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Background: Neurokinin-1 receptor is known to promote tumor cell proliferation.

Results: Neurokinin-1 receptor activates ERK, JNK, and Akt through the G -phospholipase C pathway, up-regulating MMP-2
and MT1-MMP and subsequently enhancing glioma cell migration.

Conclusion: Neurokinin-1 receptor mediates glioma cell migration by the up-regulation of MMP-2 and MT1-MMP.
Significance: This study shows for the first time that neurokinin-1 receptor is directly involved in tumor cell migration.

Neurokinin-1 receptor (NK1R) occurs naturally on human
glioblastomas. Its activation mediates glioma cell proliferation.
However, it is unknown whether NK1R is directly involved in
tumor cell migration. In this study, we found human hemo-
kinin-1 (hHK-1), via NKIR, dose-dependently promoted the
migration of U-251 and U-87 cells. In addition, we showed that
hHK-1 enhanced the activity of MMP-2 and the expression of
MMP-2 and MTI1-matrix metalloproteinase (MMP), which
were responsible for cell migration, because neutralizing the
MMPs with antibodies decreased cell migration. The involved
mechanisms were then investigated. In U-251, hHK-1 induced
significant calcium efflux; phospholipase C inhibitor U-73122
reduced the calcium mobilization, the up-regulation of MMP-2
and MT1-MMP, and the cell migration induced by hHK-1,
which meant the migration effect of NK1R was mainly mediated
through the G-PLC pathway. We further demonstrated that
hHK-1 boosted rapid phosphorylation of ERK, JNK, and Akt;
inhibition of ERK and Akt effectively reduced MMP-2 induction
by hHK-1. Meanwhile, inhibition of ERK, JNK, and Akt reduced
the MT1-MMP induction. hHK-1 stimulated significant phos-
phorylation of p65 and c-JUN in U-251. Reporter gene assays
indicated hHK-1 enhanced both AP-1 and NF-«B activity; inhi-
bition of ERK, JNK, and Akt dose-dependently suppressed the
NEF-kB activity; only the inhibition of ERK significantly sup-
pressed the AP-1 activity. Treatment with specific inhibitors for
AP-1 or NF-kB strongly blocked the MMP up-regulation by
hHK-1. Taken together, our data suggested NK1R was a poten-
tial regulator of human glioma cell migration by the up-regula-
tion of MMP-2 and MT1-MMP.
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Malignant gliomas are the most frequent primary brain
tumors in adults and children (1). Their aggressive invasion into
adjacent brain tissue made thorough surgical resection impos-
sible (2, 3). Standard radiation and chemotherapy failed to
improve the survival of patients with gliomas (4, 5). The
depressing results were due to the biological characteristics of
the malignant tumor cells. To get better curative effects,
researchers have been looking for a deeper understanding of
glioma biology to find new strategies to block tumor
development.

In the past decade, tachykinin receptor neurokinin-1
(NK1R)? has received a lot of attention as a promising new
target in malignant glioma therapy (6—8). NK1R belongs to
class A of the G-protein-coupled receptor family. Both sub-
stance P and the newly found mammalian tachykinin hemo-
kinin-1 (HK-1) are identified as the endogenous ligands of
NKI1R with high affinities (9, 47, 48). Studies demonstrated that
malignant gliomas expressed functional NKIR at certain per-
centages, and the expression level seemed to be related to the
malignant degree of tumors (10, 11). NK1R was also detected in
many established glioma cell lines, such as U-251 MG, U-87
MG, DBTRG-05 MG, and SNB-19 (12-14), which were often
used as the natural models to investigate NK1R biological func-
tions. It was reported that NKI1R activation induced the phos-
phorylation of Akt and mitogen-activated protein kinase
(MAPK) family members (15—-17), which subsequently stimu-
lated different transcription factor activities to adjust target
gene expression (18-20). These regulatory mechanisms were
engaged by NKIR to stimulate DNA synthesis and cytokine
secretion and to mediate the anti-apoptosis effect (15, 16, 18,
21).

Gliomas occur as a result of a multistep procedure, which
involves several alterations in astrocyte physiology, including

2 The abbreviations used are: NK1R, neurokinin-1 receptor; MMP, matrix met-
alloproteinase; PLC, phospholipase C; hHK-1, human hemokinin-1; PDTC,
pyrrolidinedithiocarbamic acid; CAPE, caffeic acid phenethyl ester; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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the deregulation of cell proliferation, apoptosis, and migration
(22, 23). The majority of NK1R-related studies are focused on
its role in glioma cell proliferation and cytokine secretion (12,
15, 16). Moreover, NK1R activation in endothelial cells regu-
lated angiogenesis and encouraged vascular survival pro-angio-
genesis, which is essential for supplying O, and nutriments in
the expansion of tumors (24-26). Moreover, NKIR is an
important regulator of immune cell motility. NK1R induced
natural killer cell migration in a dose-dependent manner (27).
Substance P and its C-terminal fragments stimulated human
monocytes and peripheral blood leukocyte chemotaxis via
NKIR (28, 29). Such ability to modulate the immune system is
important in NK1R-related tumor development. However,
whether the activation of NK1R would influence the migration
of the tumor cell itself was unclear. Recently, Meshki (30, 31)
reported that substance P mediated membrane blebbing in
both HEK-293-NKI1R and U-373 MG cells via the NK1 recep-
tor, which was not associated with apoptosis but possibly with
migration. Considering the elevated expression level of NK1R
and the high motility of glioma cells, we speculated that NK1R
might be a new target to regulate glioma cell migration and
invasion.

The invasion process of glioblastoma is complicated, involv-
ing a series of sequential steps. Matrix metalloproteinases
(MMPs) play a crucial role in the process because of their activ-
ities to degrade local extracellular matrices, enabling tumor
cells to infiltrate into surrounding areas (32, 33). Various
MMPs, such as MMP-2 and MMP-9, have been tightly associ-
ated with the glioblastoma progression and malignancy (34,
35). The activities of these enzymes are delicately regulated at
several levels, including gene expression, the activation of
proenzyme, and the inhibition of active enzymes by their spe-
cific inhibitors (tissue inhibitor of metalloproteinases) (34 —-36).
MT1-MMP is a membrane-type MMP (also named MMP-14),
which forms a complex with TIMP-2 as a specific receptor for
latent MMP-2. The complex cleaves newly synthesized pro-
MMP-2 on the cell surface into active MMP-2 (35, 37). As men-
tioned above, NK1R has been implicated to promote cell move-
ment in different cell types; however, the detailed molecular
mechanisms are hardly known. It will be interesting to investi-
gate whether and how NKI1Rs are directly involved in glioma
cell migration.

Previously, we reported that hHK-1 and its derivatives selec-
tively activated G, and G, signaling pathways in CHO cells
expressing NK1R (38); among them, hHK-1 and hHK-1(4-11)
have been demonstrated to stimulate the migration of freshly
isolated human umbilical vein endothelial cells and to promote
angiogenesis in the chick embryo chorioallantoic membrane
model (26). In this study, we showed for the first time that by
activating NK1R, hHK-1 induced significant up-regulation of
MMP-2 and MT1-MMP that were responsible for the enhance-
ment of glioma cell migration.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—Dulbecco’s modified Eagle’s
medium (DMEM), Opti-MEM medium, fetal bovine serum
(FBS), cell dissociation buffer, Fluo-4 AM, Pluronic F-127, and
transfection reagent Lipofectamine2000 were from Invitrogen.
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PD98059, LY294002, cAMP-Glo assay kit, and luciferase assay
system were from Promega (Madison, WI). The enhanced
chemiluminescence (ECL) detection system and BCA protein
assay kit were from Pierce. Probenecid, SP600125, forskolin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), gelatin, L-732138, U-73122, 3-isobutyl-1-methylxan-
thine, and Ro 20-1724 were from Sigma. Curcumin, tanshinone
IIA, and caffeic acid phenethyl ester (CAPE) were from Sangon
(Shanghai, China). Protease inhibitor mixture and phosphatase
inhibitor mixtures were from Roche Applied Science. Pyrroli-
dinedithiocarbamic acid (PDTC), 5X Laemmli buffer, and
RIPA lysis buffer were from Beyotime (Jiangsu, China). Anti-
bodies against phospho-ERK1/2, ERK1/2, phospho-SAPK/
JNK, SAPK/JNK, pAkt, phospho-p65, phospho-c-JUN,
GAPDH, and HRP-conjugated secondary antibody were pur-
chased from Cell Signaling Technology Inc. (Danvers, MA).
Antibodies against MMP-2 and MT1-MMP were from Abcam
(Cambridge, UK). PCR primers, RNAiso Plus, and PrimeScript
RT reagents were from Takara Biotechnology (Dalian, China).

Cell Culture and Peptide Synthesis—Human glioblastoma
cellline U251 MG was purchased from Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China) and cul-
tured in DMEM supplemented with 10% fetal bovine serum and
antibiotics (100 units/ml penicillin, 100 pg/ml streptomycin) in
a humidified atmosphere of CO,/air (5:95%) at 37 °C.

Human hemokinin-1 (TGKASQFFGLM-NH,) was syn-
thesized using the Fmoc (N-(9-fluorenyl)methoxycarbonyl)
method on a solid-phase peptide synthesis system, as described
previously (38). The identity of the peptide was confirmed using
ESI-TOF mass spectrometry. Peptides were determined to be
>95% pure by reversed-phase high performance liquid chro-
matography using a C; 5 column as the solid phase and an H,O/
acetonitrile gradient as the solution phase.

Migration Assays—In vitro migration assays were performed
using Millicell Hanging Cell Culture inserts (8 wm pore size;
Millipore, Billerica, MA) in 24-well plates. U-251 cells were
digested with cell dissociation buffer containing no trypsin.
Approximately 4 X 10* cells in 0.1 ml of serum-free DMEM
were seeded in the upper chamber, and 0.6 ml of the same
medium with or without hHK-1 was placed in the lower cham-
ber. After incubating the plates at 37 °C for 24 h, cells were fixed
with 90% EtOH for 30 min and then stained with 0.1% crystal
violet in PBS for 15 min. The nonmigrant cells were removed
from the upper face of the transwell membrane with a cotton
swab. The stained cells were subsequently photographed and
then extracted with 10% acetic acid for 15 min. The absorbance
values were determined at 600 nm on a plate reader (Infinite
M200, Tecan, Switzerland). For the inhibitory assays, cells were
pretreated with different inhibitors for 30 min. The migration
fold of the cells in each experiment was adjusted by the cell
viability assay to correct for proliferation or cytotoxic effects of
different chemical reagents treatment.

Intracellular cAMP Accumulation—The intracellular cAMP
level was measured as described previously using the commer-
cially available cAMP-Glo assay kit (38). Briefly, 5,000 U-251
cells were seeded in a 96-well plate with DMEM containing 10%
FBS and incubated in 37 °C for 24 h. After removing the
medium, 20 ul of treatment buffer (PBS containing 0.5 mm
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3-isobutyl-1-methylxanthine and 0.1 mm Ro 20-1724, pH 7.4)
with or without hHK-1, was added to the cells and incubated at
37 °C for 15 or 30 min. 20 wl/well of the cAMP-Glo Lysis buffer
was added to the cells, and the buffer was shaken for 15 min at
room temperature before being developed with the detection
buffer and substrate supplied by the cAMP-Glo assay kit.
Finally, luminescent signal was measured by a plate reader (Infi-
nite M200, Tecan, Switzerland). The potent adenylate cyclase
activator, forskolin, was used as a positive control.

Intracellular Calcium Release—U-251 cells were seeded in a
96-well plate at a density of 20,000/well and cultured for 24 h.
The cells were rinsed three times with assay buffer (130 mm
NacCl, 5 mm KCl, 10 mm HEPES, 8 mm p-glucose, 1.2 mm MgCl,,
and 1.5 mMm CaCl,, pH 7.4). The cells were then incubated with
this buffer supplemented with the organic anion transport
inhibitor probenecid (2.5 mm), 1 um Fluo 4-AM, and 0.1%
Pluronic F-127 for 60 min at 37 °C. Before the measurement,
cells were rinsed three times with assay buffer and then placed
in a FLEXstation II plate reader (Molecular Devices Corp., Palo
Alto, CA) at 37 °C. The fluorescence emission at 525 nm follow-
ing excitation at 480 nm was measured as hHK-1 was added.
For inhibitory assays, cells were pretreated with different con-
centrations of the inhibitors for 30 min. The peak fluorescent
value was used as an index of intracellular calcium release.

Whole Cell Lysate Preparations and Western Blotting
Analysis—U251 cells were seeded in 12-well plates at a density
0f250,000/well. At the end of cell treatment, the cells were lysed
in RIPA lysis buffer containing protease inhibitor mixture and
phosphatase inhibitor mixtures. The lysates were centrifuged at
15,000 X g for 10 min at 4 °C. The supernatants were collected
and detected by BCA reagent to determine protein concentra-
tion. A total amount of 30 ug of protein from each sample was
loaded and separated on a 10% SDS-polyacrylamide gel. After
electrophoresis, the samples were transferred onto a PVDF
membrane. The membranes were probed with the specific pri-
mary antibodies as indicated, followed by the incubation with
horseradish peroxidase-conjugated secondary antibodies. The
signal was detected by an enhanced chemiluminescence detec-
tion system and visualized by Kodak film (Eastman Kodak,
Rochester, NY). The untreated cells were used as control in all
experiments.

Measurements of Cell Viability—Cell viability was deter-
mined by the MTT assay. U251 cells were seeded in a 96-well
plate at a density of 10,000/well. The cells were treated with
various compounds for 24 h. After the incubation, MTT (0.5
mg/ml) was added for 4 h at 37 °C. The medium was removed,
and the cells were dissolved in dimethyl sulfoxide and shaken
for 15 min. The absorbance value at 570 nm was measured on a
plate reader.

Luciferase Reporter Assays for NF-kB and AP-1 Activity—
The luciferase reporter gene assay was measured as described
previously (38, 43). Briefly, U-251 cells were seeded in a 60-mm
dish to reach 80-90% confluence overnight. 8 ug of reporter
plasmid pNF-«B-luc or pAP-1-luc plasmid of high purity was
transfected into cells with Lipofectamine 2000 following the
instructions of the manufacturer. 6 h later, the transfected cells
were trypsinized and seeded in a 96-well plate at a density of
30,000 and grown for another 24 h with DMEM containing 10%
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FBS. Then the cells were exposed to 1 um hHK-1 for 8 h at
37 °C. Untreated cells were used as control. For the inhibitory
assays, the cells were pretreated with different concentrations
of inhibitors for 30 min followed by the treatment of 1 um
hHK-1. Then the cells were lysed, and the luciferase activities
were measured with the luciferase assay system on the plate
reader. The untreated control was defined as 1.0. The luciferase
activity was expressed as fold induction relative to untreated
control.

Semi-quantitative Reverse Transcriptase-PCR—U-251 MG
cells were lysed with RNAiso Plus, and total RNA was isolated
per the manufacturer’s instructions. 1 ug of total RNA was
reverse-transcribed into ¢cDNA by PrimeScript RT reagent
according to the manufacturer. Levels of MMP-2, MT1-MMP,
and B-actin mRNA were determined by PCR using oligonu-
cleotide primers as follows: MMP-2, 5'-CCCACACTGGGC-
CCTGTCACT-3', and 5'- TGGGCTTGTCACGTGGCGTC-
3’; MT1-MMP, 5'-CGCTACGCCATCCAGGGTCTCAAA-
3’, and 5-CGGTCATCATCGGGCAGCACAAAA-3’; and
B-actin, 5'- AGCGAGCATCCCCCAAAGTT-3’, and 5'-
GGGCACGAAGGCTCATCATT-3'. For MT1-MMP, the
PCR protocol was 30 cycles of 94 °C for 30 s, 60 °C for 30 s, and
72 °C for 2 min. For MMP-2 and B-actin, the PCR protocol was
30 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min.
Amplified products were resolved by 2% agarose gel electro-
phoresis, stained with ethidium bromide, and photographed
under ultraviolet light.

Gelatin Zymography—U-251 MG cells were incubated with
serum-free medium. Conditioned media were collected and
concentrated. The samples were prepared in nondenaturating
conditions in 5X Laemmli buffer without DTT. Samples were
loaded in 10% SDS-polyacrylamide gel containing 1 mg/ml
gelatin. The gels were rinsed three times in 2.5% Triton X-100
to remove SDS and then washed three times in the developing
buffer (50 mm Tris-HCI, 0.2 M NaCl, 5 mm CaCl,, 0.02% Brij 35,
pH 7.5). Subsequently, the gel was incubated in the developing
buffer at 37 °C for 24 h. Gels were stained with 0.5% Coomassie
Brilliant Blue and destained with double distilled H,O over-
night; the clear zones within the blue background indicate pro-
teinolytic activity.

Statistical Analysis—Curve-fitting and statistical analysis
was conducted by use of GraphPad Prism 5.01 software
(GraphPad Software Inc.). Statistical significance of the differ-
ences between more than two groups was calculated by one-
way analysis of variance, followed by Tukey’s post test.

RESULTS

hHK-1-induced Glioma Cell Migration via NKIR—In this
study, a transwell assay was used to evaluate NK1R-mediated
glioma cell migration. hHK-1 caused dose-dependent cell
migration in human glioma cell U-251 and U-87 (Fig. 1, A and
B).Although hHK-1 was a highly selective agonist for the NK1
receptor, many studies showed that hRHK-1 was also functional
for the NK2 and NK3 receptor (48, 49). To further confirm the
NK receptors involved in the glioma cell migration, we used the
selective antagonists L-732138 (NK1, 2.5-10 uMm), SR48968
(NK2, 10 um), and SB22200 (NK3, 10 pum). hHK-1-induced cell
migration of U-251 was abolished by the pretreatment of
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FIGURE 1. hHK-1 induced dose-dependent migration of U-251 and U-87
as determined by a transwell assay after 24 h. A, migrant cells at the bot-
tom side of the filter were stained with crystal violet and photographed under
a phase contrast microscope. B, extraction of stained cells was measured at
600 nm. Using untreated cells as control (Ctl), data were presented as the
means * S.E. for five independent experiments. *** p < 0.001 versus
untreated controls.

L-732138 at different concentrations but was not affected by
pretreatment of SR48968 and SB22200 (Fig. 2A4). These antag-
onists showed similar effects in U-87 cells (Fig. 2B). The
increase in the amount of migrating cells was corrected by cell
viability data from MTT assays. These data suggested that
hHK-1 induced U-251 and U-87 cell migration via NK1R.

hHK-1 Up-regulated the Activity of MMP-2 and Increased the
Expression of MMP-2 and MTI1-MMP in U-251 MG Cells—The
migration and tumor grade of glioma cells are strongly associ-
ated with the expression and activity of the MMP family (32—
35). To investigate the possible mechanism involved in NK1R-
mediated glioma cell migration, we used gelatin zymography to
analyze the MMPs activities in the supernatant of U-251 cul-
tures. As shown in Fig. 34, treatment with hHK-1 for 24 h
significantly enhanced MMP-2 secretion, suggesting that the
augmentation of MMP-2 activity possibly played a key role in
the hHK-1-induced cell migration. To test this hypothesis, we
examined MMP-2 expression level in U-251 cells. MT1-MMP
was reported to play a key role in processing pro-MMP-2 into
active MMP-2. We also examined the expression level of MT1-
MMP in the same samples. Semi-quantitative RT-PCR analysis
showed that the RNA levels of both MMP-2 and MT1-MMP
were significantly augmented when U-251 cells were treated
with hHK-1 for 2 h, and this effect lasted for at least 8 h (Fig. 3B).
Western blotting analysis showed that hHK-1 markedly
increased the protein level of MMP-2 and MT1-MMP com-
pared with the untreated control (Fig. 3, C and D).
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FIGURE 2. Selective antagonists (L-732138 for NK1, SR48968 for NK2,
and SB22200 for NK3 receptor) were used to identify the receptor
subtype responsible for the observed U-251 cell migration. A, effect of
L-732138, SR48968, and SB22200 on the cell migration of U-251 induced
by hHK-1. B, effect of L-732138, SR48968, and SB22200 on the cell migra-
tion of U-87 induced by hHK-1. The extraction of stained cells was mea-
sured at 600 nm. Using untreated cells as control, data were presented as
the means = S.E. for five independent experiments. ***, p < 0.001 versus
hHK-1 controls.

To confirm the role of MT1-MMP in the procession of pro-
MMP-2 in U-251 cells, U-251 cells were preincubated with
anti-MT1-MMP antibody followed by hHK-1 treatment. Gela-
tin zymography analysis showed that the activity of MMP-2 was
reduced (Fig. 3E). To further ensure the roles of MMP-2 and
MT1-MMP in hHK-1-induced U-251 cell migration, we prein-
cubated the cells with antibodies neutralizing MMP-2 and/or
MT1-MMP (6 pg, respectively). Such pretreatments signifi-
cantly inhibited the migration of U-251 cells induced by hHK-1
(Fig. 3F). These data suggested that U-251 cell migration
induced by hHK-1 may at least partly be mediated by MMP-2
and MT1-MMP.

NKIR Led to U-251 Cell Migration by Activating G, but Not
by G, Protein—NKIR couples to two distinct signaling path-
ways as follow: a G, pathway that activates adenylate cyclase
inducing intracellular cAMP accumulation, and a G, pathway
that activates PLC initiating inositol phosphate formation and
intracellular calcium release (39). To elucidate the molecular
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FIGURE 3. Up-regulation of MMP-2 and MT1-MMP induced by hHK-1. A, U-251 cells were stimulated with hHK-1 (1-1000 nm) for 24 h. Then the conditioned
medium was collected for gelatin zymography analysis to detect the secretion of MMP-2. B, semi-quantitative RT-PCR analysis of total RNA from U-251 MG cells
treated with hHK-1 (1000 nwm) for the indicated time points to detect the mRNA level of MMP-2 and MT1-MMP. C, Western blotting analysis of whole cell lysates
from U-251 MG treated with hHK-1 at different concentrations for 24 h to detect the protein level of MMP-2 and MT1-MMP. D, densitometric analysis of MMP-2
and MT1-MMP protein expression relative to GAPDH. Results are means = S.E. for three independent experiments. £, antibody against MT1-MMP was capable
of inhibiting MMP-2 secretion detected by gelatin zymography. F, antibody for MMP-2 and/or MT1-MMP was capable of inhibiting the migration activity
induced by hHK-1. Using untreated cells as control, data were presented as the means = S.E. for five independent experiments. *, p < 0.001 versus hHK-1
controls.

mechanism of NK1R-mediated U-251 cell migration, we mon-
itored both G, and G, activation induced by hHK-1. Fig. 44

lation of ERKs (data not shown). hHK-1-induced intracellular
calcium release was blocked by L-732138 but not by SR48968 or

shows that hHK-1 promoted significant intracellular calcium
release with an EC;, value of 5.8 nm. However, hHK-1 had
almost no influence on the intracellular cAMP level compared
with forskolin, the activator of adenylate cyclase (Fig. 4B). We
also examined the effect of H89 on ERKs phosphorylation
induced by hHK-1 in Western blotting analysis, indicating that
the inhibition of H89 on PKA did not decrease the phosphory-
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S$B22200 (Fig. 4C).

Pretreatment of U-73122, the inhibitor of PLC, showed sig-
nificant inhibition of calcium mobilization (Fig. 54) as well as
the cell migration induced by hHK-1 (Fig. 5B). Then U-251 cells
were pretreated with U-73122 following hHK-1 administration;
we found that the activity of MMP-2 in the supernatant was sig-
nificantly inhibited (Fig. 5C), and the protein levels of both MMP-2
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FIGURE 4. hHK-1 induced intracellular calcium mobilization but had no
effect on cAMP levels in U-251 MG cells. A, dose-response curve for hHK-1
induced intracellular calcium release in U-251 MG cells (EC5, = 5.8 nm).
B, hHK-1 almost had no effect on the intracellular cAMP levels compared with
forskolin. C, antagonist of NK1 receptor L-732138 was able to block the Ca**
signaling induced by hHK-1. The antagonist for NK2 (SR48968) and NK3
(SB22200) had no effect on the Ca®* signaling. All data were presented as the
means = S.E. for three independent experiments. ***, p < 0.001 versus
untreated controls; ###, p < 0.001 versus hHK-1-treated cells.

and MT1-MMP were dose-dependently reduced (Fig. 5D). These
results suggested that in U-251 cells, interaction of hHK-1-NK1R
mainly activated the G, protein-mediated PLC pathway, which
was responsible for the up-regulation of MMP-2 and MT1-MMP
and the cell migration induced by hHK-1.

Involvement of ERK, INK, p38, and Akt Signaling Pathways in
hHK-1-induced MMP Up-regulation—To elucidate in detail
the signaling mechanisms involved in MMP up-regulation
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FIGURE 5. U-73122 significantly inhibited. A, Ca®" signaling induced by
hHK-1. B, migration of U-251 cells induced by hHK-1. G, MMP-2 activity
induced by hHK-1. D, protein expression of MMP-2 and MT1-MMP induced by
hHK-1. All data were presented as the means =+ S.E. for three independent
experiments. ¥, p < 0.001 versus untreated controls (ctl); ###, p < 0.001 versus
hHK-1-treated cells.

induced by hHK-1, we next examined the effect of hHK-1 on
MAPKs and Akt signaling in U-251 cells. As shown in Fig. 6, A
and B, treatment of the cells with hHK-1 significantly boosted
ERK, JNK, and Akt phosphorylation in a time-dependent man-
ner but induced almost no change in the phosphorylation of
p38. In consistency with the results of the intracellular calcium
release assays, L-732138 and U-73122 blocked the phosphory-
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FIGURE 6. Effect of hHK-1 on the phosphorylation of ERK, JNK, p38, and Akt in U-251. A, hHK-1 stimulated time-dependent phosphorylation of ERK, JNK,
and Akt in U-251 but had no influence on p38 phosphorylation. B, densitometric analysis of phosphorylated ERK relative to ERK, phosphorylated JNK relative
to JNK, phosphorylated p38 relative to p38, and phosphorylated Akt relative to GAPDH. Results are means =+ S.E. for three independent experiments.
G, pretreatment of U251 with L-732138 or U-73122 for 30 min dose-dependently blocked the phosphorylation of ERK, JNK, and Akt, but the phosphorylation
of p38 was not affected. D, PD98059 dose-dependently inhibited the phosphorylation of ERK. E, SP600125 dose-dependently inhibited the phosphorylation of
JNK. F, LY294002 dose-dependently inhibited the phosphorylation of Akt. ctl, control.

lation of ERK, JNK, and Akt while having little effect on phos-
phorylated-p38 (Fig. 6C).

To further determine the involvement of kinase phosphory-
lation in the up-regulation of MMP-2 and MT1-MMP, the cells
were treated with hHK-1 in the presence or absence of the
specific inhibitors of ERK (PD98059), JNK (SP600125),
p38 (SB203580), and phosphatidylinositol-3 kinase (PI3K,
LY294002). These chemicals inhibited the kinase activity dose-
dependently (Fig. 6, D—F). Gelatin zymography showed that
PD98059 and LY294002 strongly inhibited the activity of
MMP-2 induced by hHK-1, whereas SP600125 and SB203580
had a slightly inhibitory effect (Fig. 7A). Western blot analysis
result showed similar inhibitory effects on MMP-2 expression
level. However, all the inhibitors significantly blocked the
increase of MT1-MMP by hHK-1 (Fig. 7, B and C). The above
data suggested the following: 1) NK1R, activated by hHK-1,
induced multiple signaling pathways, including ERK, JNK, and

312 JOURNAL OF BIOLOGICAL CHEMISTRY

Akt phosphorylation; 2) these kinases were involved in regulat-
ing the level of MMP-2 and MT1-MMP. Although hHK-1 had
no effect on p38 phosphorylation, the inhibition of basal p38
activity in U-251 did show substantial blocking effect on MT1-
MMP expression.

Involvement of NF-kB and AP-1 Activity in hHK-1 Induced
MMP Up-regulation—It has been reported that several tran-
scriptional factors, including NF-«B and AP-1, were correlated
with the expression of MMP-2 and MT1-MMP (18, 19). To
determine whether the transcriptional factors were involved in
hHK-1-induced MMP expression, we tested the effect of differ-
ent inhibitors on the event, including PDTC and CAPE, the
inhibitors of NF-«B, curcumin, and tanshinone IIA, the inhib-
itors of AP-1. As shown in Fig. 84, gelatin zymography results
indicated that pretreatment of the cells with PDTC, CAPE, cur-
cumin, or tanshinone IIA significantly reduced the secretion of
MMP-2 by hHK-1. In Western blotting analysis, these inhibi-
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FIGURE 7. hHK-1-elicited up-regulation of MMP-2, and MT1-MMP was
regulated by the phosphorylation of ERK, JNK, p38, and Akt. U-251 cells
were pretreated with different kinase inhibitors for 30 min before stimulation
with 1000 nm hHK-1. The following abbreviations are used: SP600125 (SP, 10
um), SB203580 (SB, 10 um), PD98059 (PD, 100 M), and LY294002 (LY, 100 um);
control (ctl). 24 h later, the conditioned media were collected, and the cells
were lysed. A, gelatin zymography analysis of conditioned medium from
U-251 cells to detect the secretion of MMP-2. B, Western blotting analysis of
whole cell lysates of U-251 MG to detect the protein level of MMP-2 and
MT1-MMP. C, densitometric analysis of MMP-2 and MT1-MMP protein expres-
sion relative to GAPDH. Results are means = S.E. for three independent
experiments.

tors subdued the protein level of both MMP-2 and MT1-MMP
by hHK-1 (Fig. 8, B and C). These results suggested that the
induction of MMP-2 and MT1-MMP expression by hHK-1 was
regulated by both NF-«kB and AP-1 transcriptional activities.
We next examined the effect of hHK-1 on p65 and c-JUN
phosphorylation in U-251 cells, showing that hRHK-1 induced
both p65 and c-JUN phosphorylation time-dependently (Fig.
9A). To quantitatively determine the activation of NF-«B and
AP-1, a reporter gene assay was used. Because the up-regula-
tion of MMP-2 and MT1-MMP induced by hHK-1 was blocked
by the inhibitors of ERK1/2, JNK, and Akt, respectively (Fig. 7,
A-C), we also examined the effect of the kinase inhibitors on
the NF-«B and AP-1 activity. hHK-1 significantly enhanced the
NEF-kB-driven luciferase gene expression. PD98059 and
LY294002 strongly blocked the NF-«B-driven luciferase activ-
ity induced by hHK-1 in a dose-dependent manner (Fig. 9, B
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FIGURE 8. Transcription factors AP-1 and NF-«kB were involved in the
induction of MMP-2 and MT1-MMP caused by hHK-1. U-251 cells were
pretreated with different inhibitors for 30 min before stimulation with 1000
nm hHK-1 as follows: CAPE (25 um), PDTC (100 um), curcumin (Cur, 25 um), and
tanshinone lIA (T1IA, 25 um). 24 h later, the conditioned media were collected,
and the cells were lysed. A, gelatin zymography analysis of conditioned
medium from U-251 cells to detect the secretion of MMP-2. B, Western blot-
ting analysis of whole cell lysates of U-251 MG to detect the protein level of
MMP-2 and MT1-MMP. C, densitometric analysis of MMP-2 and MT1-MMP
protein expression relative to GAPDH. Results are means = S.E. for three inde-
pendent experiments.

and D). SP600125 also had significant inhibitory effect at a
higher concentration (100 uMm) in the transfected U-251 cells
(Fig. 9C). However, only PD98059 strongly reduced the AP-1-
driven luciferase activity induced by hHK-1 (Fig. 9E). SP600125
(1-100 uMm) modestly reduced the AP-1-driven luciferase activ-
ity (Fig. 9F), whereas LY294002 (10—-100 uMm) had no effect on
the AP-1 activity even at a concentration of 100 um (Fig. 9G).
These results showed the following: 1) hHK-1 induced both
NF-kB and AP-1 transcriptional activities in U-251 cells; 2)
activities of NF-«B and AP-1 were differentially regulated by
the phosphorylation of upstream ERK, JNK, and Akt.
Involvement of hHK-1-induced Multiple Signaling Pathways
in U-251 Cell Migration—As shown above, because multiple
signaling pathways were involved in the induction of MMP-2
and MT1-MMP expression in U-251 MG cells by hHK-1, we
next examined whether the inhibition of these pathways
impaired the migration activity of the cells. In transwell assays,
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FIGURE 9. Activation of ERK, JNK, and Akt regulated hHK-1-elicited activity of NF-«B. A, hHK-1 induced time-dependent phosphorylation of p65 and c-JUN
determined by Western blotting. B-D, U-251 cells transfected by p-NF-«B-luciferase were pretreated with or without different kinases inhibitors for 30 min
before stimulating with 1000 nm hHK-1. The activity of NF-«B-driven luciferase was detected in U-251 cells pretreated with PD98059 (10-100 um) (B), SP600125
(5-100 wm) (C), or LY294002 (10-100 um) (D). E-G, U-251 cells transfected by p-AP1-luciferase were pretreated with or without different kinase inhibitors for 30
min before stimulated with 1000 nm hHK-1. The activity of AP-1-driven luciferase was detected in U-251 cells pretreated with PD98059 (10-100 um) (E),
SP600125 (5-100 wum) (F), and LY294002 (10-100 um) (G). ***, p < 0.001 versus untreated controls; ###, p < 0.001 versus hHK-1-treated cells.

the treatment of PD98059, SP600125, and LY294002 sup-
pressed the hHK-1-mediated migration of U-251 cells to a dif-
ferent extent (Fig. 10, A and B), suggesting that the activity of
ERK, JNK, and Akt is required for the enhancement of cell
migration. When U-251 cells were pretreated with PDTC,
CAPE, curcumin, and tanshinone IIA, the migration activity of
hHK-1 was strongly inhibited (Fig. 10, C and D), suggesting that
the activation of both NF-kB and AP-1 played a key role in this
event. These inhibitory effects on U-251 cell migration were
corrected by the cytotoxicity data from MTT assays. The
results indicated that hHK-1-induced U-251 cell migration was
mediated by multiple signaling pathways, linking the activation
of ERK, JNK, Akt, NF-kB, and AP-1.

DISCUSSION

NKIR has attracted great attention as a novel anti-tumor
target because of its role in modulating cell proliferation and
cytokine secretion (6—8). In addition, the receptor was sug-
gested to be an important regulator of the motility of different
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cell types. The studies had been performed in immune cells and
endothelial cells such as natural killer cells, peripheral blood
leukocytes, human monocytes, and human umbilical vein
endothelial cells (24-29). These features were important for
the host-tumor interaction and the nourishment supply in
tumor growth. However, whether NKI1R activation directly
influences the migration of tumor cells themselves has not yet
been investigated. In this study, we sought to determine the
involvement of NKIR in the migration of human glioma cells.
Here, we first reported that the activation of NK1R by hHK-1
significantly increased the migration of human glioma cells
U-251 and U-87 MG; the up-regulation of MMP-2 and MT1-
MMP in U-251 cells induced by hHK-1 treatment was respon-
sible for the enhancement of cell migration.

First of all, we determined the migration of U-251 and U-87
cells with a transwell assay, finding that hRHK-1 induced dose-
dependent cell migration in both cell lines (Fig. 1, A and B).
hHK-1 was a functional agonist for the NK1, NK2, and NK3
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FIGURE 10. Effect of specific inhibitors for various kinases and transcrip-
tion factors on U-251 cell migration induced by hHK-1 (1000 nm). Cells
were pretreated for 30 min with PD98059 (100 um) (A), SP600125 (10 um) and
LY294002 (100 um) (B), and CAPE (25 um), PDTC (100 um), curcumin (25 um),
and tanshinone lIA (25 um) in the presence or absence of hHK-1 (1000 nm) (C).
B and D, extraction of stained cells was measured by a microplate reader at
600 nm. Using untreated cells as control, data were presented as the means =+
S.E.forfive independent experiments. ***, p < 0.001 versus hHK-1 controls. ct/,
control.

receptor, showing higher affinity for NK1R. Our data support
that the migration of U-251 and U-87 cells induced by hHK-1
was the result of NK1R activation because the selective antag-
onist of the NK1 receptor L-732138 inhibited both U-251 and
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U-87 cell migration, although SR48968 (NK2 antagonist) and
S$B22200 (NK3 antagonist) had no influence (Fig. 2, A and B).
L-732138 also blocked the calcium mobilization (Fig. 4C) and
downstream phosphorylation of ERK, JNK, and Akt induced by
hHK-1 in U-251 cells (Fig. 6C). The evidence is consistent with
the previous reports that functional NK1R was expressed in
human glioma U-251 cells (also named U-373) (12, 13). They
can be used as an appropriate model to study the biological
functions of NKIR in human malignant gliomas.

The mechanisms of NKI1R-mediated cell motility were
poorly understood (24 -29). To explore the possible machinery,
we started with the analysis of MMP activities in the superna-
tants of U-251 cells. When the cells were treated with hHK-1,
significant enhancement of MMP-2 activity was detected in the
supernatants of U-251 culture by gelatin zymography (Fig. 34);
however, the activity of MMP-9 was barely visible. Aberrant
activation of MMP-2 was potentially correlated with both
glioma cell invasion and tumor grade. The activity of MMP-2
was delicately regulated at several levels, including gene expres-
sion, the activation of pro-enzyme, and the inhibition of active
enzymes by its specific inhibitor (TIMP-2) (34—36). It has been
reported that MT1-MMP acted as cell surface activator of pro-
MMP2 (36, 37). Therefore, we examined the expression of both
MMP-2 and MT1-MMP in U-251 cells. Compared with the
untreated control, the parallel enhancement of MMP-2 and
MT1-MMP expression was observed in hHK-1-treated U-251
MG cells at both the RNA and protein level (Fig. 3, B-D). To
identify the role of MT1-MMP in MMP-2 release, we used anti-
MT1-MMP antibody to block the effect of MT1-MMP, finding
that the activity of MMP-2 was reduced I the U-251 cell culture
supernatant treated by hHK-1 (Fig. 3E). The elevated MMP-2
and MT1-MMP productions were responsible for the cell
migration induced by hHK-1, because antibody neutralizing
MMP-2 or MT1-MMP was able to inhibit the U-251 cell migra-
tion (Fig. 3F). Taken together, our results indicated that the
up-regulation of MMP-2 and MT1-MMP played a crucial role
in U-251 cell migration mediated by NKI1R.

We attempted to elucidate the intracellular signaling path-
ways that were involved in the up-regulation of the MMPs and
the migration of U-251 MG cells initiated by the NK1-hHK-1
interaction. NK1R couples to different G proteins dependent
on the cell types (38 —40). Previously, we reported that hHK-1
differentially activated G, and G signaling pathways in CHO
cells expressing NK1 receptors (38). Here, we monitored the
activation of both G, and G, protein by hHK-1 in U-251 cells.
The peptide ligand triggered fast and significant intracellular
calcium release mediated by the G, protein (EC5, = 5.8 nMm, see
Fig. 4A), which was completely blocked by the PLC inhibitor
U-73122 (Fig. 5A). However, there was no detectable change in
the cAMP level induced by G, activation (Fig. 4B). Then we
examined the effect of U-73122 on U-251 cell migration and
MMP up-regulation induced by hHK-1. The results indicated
that U-73122 dose-dependently inhibited the up-regulation of
MMP-2 and MT1-MMP and the migration of U-251 cells (Fig.
5, B-D). These data suggested that in U-251 cells the interac-
tion of NK1-hHK-1 mainly activated the G -PLC pathway,
which was responsible for the up-regulation of MMP-2 and
MT1-MMP and the cell migration induced by hHK-1.
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The events occurring after the stimulation of NKIR by
hHK-1 are largely unresolved. Except for the intracellular cal-
cium release, little is known about hHK-1 signaling, especially
in glioma cells (12, 51, 52). Recently hHK-1, by binding NKIR,
was demonstrated to rescue bone marrow-derived dendritic
cells from apoptosis and promote dendritic cell survival via
PI3K/Akt signaling (41). Wang et al. (42) showed that hHK-1
acted as a co-stimulatory factor for B cell activation possibly
through synergistic activation of the MAPK pathway and
induction of transcription factors critical for plasmacytic differ-
entiation. In line with these studies, we examined the MAPK
and Akt pathways induced by hHK-1 in U-251 cells. As shown
in Fig. 6, A and B, hHK-1 potentially stimulated ERK and Akt
phosphorylation in a manner of time dependence; hHK-1 also
increased the phosphorylation of JNK, but the level was rela-
tively low; however, hHK-1 had no influence on p38 phosphor-
ylation. U-73122 markedly blocked the intracellular calcium
release caused by hHK-1, indicating that PLC was effectively
inactivated (Fig. 5A). The phosphorylation of ERK, JNK, and
Akt was significantly reduced by U-73122, suggesting that these
effects were mostly dependent on the classical G -PLC pathway
(Fig. 5C).

The involvement of these pathways in hHK-1-induced U-251
cell migration was further investigated by the specific inhibitors
of kinases. We found that PD98059 and LY294002, the specific
inhibitors of ERK and Akt, respectively, strongly inhibited the
up-regulation of both MMP-2 and MT1-MMP induced by
hHK-1, although the specific inhibitor of JNK, SP600125,
slightly inhibited the secretion and expression of MMP-2 but
strongly inhibited the expression of MT1-MMDP. It was noted
thatalthough hHK-1 had no significant effect on p38 phosphor-
ylation in U-251 cells, its specific inhibitor SB203580 did show
a faintly inhibitory effect on MMP-2 secretion and expression
level and a significant inhibitory effect on MT1-MMP expres-
sion (Fig. 7, A—C). It was possibly related to the high basal level
of phosphorylated p38 in U-251 cells (Fig. 6A). In the transwell
migration assay, it was shown that the blockade of ERK, JNK,
and Akt pathways exhibited significant suppression of U-251
cell migration mediated by hHK-1 (Fig. 10, A and B). Actually
these kinase signalings had been correlated with the increased
invasiveness of glioblastoma cells (49, 50). For example, the
alteration of the IP3K/Akt pathway was reported to regulate the
migration and invasion of human glioma cells LN229, T89G,
and U-373 through the reduction of MMP-2 and MT1-MMP
(43). NK1R activation was verified to induce MAPK and Akt
activation, mediating cell proliferation and the anti-apoptosis
effect in glioma cells and other tumor cells (15, 16, 21). In this
study, we proved the following in U-251 cells: 1) that NK1R
activation by hHK-1 stimulated intracellular calcium release
and the phosphorylation of ERK, JNK, and Akt through the
G,-PLC pathway; 2) that activation of these kinases was related
to the up-regulation of MMP-2 and MT1-MMP expression and
the promotion of cell migration induced by hHK-1.

MMP-2 and MT1-MMP gene expressions are regulated at
the transcription level, involving the activation of several tran-
scription factors, including AP-1, Sp1, and NF-«B (36, 43—45).
It has been evidenced that NKIR activation induced both
NEF-kB-dependent and AP-1-dependent cytokine and chemo-
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FIGURE 11. Schematic diagram of the signaling pathways involved in
NK1R-mediated MMPs up-regulation and cell migration in U-251 MG
cells. hHK-1 binds to NK1R inducing G,-mediated intracellular calcium
release but has no effect on cAMP level. Phosphorylation of ERK, JNK, and Akt
enhances AP-1 and/or NF-«B activity, resulting in the up-regulation of MMP-2
and MT1-MMP and glioma cell migration, as demonstrated by specific inhib-
itors, respectively.

kine expression (18 -20). Previously, we reported that hHK-1
stimulated significant NF-«B activity in CHO cells expressing
the human NK1 receptor (38). Here, our results showed that in
U-251 cells hHK-1 induced both p65 and c-JUN phosphoryla-
tion time-dependently (Fig. 94). In U-251 cells transfected with
the AP-1 or NF-kB reporter gene, hHK-1 significantly
enhanced the luciferase gene expression driven by AP-1 or
NEF-kB (fold: ~1.4 and ~1.6, respectively, see Fig. 9, B and E).
Using specific NF-«B inhibitors PDTC and CAPE, we found
that the up-regulation of MMP-2 and MT1-MMP by hHK-1
was inhibited, and the inhibitory effect seemed more evident on
MT1-MMP expression. Curcumin and tanshinone IIA, which
are known as the inhibitors of AP-1, also showed a similar
inhibitory pattern on hHK-1-induced MMP up-regulation (Fig.
8, A-C). All these inhibitors exhibited a strong effect of sup-
pression on U-251 cell migration promoted by hHK-1 (Fig. 10,
Cand D). These results suggested that the activity of AP-1 and
NF-kB induced by NKIR activation was important for the reg-
ulation of MMP-2 and MT1-MMP expression. They also rein-
forced that the MMP up-regulation was crucial in hHK-1-in-
duced U-251 cell migration.

Next, we examined whether and how MAPKs and Akt sig-
naling pathways were linked with the activation of AP-1 and
NE-«kB. The results showed that AP-1 and NF-kB were differ-
entially activated by these kinases. In a dose-dependent man-
ner, the NF-«kB-driven luciferase activity was dramatically
blocked by PD98059 and LY294002; SP600125 also had a sig-
nificant but relatively lower inhibitory effect at higher concen-
trations (Fig. 9, B—D). However, the AP-1-driven luciferase
activity was robustly reduced by only PD98059; SP600125 mod-
estly reduced the AP-1-driven luciferase activity, and LY294002
had no effect on the AP-1 activity even at the concentration of
100 um (Fig. 9, E-G). LY294002 only affected the activity of
NE-kB; however, it also exhibited a significant inhibitory effect
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on hHK-1-induced up-regulation of MMP-2 and MT1-MMP
(Fig. 6). This meant that there were possibly other transcription
factors that were regulated by Akt activity and were involved in
the control of the MMP expression induced by hHK-1. Further
work is needed to elucidate the mechanism of NK1R-mediated
MMPs expression.

In summary, these results suggested that NK1R, activated by
hHK-1, promoted the cell migration of human glioblastoma
U-251 and U-87. The up-regulation of MMP-2 and MT1-MMP
was responsible for the enhancement of U-251 cell migration.
The molecular mechanism underlying hHK-1-induced MMP
up-regulation and cell migration is complicated; by binding to
NKIR, hHK-1 activated the G,-PLC pathway, which in turn
initiated intracellular calcium release, triggering a large array of
signaling molecules, including ERK, JNK, and Akt, followed by
AP-1 and NF-kB activation (Fig. 11). NK1R has been consid-
ered as a potential target for a new generation of antitumor
drugs due to its role in tumor development, including cell pro-
liferation, anti-apoptosis, and cytokine secretion (reviewed in
Refs. 6,7, 46). Our results provided evidence that NK1R was an
important regulator of glioma cell migration. This afforded a
new perspective for understanding the regulatory mechanisms
of NKIR in tumor pathology.
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