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Abstract

Background: Glioblastoma multiforme (GBM) is one of the most refractory and palindromic central nervous system
(CNS) neoplasms, and current treatments have poor effects in GBM patients. Hence, the identification of novel
therapeutic targets and the development of effective treatment strategies are essential. Alantolactone (ATL) has a
wide range of pharmacological activities, and its anti-tumor effect is receiving increasing attention. However, the
molecular mechanism underlying the anti-GBM activity of ATL remains poorly understood.

Methods: The biological functions of ATL in GBM cells were investigated using migration/invasion, colony formation and cell
cycle/apoptosis assays. The localization of nuclear factor kappa B (NF-kB) p50/p65 and its binding to the cyclooxygenase 2
(COX-2) promoter were determined using confocal immunofluorescence, a streptavidin-agarose pulldown assay and a
chromatin immunoprecipitation (ChIP) assay. IKKB kinase activity was determined using a cell IKKB kinase activity
spectrophotometry quantitative detection kit and a molecular docking study. LC-MS/MS analysis was performed to
determine the ability of ATL to traverse the blood-brain barrier (BBB). The in vivo anti-tumor efficacy of ATL was also
analyzed in xenografted nude mice. Western blot analysis was performed to detect the protein expression levels.

Results: ATL significantly suppressed the growth of GBM in vivo and in vitro. ATL significantly reduced the expression
of COX-2 by inhibiting the kinase activity of IKKB by targeting the ATP-binding site and then attenuating the binding of
NF-kB to the COX-2 promoter region. Furthermore, ATL induced apoptosis by activating the cytochrome c (cyt ¢)/
caspase cascade signaling pathway. Moreover, ATL could penetrate the BBB.

Conclusions: ATL exerts its anti-tumor effects in human GBM cells at least in part via NF-kB/COX-2-mediated signaling
cascades by inhibiting IKKB kinase activity. ATL, which is a natural small molecule inhibitor, is a promising candidate for
clinical applications in the treatment of CNS tumors.
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Background

Gliomas are the most common primary tumors in the
central nervous system (CNS), accounting for approxi-
mately 60 to 70% of primary brain tumors [1]. Glioblastoma
multiforme (GBM) represents the highest grade of malig-
nancy. The current treatment for GBM relies on surgical
resection followed by radiotherapy combined with chemo-
therapy. Unfortunately, these treatments have poor effects
in GBM patients, and the median survival is only 12 months
[2]. Therefore, new therapeutic strategies are urgently
needed. Molecular targeted therapy has become a hot topic
in the study of the molecular mechanisms underlying GBM
resistance [3, 4]. However, the blood-brain barrier
(BBB) restricts the application of many drugs. Thus,
the identification of a drug that could act on new
therapeutic targets and, more importantly, penetrate
the BBB could benefit many GBM patients.

Recently, increasing attention has been paid to chronic
inflammation, such meningitis-associated malignant
brain tumor, which has been shown to increase the risk
of cancer [5-8]. The inflammatory microenvironment,
which is a basic characteristic of malignant tumors, is in-
volved in the modulation of the tumor viability, migra-
tion, invasion, and even inflammation [9-11]. Therefore,
strategies focused on inhibiting the inflammatory reac-
tion using specific small molecule inhibitors could offer
significant therapeutic value in the treatment of malig-
nant tumors.

Cyclooxygenase 2 (COX-2) is associated with inflam-
matory diseases, carcinogenesis [9, 12] and resistance to
apoptosis [13, 14], suggesting that COX-2 may play
important roles by mediating the protective effects of
inflammation. In addition, COX-2 is a target of non-
steroidal anti-inflammatory drugs (NSAIDs), and its se-
lective inhibitors could effectively prevent inflammation,
proliferation and angiogenesis and induce apoptosis in
human cancer cells. The overexpression of COX-2 has
been found to be important in the development of sev-
eral human tumor types, including gliomas [15, 16], and
has been associated with a high tumor aggressiveness
and a poor prognosis in patients [17, 18]. In intracranial
tumors, the enhanced expression of COX-2 is correlated
with the histopathological grade of the gliomas [19].
Therefore, the inhibition of the expression of COX-2
might be an effective alternative approach for suppress-
ing glioblastoma growth.

The expression of COX-2 is strictly and specifically
controlled by the binding of many trans-factors, such as
activator protein-2 (AP-2) and nuclear factor kappa B
(NF-xB) [20, 21], and certain transcriptional coactiva-
tors, such as p300 [22, 23], to corresponding sites on its
promoters. The activation of the NF-«B signaling pathway
was involved in the overexpression of COX-2 [24, 25].
Canonical NF-kB activation depends on the degradation
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of IkB, which is rapidly phosphorylated by an active IkB
kinase (IKK) complex. This complex is composed of IKK«
and IKKp catalytic subunits and a regulatory subunit, i.e.,
IKKy/NEMO (NF-kB essential modulator) [26]. However,
IKKP is the major subunit that is responsible for the phos-
phorylation of the IkB proteins. The phosphorylated IkB
subsequently undergoes proteasome-mediated degrad-
ation, thereby liberating free NF-kB dimers and allowing
these dimers to translocate to the nucleus and promote
gene transcription [27]. Thus, the identification of small
molecule inhibitors that selectively target IKKp and an un-
derstanding of the mechanisms regulating the activation
of NF-kB are essential.

Alantolactone (ATL), which is a natural sesquiterpene
lactone, is largely distributed in the medical herb Inula
helenium and possesses a wide range of biological activ-
ities, such as antibacterial, antifungal, anti-inflammatory
and hepatoprotective activities [28], as detailed in the
records of the China Pharmacopoeia and European
Pharmacopoeia. ATL has a rapid onset and does not
cause significant damage to normal animal tissues and
organs [29, 30]. The antitumor properties of ATL have
been demonstrated in peripheral tumors, including lung
cancer, liver cancer, colon cancer, and leukemia [31-35].
However, to date, the detailed anti-cancer and anti-
inflammatory mechanisms by which ATL exerts its
effects have not been characterized. Furthermore, ATL,
which is a small molecule of volatile oil compounds, is
consistent with the traditional Chinese Medicine theory
of “upward into the brain” and has a great potential to
permeate the BBB.

In this study, we investigated whether ATL inhibits
glioblastoma growth by suppressing the expression of
COX-2 both in vitro and vivo. In addition, the molecular
effects of ALT on glioblastomas was investigated by
assessing the changes in the NF-kB signaling pathway.
Furthermore, we also assessed ATL levels in the cerebro-
spinal fluid using a rat model, which confirmed that
ATL was able to cross the BBB. Therefore, ATL has po-
tential applications in the treatment of CNS tumors.

Methods

Transwell invasion assay

Cell invasion was analyzed using a Transwell assay [36].
U87 and U251 cells were plated in 24-well Transwell
plates. The upper surface of the polycarbonate filters
was coated with Matrigel and incubated for 1 h at 37 °C
for gelling. The cells (5 x 10 [4]) were seeded into the
upper chambers in FBS-free DMEM, and the bottom
chambers were filled with 600 pL. of DMEM with 10%
EBS. Both the top and bottom chambers contained the
same concentrations of ATL. After 24 h of incubation,
the non-invasive cells on the upper membrane surfaces
were removed by wiping with cotton swabs. The invading
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cells were fixed with methanol and stained with a 0.1%
Crystal Violet staining solution. Images were taken under
a Leica DM 14000B microscope. Cell invasion was
counted in five independent areas per membrane. The re-
sults are represented as the means calculated from five
replicates of each experiment.

Flow cytometry analysis

To determine the distribution of the cells in the cell
cycle and the proportion of apoptotic cells, we per-
formed flow cytometry analysis using a flow cytometer
(BD FACS Accuri C6, CA, USA). After a 24 h treatment
with ATL (0, 10 and 20 uM), the cells were collected,
washed with PBS and fixed with ice-cold 70% ethanol at
4 °C for 4 h. The cells were stained with propidium iod-
ide (PI) staining buffer (0.2% Triton X-100, 100 pg/mL
DNase-free RNase A, and 50 pg/mL PI in PBS) in the
dark for 30 min. For the apoptosis examination, the cells
were washed with PBS, collected, and stained using the
Annexin V-FITC Apoptosis Detection Kit in the dark at
room temperature for 15 min. The cell cycle distribution
and the fraction of apoptotic cells were determined
using a FACS analysis system. Each experimentwas per-
formed in triplicate.

Western blot analysis

The cell lysate proteins were separated by electrophor-
esis on a 7.5-12% SDS-PAGE and probed with specific
antibodies. The protein bands were detected by en-
hanced chemiluminescence. The protein concentrations
were determined using a BCA protein assay kit (Beyotime
Biotechnology, China). Similar experiments were per-
formed at least three times.

Reverse-transcriptase polymerase chain reaction (RT-PCR)
Total RNA was extracted from ATL-treated U87 and
U251 cells using the TRIzol reagent, according to the kit
protocol (TaKaRa Bio, Dalian, China). The ¢cDNA was
reverse-transcribed using the PrimeScript RT Reagent
Kit (TaKaRa Bio, Dalian, China), according to the manu-
facturer’s instructions. The primer pairs were as follows:
COX-2, Forward: 5'-TCACAGGCTTCCATTGACCAG-3
and Reverse: 5'-CCGAGGCTTTTCTA CCAGA-3’; B-
actin, Forward: 5'-GGCACCCAGCACAATGAA-3" and
Reverse: 5'-TAGAAGCATTTGCGGTGG -3'. The amp-
lification products were analyzed using a 1.5% agarose gel
electrophoresis, stained with ethidium bromide, and
photographed under ultraviolet light.

Confocal immunofluorescence

Briefly [37], ATL-treated U87 cells were grown on
chamber slides, fixed with 4% paraformaldehyde and
permeabilized with 0.2% TritonX-100. The samples were
probed with specific antibodies against Cytochrome c
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(cyt ¢), p300, p50 or p65 (Santa Cruz) and fluorescein
isothiocyanate- and rhodamine-conjugated secondary
antibodies Subsequently, the stained samples were
mounted with 4°, 6-diamidino-2-phenylindole (DAPI) to
counterstain the cell nuclei. After five additional 5-min
washes, the samples were examined under a Leica DM
14000B confocal microscope.

Streptavidin-agarose pulldown assay to detect DNA
protein binding

The binding assay was performed by mixing 400 pg of
the nuclear extract proteins, 4 pg of the biotinylated
DNA probe and 40 pl of 4% streptavidin-conjugated
agarose beads at RT for 5 h in a rotating shaker. The
beads were centrifuged, resuspended with the SDS-PAGE
loading buffer and boiled at 95 °C. The supernatant was
analyzed by Western blotting.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed as previously described
[37]. The specific COX-2 promoter primers were as fol-
lows: forward primer: ACGTGACTTCCTCGACCCTC,
and reverse primer: AAGACTGAAAA CCAAGCCCA).
The resulting 478 bp product of COX-2 was separated
by 1.5% agarose gel electrophoresis.

IKKB kinase activity assay in vitro

ATL-mediated inhibition of IKKP kinase activity was
assessed in vitro using a cell IKKP kinase activity
spectrophotometry quantitative detection kit. Briefly,
ALT-treated U87 cells were harvested and lysed with the
lysate in the kit. After the protein was quantified, 10 pl
of the sample solution (containing 50 pg of protein) was
mixed with the reaction solution in the kit. The total
activity and nonspecific activity were measured using a
microplate reader. The data were evaluated according to
the formula in the manual, and the specific activity value
was calculated (specific activity = total activity - nonspe-
cific activity).

Molecular modeling

Docking studies were performed to explore the potential
binding mode between ATL and the IKKf protein com-
plex. ATL was optimized using the semi-empirical PM3
method with the Polak-Ribie’re conjugate gradient algo-
rithm and an RMS gradient of 0.01 kcal mol - 1 A - 1
as the convergence criterion. The optimized structure of
ATL was docked to the active site of IKKp with ligand
K-252A (PDB Code: 4KIK). The crystallographic ligand
was extracted from the active site, and the residues
within a 6.5 A° radius around the IKKpB molecule were
defined as the active pocket. The SurflexDock program
was used for the docking calculations with the default
parameters. MOLCAD surfaces were generated to
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visualize the binding mode of the docked protein-ligand
complexes.

Animal studies
Male nude mice (BALB/c nu/nu, 4 weeks old, 18-19 g)
were purchased from the SPF Laboratory Animal Center
of Dalian Medical University (Dalian, China). Briefly,
1 x 107 U87 cells were injected subcutaneously near the
axillary fossa of the nude mice. The tumor cell-inocu-
lated mice were randomly divided into the following
three treatment groups with five mice in each group:
group A was treated with propylene glycol; group B was
treated with 10 mg/kg ATL; and group C was treated
with 20 mg/kg ATL; all treatments were delivered by
daily intraperitoneal injections. The tumors were mea-
sured using a caliper every 2 days, and the tumor vol-
ume was calculated according to the formula V = 1/2
(width [2]x length). The body weights were also re-
corded. After treatment with ATL for 15 days, all experi-
mental mice were terminated with ether anesthesia, and
the total weight of the tumors in each mouse was mea-
sured. To determine the expression of COX-2 and p65
NF-kB, the tumor tissues were fixed with 10% neutral
formalin and embedded in paraffin. The sections (4 pm)
were stained with the COX-2 antibody (1:50) and the
p-p65 NF-«B (1:50) antibody and examined under a light
microscope. The images were examined under a Leica
DM 4000B microscope equipped with a digital camera.
All animals were given free access to sterilized food
and water and were habituated for 7 days before the ex-
periments. All procedures were in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals (National Institutes of Health,
Bethesda, MD, USA). The protocol was approved by
the Animal Care and Ethics Committee of Dalian
Medical University.

Detection of ATL through the BBB

Six male adult SD rats (200-220 g) were intraperitoneally
injected with ATL; after 1 h, the rats were anesthetized
with 4% chloral hydrate. Cerebrospinal fluid (50-100 pl)
was collected from the cerebellomedullary cistern by
puncturing the foramen magnum. Then, the cerebro-
spinal fluid was extracted twice using an equal volume
of acetonitrile. The supernatant was dried in a nitrogen
blowing instrument and reconstituted in 50 pl mobile
phase (acetonitrile: pure water = 45:55). Finally, the
reconstituted sample and ATL standard solution were
analyzed by LC-MS/MS.

Statistical analysis

The data are represented as the mean + SD of at least
three independent experiments. An analysis of variance
and Student’s t-test were used to compare the values of
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the test and control samples in vitro and in vivo.
P < 0.05 was considered statistically significant. SPSS
18.0 software was used for all statistical analyses.

Results

ATL alters cell morphology and inhibits cell viability in
human glioblastoma cells

To determine whether ATL could inhibit glioblastoma
cell proliferation, we first assessed the changes in the cell
morphology and proliferation of U87 and U251 cells. As
shown in Fig. 1b, shrunken cells and plasma membrane
blebs were observed after treatment with ATL. Then, we
quantitatively analyzed the effect of ATL on cell prolifer-
ation in U87, U251, U118 and SH-SY5Y cells using an
MTT assay. As shown in Fig. 1c, the survival rate of the
four cell lines was reduced in a dose- and time-
dependent manner after treatment with increasing con-
centrations of ATL (0, 1, 10, 25 and 50 pM) for 12, 24
and 48 h. The IC5o value of ATL was 20.24 + 2.11 uM
(U87), 16.33 + 1.93 uM (U251), 29.16 + 2.84 uM (U118),
and 24.06 + 2.38 pM (SH-SY5Y) after 48 h of treatment
(Fig. 1d). Interestingly, ATL showed no obvious cytotox-
icity at low concentrations in the normal human glial
cell line (SVG pl12, Fig. 1b and c).

ATL inhibits colony formation and cell cycle arrest

A clonogenic cell survival assay was performed to evalu-
ate the influence of ATL on the clonogenic capacity of
U87 and U251 cells. As shown in Fig. 2a, treatment with
ATL markedly inhibited colony formation and resulted
in a significant decrease in the colony formation ratio.
Cell proliferation inhibition often accompanies changes
in cell cycle progression [38]. We then evaluated the im-
pact of ATL on cell cycle arrest. Compared with the
control group, the percentages of cells in the GO0/G1
phase increased from 47.94 to 67.73% and 37.89 to
57.81% after ATL in U87 and U251 cells, respectively,
whereas the percentages of cells in the G2/M phase de-
creased from 20.8 to 11.88% and 31.35 to 13.05%, re-
spectively (Fig. 2b). Thus, ATL inhibits the proliferation
of U87 and U251 cells by inducing cell-cycle arrest at
the GO/G1 phase.

Furthermore, to ascertain the detailed mechanisms
underlying ATL-induced cell cycle arrest, several cell
cycle-related proteins, including cyclin D1 and CDK4,
were evaluated by Western blotting (Fig. 2c). The loss of
these proteins’ expression might be attributed to the cell
cycle arrest.

ATL inhibits cell migration and inhibition

We performed wound healing assays and Transwell as-
says to determine the effects of ATL on cell migration
and invasion in glioblastoma cells. As shown in Fig. 3a
and b, ATL significantly inhibited the migration and



Wang et al. Journal of Experimental & Clinical Cancer Research (2017) 36:93 Page 5 of 14

a b us7

48h0pM

48hOuM 48h5uM 48h10puM 48h20uM
| U251 1

SVGpl2

Alantolactone
48h0pM 48h5uM 48h10uM 48h20uM 48h20pM
C
120 us7 120 [ v2s1
< 100
)
£ 80
= d
£ 60
= 40 Cells 1Cso(uM)
© 20
us7 20244211
ATL(um) 0
U251 1633+1.93
0 SVG pl2
_ S U118 29.16+2.84
S 100 ‘—i—i&*
= 80 (*
z ——12h " SH-SYSY 24.06+2.38
Z 60 s-24h
z 40 —A—48h
8 20
0 e
ATL(um) o 1 10 25 50 0 1 10 25 50

Fig. 1 ATL changes morphology and inhibits cell viability. a: The chemical structure of ATL. b: Changes in the cell morphology and proliferation
of U87, U251 and SVG p12 cells were observed after treatment with ATL for 48 h (original magnification, 200x). ¢: U87, U251, U118, SHSY-5Y and
SVG p12 cells were cultured with the indicated concentrations of ATL for the indicated hours; then, MTT assays were performed. d: At 48 h after
treatment, cell viability was determined using MTT assays in the indicated cell lines, and the ICsq value was calculated. The data are shown as the

mean + SD. *P < 0.05, **P < 0.01, vs. the DMSO-treated group

invasion of both U87 and U251 cells in a dose-
dependent manner. We also examined the expression
level of several cell migration- and invasion-related pro-
teins, including the matrix metalloproteinases (MMPs),
and found that ATL could also obviously inhibit the ex-
pression of MMP-2 and MMP-9 (Fig. 3c). Thus, ATL
possesses the properties required for suppressing the cell
migration and invasion of glioblastoma cells.

ATL induces apoptosis by modulating cyt c and caspase
signaling

We then examined whether ATL-induced cell growth in-
hibition was associated with an increase in apoptosis in
glioblastoma cells. ATL treatment resulted in a signifi-
cant dose-dependent induction of apoptosis in both U87
and U251 cells (Fig. 4a). To ascertain the detailed mech-
anisms underlying ATL-induced cell apoptosis, several
pro-apoptotic and anti-apoptotic proteins were also de-
tected by Western blot analysis, including caspase-3/9,
PARP, BAX and Bcl-2, in the two cell lines. As shown in

Fig. 4b, compared with the control group, ATL could
markedly increase the expression levels of cleaved
caspase-3/9, cleaved PARP and the BAX proteins but de-
creased the protein levels of Bcl-2. Thus, ATL may func-
tion as an important and specific mediator that
facilitates the activation of multiple caspase cascades.
Moreover, cyt c is released from the mitochondria into
the cytosol and could induce apoptosis. We then performed
an immunofluorescence imaging (IFI) analysis to confirm
the co-localization of cyt ¢ and mitochondria to determine
whether ATL treatment could induce the release of cyt c.
As shown in Fig. 4c, treatment with ATL (10 uM and
20 uM) markedly triggered the release of cyt ¢ from the
inter-mitochondrial space into the cytosol. Meanwhile, cyt
¢ was also detected in the cytoplasm, where the mitochon-
drial fraction was isolated (Fig. 4d). To exclude the possibil-
ity that the amount of mitochondria has changed, we also
perform the WB analysis of VDAC and found that ATL
treatment had no obvious changes on mitochondria
(Fig. 4e). Thus, ATL could induce apoptosis in glioblastoma
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cells by triggering the release of cyt ¢ and facilitating
the activation of caspase in the cytosol.

ATL inhibits COX-2 signaling in human glioblastoma cells
High expression of COX-2 is implicated in the cell
growth, migration and invasion of cancer cells [39-42].
To determine the influence of ATL on COX-2 signaling,
COX-2 protein and gene levels in ATL-treated cancer
cells were assessed by RT-PCR and Western blotting.
We first assessed the expression of COX-2 in nerve
tumor cells, including U251, U87, U118 and SHSY-5Y
cells. As shown in Fig. 5a, COX-2 protein was more
abundant in U251 and U87 cells than in U118 and
SHSY-5Y cells, COX-2 protein was correlated with the
histopathological grade of the gliomas. Treatment with
ATL significantly inhibited the expression of COX-2 at
both the protein and mRNA levels in U87 and U251
cells in a dose-dependent manner (Fig. 5b). Then, U251
and U87 cells were pretreated with the COX-2-selective

inhibitor CB (60 uM and 120 uM) for 8 h, followed by
ATL (20 uM). After a continuous 48 h incubation, cell
viability was analyzed using an MTT assay. As shown in
Fig. 5¢c, treatment with CB or ATL alone inhibited cell
proliferation, whereas the combination of CB and ATL
did not significantly alter the inhibition of cell viability.
ATL-mediated inhibition of the proliferation of glioblast-
oma cells is mediated at least in part by the ability of
ATL to inactivate COX-2 signaling.

ATL inhibits the translocation of NF-kB and p300 and the
binding of these proteins to the COX-2 promoter

ATL effectively suppressed the gene expression of COX-
2; however, the gene expression of COX-2 was regulated
by several transcription factors, including NF-«B and
p300, and a transcriptional coactivator in its promoter
region [43]. Then, we performed a streptavidin-agarose
pulldown assay to evaluate the effect of ATL on the
binding activities of NF-kB and p300 in the COX-2
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promoter using a 478-bp biotin-labeled double-stranded
oligonucleotide probe corresponding to the 5’-flanking
sequence of the COX-2 gene from -30 to -508 [44].
Compared with the control treatment, ATL markedly
inhibited the binding of the NF-«kB p50 and p65 subunits
to the COX-2 promoter DNA probe (Fig. 6a) in a dose-
dependent manner. To further confirm this binding
inhibition, we performed a ChIP assay using specific
antibodies. As shown in Fig. 6b, compared with the con-
trol treatment, ATL also markedly increased the inhib-
ition of the binding of NF-kB p50 and p65 to the
chromatin COX-2 promoter. Moreover, ATL treatment
dose-dependently inhibited the binding of the co-
activator p300 to the COX-2 promoter (Fig. 6a and b).
We also detected the protein levels of the NF-kB p50/
p65 subunits in whole-cell lysates and nuclear lysates.
As shown in Fig. 6c, the expression of p65/p50 in the
nucleus significantly decreased after ATL treatment. To
exclude the possibility of the contaminations between

cytoplasmic and nuclear fractions, we also check the ex-
pression of lamin B1 in the cytoplasmic fraction and beta-
actin in the nuclear fraction. No obvious contaminations
were found (Fig. 6¢). Based on these results, we hypothe-
sized that treatment with ATL markedly inhibited the
translocation of the NF-kB p65/p50 proteins from the
cell cytoplasm to the nucleus. To verify this hypoth-
esis, immunofluorescence assays were performed. As
expected, the protein levels of p50/p65 significantly
decreased in a dose-dependent manner after ATL
treatment (Fig. 6d). Thus, ATL-mediated inhibition
of glioblastoma cell growth might be mediated by
the inhibition of the translocation of NF-kB and
p300 from the cell nuclei to the cytoplasm, which
then further inhibited the expression of COX-2.

ATL inhibits IKKB activity by targeting the ATP binding site
Only activated NF-kB p50/p65 dimers are able to

translocate to the nucleus and promote gene



Wang et al. Journal of Experimental & Clinical Cancer Research (2017) 36:93

Page 8 of 14

p
a C  MitoTracker Cyto ¢
Q Gate: (P3in all) a Gate: (P3in all o Gate: (P3in all) 20
Py = Das 3 T T 3 ;\? 15
™ £% 10
Q
s s §§
o 3 ; a8 5
= - G < 5
- B =0
A o ¢ ATL(uM) 0 10
3 g SRl inal 10uM
G ) —
N ;;} U251
EN s & 10
3L, T
- (=¥ i
i e < g 20uM
ap 10uM 200M ATL (pM) 0 10 20
e s SRR | DK Da
Cytoc
b U87 U251 — 100 339 552 13.85
Bol-2 M S - W W e 0D B-actin WS WD WS SN 12K Do
100 0.64 043 026 1.00 0.81 030  0.12
—12KDa
Cvto ¢ W —
Bax W e o e - —21kDa y 100 336 548 9.67
U251
1.00 1.45 202 532 1.00 1.91 423 652 B-actin - s S e  2KDa
Cleaved T - . S e s S0kDa OuM  5uM 10puM 20pM
PARP by,
1.00 1.97 446 9.62 1.00 253 315 632 e
Cleaved L - - - s s —19kDa
S ——— 36K Da
Caspase-3 [ —— - N— —17kDa VDAC
1.00 2.19 420 100 132 367 653 us7 100 105 092 096
Cleaved —37kDa B-actin “EE— SE— a__— e 0K Da
Caspase9 - - - - : . —35kDa -
1.00 259 463 581 1.0 3.1 523 7.68 VDAC W S S 36KDa
B-actin D SN S _— “—QkDa U251 100 096 108 117
-actin
0uM  5uM 10pM 20pM  OpM SpM 10uM 20uM p S S 2K Da
OouM  5uM 10pM 20uM
Fig. 4 ATL induces apoptosis by modulating cyt ¢/caspase signaling. a: Apoptosis was analyzed using FACS. The results are represented as the
mean + SD of three experiments. *P < 0.05, **P < 0.01 vs. the DMSO-treated group. b: The indicated pro-apoptotic and anti-apoptotic proteins
were detected by a Western blot analysis. ¢: The release of cyt ¢ from the mitochondria to the cytoplasm was observed via am IFI analysis in U87
cells. d: The protein expression of cyt ¢ in the cytoplasm of these two cell types was detected by a Western blotting assay. e: The protein levels
of the VDAC were detected by Western blotting in U87 and U251 cells. The results are represented as the mean + SD of three experiments.
*P < 0.05, **P < 0.01 vs. the DMSO-treated group. The experiment was repeated three independent times
J

transcription [27]. However, the IKK complex is re-
quired for the activation of NF-«xB, which is a major
upstream kinase in the IkB-a canonical NF-«B sig-
naling pathway. We, therefore, investigated whether
ATL inhibited IKK activity to explore the potential
molecular mechanisms. As shown in Fig. 7a, pre-
treatment with ATL significantly decreased the ex-
pression level of p-IkB-a and p-IKKB in U87 and
U251 cells but had little influence on the expression
of p-IKKa and the overall expression of IKKa/p.
Thus, ATL might suppress NF-kB activation by inhi-
biting IKKP kinase activity because IKKP is the
major subunit that is responsible for the phosphoryl-
ation of IkB proteins.

Moreover, we assessed ATL-mediated inhibition of
IKKP kinase activity in vitro using a cell IKKB kinase
activity spectrophotometry quantitative detection kit. As

shown in Fig. 7c, pretreatment with ATL could effi-
ciently inhibit IKKB kinase activity as follows: control
group, 0.021 + 0.0042 U/mg; ATL 5 uM group,
0.018 + 0.0036 U/mg; ATL 10 pM group, 0.013 + 0.0027 U/
mg; and ATL 20 uM group, 0.0063 + 0.0011 U/mg.
Furthermore, a computer molecular modeling assay
was performed to simulate the interactions between
ATL and IKKp. The molecular docking studies predicted
that ATL could bind to the ATP binding site of IKK.
Specifically, as shown in Fig. 7d (a), ATL formed one
hydrogen bond with the ATP binding pocket of the
IKKp kinase domain. The CO motif in the lactonic ring
of ATL formed a hydrogen bond with the backbone NH
of Lys147. The results of the MOLCAD surface model-
ing indicated that the lactone ring of ATL interacted
with the residues at the entrance of the ATP-binding
pocket to block the nucleotide recognition domain
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binding with ATP (Fig. 7d, b). Overall, IKKp is a target
site of ATL in the NF-«B signaling pathway to suppress
COX-2 expression.

ATL inhibits tumor xenograft growth in nude mice

Based on the results of the in vitro studies, we further
explored the potential of ATL as a novel molecular
therapeutic agent against tumor growth in nude mice.
Compared with the control group, both the tumor vol-
umes (Fig. 8a) and the tumor weights (Fig. 8b) in treated
mice significantly decreased after the administration of
10 and 20 mg/kg/day of ATL for 15 days. The tumor in-
hibition rates (Fig. 8c) were 47.73 + 9.32% in the 10 mg/
kg group and 70.45 + 13.33% in the 20 mg/kg group. No
obvious toxic effects were detected in the mice that were
treated with ATL. In addition, immunohistochemical
staining was performed to examine the expression of
COX-2 and p-p65 in vivo. As shown in Fig. 8d, ATL sig-
nificantly reduced the expression of COX-2 and p-p65
in tumor tissues. Thus, ATL could inhibit the growth of
xenografted U87 cells by down-regulating the expression
of COX-2.

ATL can penetrate the BBB

Subsequently, we determined whether ATL could
traverse the BBB because the BBB is the greatest barrier
for nearly 98% of small molecules from the blood into
the brain [45]. In this study, the collected cerebrospinal
fluid was assessed by an LC-MS/MS assay. As shown in
Fig. 9, after the administration of ATL, a high chromato-
graphic peak with Q1-Q3: 233.3-151.3 was observed at

1.93 min in the cerebrospinal fluid samples, which was
consistent with the ATL standard sample. Therefore, we
confirmed that ATL could penetrate the BBB, which
might allow for a much more effective bioactivity in
CNS diseases, particularly GBM.

Discussion

GBM is the most refractory and palindromic CNS neo-
plasm. The main reasons for the poor clinical treatment
effect in GBM are as follows: A. rapid proliferation; B.
infiltrative growth; C. and the BBB. Therefore, it is
essential to discover novel targeted therapeutic agents.
In this study, we found that the natural sesquiterpene
lactone compound ATL inhibited glioblastoma cell
growth, and we explored the mechanism underlying its
anti-tumor effects.

ATL, which is isolated from the Chinese herb Inula
helenium, possesses multiple pharmacological activities,
and its anti-tumor activity is highly attractive [32, 46, 47];
however, the pivotal molecules targeted by ATL remain
unclear. In this study, we uncovered one anti-tumor
mechanism by which ATL inhibited glioblastoma cell
growth and induced cell apoptosis by inhibiting the NF-
kB/COX-2 signaling pathway and activating the cyt c/cas-
pase-dependent apoptotic pathway. Furthermore, ATL
acted as an inhibitor of IKKP activity by targeting the
ATP-binding site to suppress COX-2 expression in glio-
blastoma cells.

The expression of COX-2 is positively correlated with
the degree of malignancy in the glioma and is negatively
correlated with the prognosis. In this study, ATL
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significantly inhibited COX-2 expression at both the
protein and mRNA levels. We selected celecoxib (CB) as
a positive drug treatment because CB is a classical and
potent commercial COX-2 inhibitor. The combination
of CB and ATL did not further alter cell viability; thus,
we think that ATL suppressed growth by partially inacti-
vating COX-2 signaling. Moreover, the cell viability ICs,
values after ATL treatment in U87 and U251 cells were
20.24 and 16.33 uM, which were significantly lower than
those of CB (135.27 and 120.32 uM). Thus, ATL, which
is a natural small molecule inhibitor, is comparable to
CB but is more effective, safe and affordable.

The transcription factor NF-«B, which is a cis-acting
element of the COX-2 transcriptional regulatory sequence,
is involved in the regulation of a variety of inflammatory
mediators. Activated NF-kB binds the COX-2 promoter
region and initiates COX-2 transcription. During the

activation of NF-«B, the transcription coactivator p300
can bind the NF-kB p65/p50 dimer by acetylation and
thus enhance the transcriptional activity of COX-2. Our
study demonstrated that ATL could inhibit the nuclear
translocation of the NF-kB p65/p50 dimer, decrease
the recruitment of p300, and thus suppress their
binding to the COX-2 promoter region, thereby
blocking COX-2 transcriptional activity and down-
regulating the expression of COX-2.

The IKKs are key regulators in the NF-«B signaling
pathway, and we demonstrated that ATL could specific-
ally inhibit IKKB enzyme activity via an in vitro kinase
assay. Furthermore, computational docking analysis sug-
gested that ATL occupied the entrance hydrophobic
pocket in the ATP-binding site of IKKp. In this modeling
analysis, ATL was located well in the ATP binding site
and interacted with residue Lys147 at the entrance of
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the ATP-binding pocket. Our results suggested that ATL
might block the nucleotide recognition domain binding
with ATP as a reversible inhibitor. These findings are
consistent with our experimental results. Hydrophobic
interactions should be emphasized because the ATP
binding pocket is a narrow and hydrophobic region.
ATL may attenuate the transcriptional activity of NF-kB
at least in part by abrogating the activity of IKKp.
Infiltrative growth is another major cause of refractory
GBM. Migration and invasion are two important prereq-
uisites for infiltrative growth, and degradation of the

extracellular matrix is a key step. MMP-2 and MMP-9
are gelatinases that are important members of the MMP
family, which plays a significant role in breaking through
the extracellular matrix of cells [48]. MMP-2 and MMP-
9 are negatively correlated with the prognosis of glioma
patients [49]. Intriguingly, our study illustrated that ATL
could inhibit the migration and invasion of GBM cells
and significantly decrease MMP-2 and MMP-9. As
MMP protein is expressed in tumor cells and blood ves-
sels, and angiogenesis is an important link in the inva-
sion and metastasis of malignant tumors, the inhibitory

ATL
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Fig. 10 Schematic showing that ATL effectively inhibits GBM growth. ATL suppressed IKK@ kinase activity and then inhibited the phosphorylation
of IKKB, IkBa and the p65 proteins, promoted the translocation of NF-kB from the cell nuclei to the cytoplasm and attenuated the binding of NF-kB
and p300 to the COX-2 promoter, thereby reducing the expression of COX-2. In addition, ATL promoted the release of cyt ¢ from the mitochondria to
the cytoplasm and suppressed the expression of cyclin D1, CDK4 and the MMP2/9 proteins

| Inhibition of GBM growth |
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properties of ATL implies that metastasis and invasion
may be another target for ATL to suppress tumor
growth or angiogenesis, and the underlying mechanism
requires further investigation.

Furthermore, the BBB is a major limitation that re-
duces the efficacy of anti-cancer drugs in the treatment
of GBM patients [50]. Studies have confirmed that the
cerebrospinal fluid brain barrier is one of the most im-
perfect barriers in the BBB and can allow cerebrospinal
fluid and the extracellular fluid of brain tissue to com-
municate with each other [45]. Therefore, once a sub-
stance enters the cerebrospinal fluid from the blood, it
can freely diffuse into the brain tissue; thus, we can de-
tect the drug content in the cerebrospinal fluid, which is
an important method for evaluating drug entry into
the brain tissue [51]. In our study, ATL was detected
by LC-MS/MS analysis in cerebrospinal fluid collected
from living rats. Thus, ATL could pass through the
BBB, which fulfilled a prerequisite for ATL in the
treatment of CNS diseases.

Conclusions

In conclusion, ATL can effectively inhibit GBM cell
growth and enhance apoptosis. Furthermore, ATL sup-
presses the expression of COX-2 by suppressing IKKf ac-
tivity by targeting the ATP-binding site, thereby inhibiting
the translocation of the NF-kB p65/p50 proteins from the
cell cytoplasm to the nucleus and abrogating NF-«B
binding and p300 recruitment on the COX-2 pro-
moter (Fig. 10). In addition, ATL can penetrate the
BBB. These findings provide strong evidence for the
potential of ATL as a small molecule natural inhibitor
with a broad potential for clinical applications in CNS
diseases, such as GBM treatment.
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