting the activity of the
NF-xB signaling pathway, were supported in the
present study (Fig. 12). Taken together, these data
confirmed that parthenolide preferentially targets
CSC-like SP cells and their self-renewal via molecular
events such as the inhibition of NF-«B signaling acti-
vation and COX-2 expression.

In summary, the present study demonstrated
that COX-2, as a potential biomarker for theranostics
of NPC, plays a critical role in cancer stem-like SP
cells of NPC. Moreover, parthenolide preferentially
targeted the CSC-like SP cells and inhibited their
cancer stemness properties, through downregulation
of COX-2 and inhibition of the NF-kB-mediated
pathway. Therefore, our study hinted that
CSC-targeted chemotherapy through the
NF-xB/COX-2 pathways may be a novel strategy for
the theranostics of NPC.
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