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Abstract: Glioblastoma multiforme (GBM) is the most common type of primary and
malignant tumor occurring in the adult central nervous system. GBM often invades
surrounding regions of the brain during its early stages, making successful treatment
difficult. Osthole, an active constituent isolated from the dried C. monnieri fruit, has been
shown to suppress tumor migration and invasion. However, the effects of osthole in human
GBM are largely unknown. Focal adhesion kinase (FAK) is important for the metastasis of
cancer cells. Results from this study show that osthole can not only induce cell death but also
inhibit phosphorylation of FAK in human GBM cells. Results from this study show that
incubating GBM cells with osthole reduces matrix metalloproteinase (MMP)-13 expression
and cell motility, as assessed by cell transwell and wound healing assays. This study also
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provides evidence supporting the potential of osthole in reducing FAK activation, MMP-13
expression, and cell motility in human GBM cells.
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1. Introduction

Tumor invasion and metastasis are the main pathological characteristics of cancer cells, and mortality
from cancer is primarily the result of metastatic spread to distant organs. Tumor metastasis is a highly
complex multistep process that includes changes in cell-cell adhesion properties [1]. Glioblastomas
(GBMs) are one of the most common and lethal types of primary central nervous system tumors, as
their biological features make successful treatment very difficult. Moreover, GBM generally proves
refractory to treatment by surgery, irradiation, and conventional chemotherapy. Abnormal GBM biology
leads to uncontrolled growth, invasion, and angiogenesis, which ultimately facilitates cell proliferation
and negatively affects survival [2—6]. Dysregulated pathways provide a design basis for molecular-targeted
therapies for the treatment of gliomas, but the characteristic biology of GBM poses significant problems.
Among these hurdles is the aggressive local invasion of malignant cells from the original tumor into
surrounding normal brain tissue, which makes complete surgical resection impossible. Chemotherapy
and ionizing radiation, alone or in combination, have produced only a modest increase in median
survival. This is due to problems associated with the effective targeting of invading cells and their innate
resistance to conventional therapies [5,6]. Despite advances in common treatment modalities such as
surgery, radiation, and chemotherapy [7], survival in patients with these tumors has not improved [8].
Effective treatment will ultimately require a more thorough understanding of the signaling pathways that
drive glioma invasion, in addition to the identification and specific targeting of critical signaling effectors.

Invasion of glioma cells into adjacent brain structures occurs through the activation of a variety of
molecules including the matrix metalloproteinases (MMPs), which play an important role in tumor
invasion [9]. MMPs can degrade extracellular matrix components, enabling tumor cells to invade the
surrounding stroma [ 10,11]. MMPs can be divided into subgroups of collagenases, gelatinases, and other
MMPs according to their function and substrate specificity [12]. Among the MMPs, MMP-13 is
up-regulated by oncogenic proteins and activated in various cancers involving the lung, breast, prostate
gland, and colon [13—15]. We previously reported that MMP-13 expression is involved in cell migration
and invasion astrocytes [16], oral squamous cell carcinoma, [17] and glioma [18,19]. Importantly,
clinical studies have also revealed that over-expression of MMP-13 is associated with tumor progression
in glioma [20], and the highly invasive potential of cancer stem cells depends on MMP-13 enzymatic
activity [21]. Recently, we have also shown that many naturally occurring food constituents and
phytochemicals have diverse pharmacological efficacy, providing protective effects against a variety
of cancers [22-24].

Frequent consumption of natural fruits and vegetables has been considered with reducing risk of
developing various of cancer and mortality [25,26]. Osthole (7-methoxy-8-(3-methyl-2-butenyl) coumarin),
an active constituent isolated from Cnidium monnieri (L.) Cusson, is represented in many Mediterranean
and Middle-east regions plants and has been shown to exert a wide array of biological effects, such as
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contractility-based motility of different cells and tissues [27]. Osthole has also been shown to have
anti-inflammatory [28], anti-osteoporosis [29], and anti-seizure [30] effects. In recent years, accumulating
evidence also suggests that osthole has antitumor activities that are thought to occur via the induction of
apoptosis and inhibition of cancer cell growth and metastasis [31-33]. However, effects of osthole on
the migration of human GBM cells remain unclear.

This study investigates the effects and possible underlying mechanisms of osthole activity on cell
death and migration in both human GBM cells and in a glioma cell line selected for a high migration
potential. Our study confirms previous reports that osthole induces cell death in human glioma cells, and
indicates that osthole effectively inhibits FAK activation, MMP-13 expression, and cell migration.

2. Results
2.1. Osthole Inhibits the Proliferation of Human Glioma Cells

In order to investigate the growth inhibitory effects of osthole, U251 and HS683 human glioma cells
were incubated with various concentrations of osthole (1, 10 or 30 uM) for 24 h, and the rate of growth
inhibition was determined by MTT and SRB assay. We observed that osthole suppressed the growth of
human glioma cells in a dose-dependent manner (Figure 1).

Figure 1. Inhibitory effects of osthole on the proliferation of human glioma cells.
Cell proliferation of two different human glioma cells (U251 and HS683) is shown.
Cells were incubated with various concentrations of osthole (1, 10, or 30 uM) or vehicle for
24 h and the rate of inhibition was determined by (A) MTT assay and (B) SRB assay. Results
are expressed as the means = S.E.M. of at least three independent experiments. * p < 0.05
compared with the vehicle treatment group.
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2.2. Osthole Inhibits Migration of Human Glioma Cells

Transwell assays were performed to investigate the effects of osthole on human glioma cell
migration. Osthole-regulated glioma cell migration was examined using the transwell assay. As shown
in Figure 2, human glioma cells (U251 and HS683 cells, respectively) migrated from the upper to the
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lower chamber, and images of migrating cells are shown in Figure 2B. Our results indicate that osthole

significantly inhibits human glioma cell migration in a dose-dependent manner. As shown in Figure 3,

osthole also inhibits wound-healing activity in human glioma cells.

Figure 2. Osthole inhibits migration activity of human glioma cells. By using a cell culture
insert system, in vitro migration activities were examined. (A) After incubating cells with
various concentrations of osthole (1, 10, or 30 uM) or vehicle for 24 h, we found that osthole
inhibited migration activity in U251 and HS683 cells. Results are expressed as means + S.E.M.
of at least three independent experiments; (B) Cells were treated with various concentrations
of osthole or vehicle for 24 h, and migrating cells were visualized by phase-contrast imaging.
Results are expressed as means + S.E.M. of at least three independent experiments.
* p <0.05 compared with control group.
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Figure 3. Osthole inhibits human glioma cells motility. Cells were seeded on the migration
insert for 24 h and treated with various concentrations of osthole (1, 10, or 30 uM) or vehicle
for another 16 h. Migrating cells were identified by wound-healing assay and visualized by
phase-contrast imaging. We found that osthole inhibited cells motility in (A) U251 and (B)
HS683 cells. Results are expressed as means + S.E.M. of at least three independent
experiments. * p < 0.05 compared with control group.
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2.3. Osthole-Induced Inhibition of Human Glioma Cell Migration Involves MMP-13 and FAK Expression

It has been reported that MMP-13 and FAK expression is involved in cancer cell migration. As shown
in Figure 4, U251 and HS683 human glioma cells were incubated with various concentrations of osthole
(1, 10, or 30 uM) for 24 h, then supernatant and cell lysate extracts were collected. MMP-13 enzymatic
activities (Figure 4A,B) and MMP-13 protein levels (Figure 4C,D) were reduced after osthole
administration. Moreover, phosphorylated FAK was also inhibited by osthole treatment (Figure 4E,F).
The inhibition of migration activity by osthole likely involves down-regulation of MMP-13 and cell
motility-dependent FAK in human glioma cells.

Figure 4. Osthole-directed migration activity involves down-regulation of MMP-13 and
cell motility-dependent FAK in human glioma cells. Cells were incubated with various
concentrations of osthole (1, 10, or 30 uM) or vehicle for 24 h, after which the supernatant
and cell lysate extracts were collected from U251 (A) and HS683 (B) cells. MMP-13
enzymatic activities were determined by gelatin zymography (A and B); MMP-13 protein
levels were determined by western blot (C and D); and phosphorylated FAK was
determined by western blot analysis (E and F). Results are expressed as means + S.E.M. of
at least three independent experiments. * p < 0.05 compared with control group.
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2.4. Down-Regulation of Osthole in Migration-Prone Cells

We selected U251 and HS683 cell with high cell mobility, as described in Materials and Methods.
This migration-prone subline (P10) had higher cell mobility and migrated more easily through the cell
culture insert basement membrane matrix than the original U251 and HS683 cells (designated as PO;
Figure 5A). After incubating the P10 migration-prone subline with various concentrations of osthole
(10 or 30 uM) for 24 h, we found that osthole inhibited migration (Figure 5B) and wound-healing
activity (Figure 5C,D) in the P10 subline.

Figure 5. Down-regulation of osthole in migration-prone human glioma cells. (A) After
10 rounds of selection of U251 and HS683 cells using a cell culture insert system,
the migration-prone subline (P10) exhibited higher migration ability than the original U251
and HS683 cells. Results are expressed as means + S.E.M. of three independent experiments.
* p <0.05 compared with the original group (P0); (B) After incubating the migration-prone
subline (P10) of U251 and HS683 cells with various concentrations of osthole (10 or 30 uM)
or vehicle for 24 h, we found that osthole inhibited migration-prone subline (P10) migration
activity in U251 and HS683 cells. Results are expressed as means £ S.E.M. of at least three
independent experiments; (C and D). The migration-prone subline (P10) were seeded for
24 h and treated with various concentrations of osthole (10 or 30 uM) or vehicle for another
16 h. The cells migration were determined by wound-healing assay and visualized by
phase-contrast imaging. Results are expressed as means + S.E.M. of at least three
independent experiments. * p < 0.05 compared with control group.
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2.5. The Osthole Effects on Migration-Prone Human Glioma Cells Involve a Modulation of MMP-13
and FAK Expression

As shown in Figure 6, The P10 migration-prone subline was incubated with various concentrations
of osthole (10 or 30 uM) for 24 h, and supernatant and cell lysate extracts were then collected.
MMP-13 enzymatic activities (Figure 6A,B) and protein levels (Figure 6C,D) were reduced by osthole
treatment. Furthermore, the phosphorylated FAK was also inhibited after osthole administration
(Figure 6E,F). We observed the down-regulation of MMP-13 and cell motility dependent FAK in P10
migration-prone human glioma cells treated with osthole.

Figure 6. Osthole-directed migration activity involves down-regulation of MMP-13 and
cell motility dependent FAK in migration-prone human glioma cells. The migration-prone
subline (P10) was incubated with various concentrations of osthole (10 or 30 uM) or
vehicle for 24 h, after which the supernatant and cell lysate extracts were collected in P10
cells from U251 and HS683. MMP-13 enzymatic activities were determined by gelatin
zymography (A and B); MMP-13 protein levels were determined by western blot (C and D);
and phosphorylated FAK was determined by western blot analysis (E and F). Results are
expressed as means + S.E.M. of at least three independent experiments. * p <0.05 compared

with control group.

A osthole B osthole
0 10 30 (uM) 0 10 30 (uM)

- 12 12
310 210
£ os x £ 08
[} o~
< 06 < 06
% 0.4 % 0.4
S 02 =02
0.0 0.0
0 10 __ 30 (uM) 10 30 (uM)
“osthole osthole
osthole D osthole
0 10 30 (uM) 0 10 30 (uM)

MMP-13 | W e MMP-13

,g 1.0 * B £ 10 %
g 0.8 $ 08
% 0.6 X2 06
5 04 2, 0.4
% 0.2 % 0.2
= g0 = 00
0 10 30 (uM) 0 10 30 (uM)
osthole osthole
E osthole osthole
30 (uM) 10 30 n)
pm— gt
B- actm B- actm
1.2 1.2
£ 10 S0
$ 0.8 g 038
:ECLOG so.s *
< 0.4 < 0.4
"'é_oz "'é_o.z
00 1030 M) ° 0 10 __ 30 (uM)

osthole osthole



Int. J. Mol. Sci. 2014, 15 3896

3. Discussion

Glioma is the most common and aggressive type of primary brain tumor in adults, and is associated
with a high mortality rate because the tumors are highly invasive and can infiltrate surrounding brain
tissue, making complete surgical resection impossible [34]. In spite of enormous improvements in
surgery, radiotherapy, and chemotherapy, the prognosis of glioma patients remains poor [35].
Development of experimental agents targeting glioma cells may elucidate the underlying molecular
mechanisms involved in progression of the disease, and also help identify effective targets for human
glioma therapies. In this study, we investigated the molecular mechanism by which osthole inhibits
human glioma cell migration. Our results showed that osthole inhibits FAK phosphorylation and
MMP-13 expression in human glioma cells. Importantly, osthole also inhibits FAK phosphorylation
and MMP-13 expression in migration-prone glioma cells. Our previous study showed that
migration-prone subline glioma cells disseminating into normal brain tissue grew orthotropically with a
diffuse tumor boundary and finger-like protrusions [36]. This suggests that migration-prone subline
glioma cells have enhanced migratory activity compared to normal glioma cells. Observations from the
current study suggest that osthole effectively inhibits cell migration in human glioma cells, even those
selected for high migratory ability.

Recent investigations suggest that osthole is a promising compound for treating a variety of central
nervous system disorders, and that it can effectively cross the blood-brain barrier. Oral administration
of osthole attenuates the inflammatory response in focal ischemic stroke [37], and intraperitoneal
injection of osthole has a neuroprotective effect in traumatic brain injury through its antioxidative and
antiapoptotic functions [38]. Administration of osthole also improves neurobehavioral function and
reduces infarct volume in transient focal cerebral ischemia [39]. Furthermore, intraperitoneal
administration of osthole has also been reported to protect against acute ischemic stroke due to middle
cerebral ischemia occlusion [40].

MMP-13 is involved in the initiation and progression of multiple biological events required for
cancer cell progression such as metastasis, invasion, and proteolytic digestion, due to its ability to digest
and degrade components of the extracellular matrix [41,42]. MMP-13 also plays an important role in
tumor angiogenesis and is involved in other signaling cascades leading to cancer progression [43]. A recent
clinical study reported increased MMP-13 expression in glioma specimens compared with that of normal
brain tissues [20]. Moreover, high expression of MMP-13 was detected more often in advanced grades of
glioma [20]. Previous studies and clinical reports therefore suggest that MMP-13 can be used as a biomarker
for glioma progression. Results from this study reveal that osthole inhibits MMP-13 expression in
normal human glioma cells, in addition to those selected for migration-prone characteristics.

FAK is a major mechanosensitive kinase that can rapidly be activated by a variety of mechanical
stimuli and plays a key role in the regulation of cell adhesion and migration [44,45]. It has also been reported
that FAK functions as an intracellular tyrosine kinase that participates in a wide-ranging spectrum of
biological functions such as cell proliferation and inflammation [46]. Previous studies have shown that
induction of MMP-13 expression can be regulated by FAK signaling in various cell types [47,48]. It has also
been reported that FAK could potentially regulate glioma cell migration [49,50]. Importantly, elevated
expression of phosphorylated FAK at Tyr397 is an important feature of human glioma, and is correlated
with clinicopathological features and patient survival [51]. We previously reported that phosphorylation
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of FAK at Tyr397 potentiates the migratory activity of human glioma cells [52]. In the present study,
osthole reduced phosphoylated FAK (Tyr397) in normal human glioma cells and also in those selected
to be migration-prone.

4. Experimental Section
4.1. Materials

Osthole was obtained from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in DMSO (dimethyl
sulfoxide). The final concentration of DMSO in this study did not exceed 0.1% and had no effect on cell
viability. Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were purchased
from Gibco BRL (Life Technologies Inc., Carlsbad, CA, USA). Primary antibodies against
phosphorylated FAK (Tyr397) were purchased from Cell Signaling and Neuroscience (Danvers, MA,
USA). Primary antibodies specific for MMP-13 or 3-actin were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

4.2. Cell Culture

U251 and HS683 cells originated from a human brain glioma. All cell lines were purchased from the
American Type Culture Collection (Manassas, VA, USA), and maintained in 75 cm” flasks with DMEM.
Both cell lines were cultured in medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37 °C, incubated in a humidified atmosphere consisting of 5% CO, and 95% air.

4.3. MTT Assay

Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay according to our previous study [53]. U251 and HS683 cells were seeded into
96-well plates at a density of 1 x 10* per well for 24 h. Following treatment with osthole for another 24 h,
medium was removed and cells were washed with PBS. MTT (0.5 mg/mL) was then added to each well
and the mixture was incubated for 2 h at 37 °C. MTT reagent was then replaced with DMSO (100 pL per
well) to dissolve formazan crystals. After the mixture was shaken at room temperature for 10 min,
absorbance was determined at 550 nm using a microplate reader (Bio-Tek, Winooski, VT, USA).

4.4. Sulforhodamine B Assay (SRB)

The SRB assay is based on the measurement of cellular protein content according to our previous
study [54]. U251 and HS683 cells were seeded into 96-well plates at a density of 1 x 10* per well for
24 h. After treatment with osthole for another 24 h, cells were fixed with 10% trichloroacetic acid and
stained with SRB at 0.4% (w/v) in 1% acetic acid for 30 min. Unbound SRB was washed out with 1%
acetic acid and SRB-bound cells were solubilized with 10 mM Trizma base. The absorbance was read at
a wavelength of 515 nm using a microplate reader (Bio-Tek, Winooski, VT, USA).
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4.5. Western Blot Analysis

Whole cell lysis was performed as described in our previous report [55]. Briefly, cells were
treated with osthole at various concentrations then lysed with a radioimmunoprecipitation assay buffer.
Protein samples were separated by sodium dodecyl sulphate-polyacrylamide gels, transferred to
polyvinyldifluoride membranes, and subsequently incubated with primary and secondary antibodies [22].
The blots were then incubated in stripping buffer and re-probed for B-actin as a loading control.
Quantitative data were obtained using a computing densitometer and ImageQuant software (Molecular
Dynamics, Sunnyvale, CA, USA).

4.6. Migration Assay

The in vitro migration assay was performed using Costar transwell inserts (pore size, § mm) in
24-well plates as described previously [56]. Approximately 1 x 10* cells in 200 mL serum-free media
were placed in the upper chamber, and 500 mL of the same mixture containing osthole at various
concentrations were placed in the lower chamber. Plates were incubated for 24 h at 37 °C in 5% CO,,
and then cells were stained with 0.05% crystal violet and 2% methanol in PBS for 15 min.
Non-migratory cells on the upper surface of the filters were removed by wiping with a cotton swab and
then washed with PBS. The cell number was counted (5 fields per well) using a microscope at 100x
magnification and expressed as the “fold of control”. Images of migratory cells were observed and
acquired at 24 h with a digital camera and light microscope.

4.7. Wound-Healing Assay

Procedure of wound-healing assay was performed as described in our previous report [36]. Briefly,
cells were treated with various concentrations of osthole for 16 h. A cell-free gap of 500 mm was created
after removing the Ibidi Culture-Insert. Cells that migrated into the wound area were observed at 0 and
16 h with a digital camera and light microscope.

4.8. Gelatin Zymography

Samples of supernatant medium conditioned by cell culture under different experimental condition
were centrifuged. Samples in equal volume were separated on a 10% SDS-polyacrylamide gel
containing 0.1% gelatin. After electrophoresis, gels were washed with 2.5% Triton X-100 (in 50 mM
Tris—HCl) for 30 min to remove SDS. Substrate digestion was formed by incubating the gel in
developing buffer (50 mM Tris—Hcl containing 5 mM CaCl,, 1 mM ZnCl,, 0.02% NaN3, and 1% Triton
X-100) at 37 °C for 24 h. Gels were subsequently stained with Coomassie brilliant blue and destained in
buffer containing 50% methanol and 10% acetic acid (v/v). The location of gelatinolytic activity was
detected as clear bands.

4.9. Establishment of Migration-Prone Sublines

Subpopulations from glioma cells were selected according to their differential migration ability; the
cell culture insert system was used as described earlier. After 24 h of migration, cells that penetrated



Int. J. Mol. Sci. 2014, 15 3899

through pores and migrated to the underside of the filters were trypsinized and harvested for a
second-round selection. Original cells that did not pass through membrane pores were designated as PO.
After 10 rounds of selection, the migration-prone subline was designated as P10.

4.10. Statistics

The values given are means + S.E.M. The significance of difference between the experimental group
and control group was assessed by the Student’s #-test. The difference was significant if p < 0.05.

5. Conclusions

We have shown that osthole effectively induces cell death in human glioma cells, and also that this
agent significantly reduces FAK phosphorylation and MMP-13 expression in human glioma cells. Cell
shape is involved with cell activity and may be considered a critical determinant of cell function [57].
Recent reports also suggest that configuration of cancer cell plays a fundamental, permissive role in
modulating gene expression and many important biological functions [57]. These results indicate that
cell configuration may be a mediator for oncogene function during carcinogenesis and the progression
of glioma. This work further demonstrates that the potency of osthole’s anticancer effect can also be
observed in human glioma cells that are highly invasive. Taken together, these findings suggest that
osthole could have considerable therapeutic potential in patients with glioma.

Acknowledgments

This work was supported by grants from the National Science Council (NSC 101-2320-B-039-048-MY2,
NSC 102-2320-B-039-051-MY3 and NSC 102-2320-B-039-026-MY3), China Medical University
(CMU101-ASIA-10), and Taichung Tzu Chi General Hospital (TTCRD 102-11). The authors thank
S.H. Ko for technical support.

Author Contributions

C.-F. Tsai, C.Y.-J. Wu and D.-Y. Lu designed the research and wrote the paper; W.-L. Yeh, J.-H.
Chen, C. Lin, and S.-S. Huang performed experiments and analyzed results.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Fidler, LJ. Critical factors in the biology of human cancer metastasis. Am. Surg. 1995, 61, 1065-1066.

2. Kleihues, P.; Soylemezoglu, F.; Schauble, B.; Scheithauer, B.W.; Burger, P.C. Histopathology,
classification, and grading of gliomas. Glia 1995, 15, 211-221.

3. Griscelli, F.; Li, H.; Cheong, C.; Opolon, P.; Bennaceur-Griscelli, A.; Vassal, G.; Soria, J.;
Soria, C.; Lu, H.; Perricaudet, M.; et al. Combined effects of radiotherapy and angiostatin gene
therapy in glioma tumor model. Proc. Natl. Acad. Sci. USA 2000, 97, 6698—6703.



Int. J. Mol. Sci. 2014, 15 3900

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

Amberger, V.R.; Hensel, T.; Ogata, N.; Schwab, M.E. Spreading and migration of human glioma
and rat C6 cells on central nervous system myelin in vitro is correlated with tumor malignancy
and involves a metalloproteolytic activity. Cancer Res. 1998, 58, 149—-158.

Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.;
Brandes, A.A.; Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987-996.

Koul, D.; Shen, R.; Bergh, S.; Sheng, X.; Shishodia, S.; Lafortune, T.A.; Lu, Y.; de Groot, J.F.;
Mills, G.B.; Yung, W.K. Inhibition of Akt survival pathway by a small-molecule inhibitor in
human glioblastoma. Mol. Cancer Ther. 2006, 5, 637—644.

Boiardi, A.; Silvani, A.; Milanesi, I.; Botturi, M.; Broggi, G. Primary glial tumor patients treated
by combining cis-platin and etoposide. J. Neurooncol. 1991, 11, 165-170.

Kondo, Y.; Hollingsworth, E.F.; Kondo, S. Molecular targeting for malignant gliomas.
Int. J. Oncol. 2004, 24, 1101-1109.

Tang, C.H. Molecular mechanisms of chondrosarcoma metastasis. Biomedicine 2012, 2, 92-98.
Ala-aho, R.; Kahari, V.M. Collagenases in cancer. Biochimie 2005, 87, 273-286.

Hsu, S.C.; Lin, J.H.; Weng, S.W.; Chueh, F.S.; Yu, C.C.; Lu, K.W.; Wood, W.G.; Chung, J.G.
Crude extract of Rheum palmatum inhibits migration and invasion of U-2 OS human
osteosarcoma cells by suppression of matrix metalloproteinase-2 and -9. Biomedicine 2013, 3,
120-129.

Yong, V.W.; Power, C.; Forsyth, P.; Edwards, D.R. Metalloproteinases in biology and pathology
of the nervous system. Nat. Rev. Neurosci. 2001, 2, 502-511.

Yang, B.; Gao, J.; Rao, Z.; Shen, Q. Clinicopathological significance and prognostic value of
MMP-13 expression in colorectal cancer. Scand. J. Clin. Lab. Investig. 2012, 72, 501-505.
Zhang, B.; Cao, X.; Liu, Y.; Cao, W.; Zhang, F.; Zhang, S.; Li, H.; Ning, L.; Fu, L.; Niu, Y.; et al.
Tumor-derived matrix metalloproteinase-13 (MMP-13) correlates with poor prognoses of
invasive breast cancer. BMC Cancer 2008, 8, 83.

Fukuda, H.; Mochizuki, S.; Abe, H.; Okano, H.J.; Hara-Miyauchi, C.; Okano, H.; Yamaguchi, N.;
Nakayama, M.; D’Armiento, J.; Okada, Y. Host-derived MMP-13 exhibits a protective role in
lung metastasis of melanoma cells by local endostatin production. Br. J. Cancer 2011, 105,
1615-1624.

Lu, D.Y.; Yu, W.H.; Yeh, W.L.; Tang, C.H.; Leung, Y.M.; Wong, K.L.; Chen, Y.F.; Lai, C.H.;
Fu, W.M. Hypoxia-induced matrix metalloproteinase-13 expression in astrocytes enhances
permeability of brain endothelial cells. J. Cell. Physiol. 2009, 220, 163—-173.

Chuang, J.Y.; Tsai, C.F.; Chang, S.W.; Chiang, [.P.; Huang, S.M.; Lin, H.Y.; Yeh, W.L.; Lu, D.Y.
Glial cell line-derived neurotrophic factor induces cell migration in human oral squamous cell
carcinoma. Oral Oncol. 2013, 49, 1103—-1112.

Lu, D.Y.; Leung, Y.M.; Cheung, C.W.; Chen, Y.R.; Wong, K.L. Glial cell line-derived
neurotrophic factor induces cell migration and matrix metalloproteinase-13 expression in glioma
cells. Biochem. Pharmacol. 2010, 80, 1201-1209.

Yeh, W.L.; Lu, D.Y.; Lee, M.J.; Fu, W.M. Leptin induces migration and invasion of glioma cells
through MMP-13 production. Glia 2009, 57, 454-464.



Int. J. Mol. Sci. 2014, 15 3901

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

Wang, J.; Li, Y.; Li, C.; Yu, K.; Wang, Q. Increased expression of matrix metalloproteinase-13 in
glioma is associated with poor overall survival of patients. Med. Oncol. 2012, 29, 2432-2437.
Inoue, A.; Takahashi, H.; Harada, H.; Kohno, S.; Ohue, S.; Kobayashi, K.; Yano, H.; Tanaka, J.;
Ohnishi, T. Cancer stem-like cells of glioblastoma characteristically express MMP-13 and display
highly invasive activity. Int. J. Oncol. 2010, 37, 1121-1131.

Lu, D.Y.; Chang, C.S.; Yeh, W.L.; Tang, C.H.; Cheung, C.W.; Leung, Y.M.; Liu, J.F;
Wong, K.L. The novel phloroglucinol derivative BFP induces apoptosis of glioma cancer through
reactive oxygen species and endoplasmic reticulum stress pathways. Phytomedicine 2012, 19,
1093-1100.

Tsai, C.F.; Yeh, W.L.; Huang, S.M.; Tan, T.W.; Lu, D.Y. Wogonin induces reactive oxygen
species production and cell apoptosis in human glioma cancer cells. Int. J. Mol. Sci. 2012, 13,
9877-9892.

Huang, S.M.; Cheung, C.W.; Chang, C.S.; Tang, C.H.; Liu, J.F.; Lin, Y.H.; Chen, J.H.; Ko, S.H.;
Wong, K.L.; Lu, D.Y. Phloroglucinol derivative MCPP induces cell apoptosis in human colon
cancer. J. Cell. Biochem. 2011, 112, 643—-652.

Dinicola, S.; Pasqualato, A.; Cucina, A.; Coluccia, P.; Ferranti, F.; Canipari, R.; Catizone, A.;
Proietti, S.; D’Anselmi, F.; Ricci, G.; et al. Grape seed extract suppresses MDA-MB231 breast
cancer cell migration and invasion. Eur. J. Nutr. 2014, 53, 421-431.

Yin, M.C. Development of natural antitumor agents. Biomedicine 2013, 3, 105.

Sadraei, H.; Shokoohinia, Y.; Sajjadi, S.E.; Mozafari, M. Antispasmodic effects of Prangos
ferulacea acetone extract and its main component osthole on ileum contraction. Res. Pharm. Sci.
2013, 8, 137-144.

Liu, J.; Zhang, W.; Zhou, L.; Wang, X.; Lian, Q. Anti-inflammatory effect and mechanism of
osthole in rats. Zhong Yao Cai 2005, 28, 1002—1006.

Zhang, Q.; Qin, L.; He, W.; van Puyvelde, L.; Maes, D.; Adams, A.; Zheng, H.; de Kimpe, N.
Coumarins from Cnidium monnieri and their antiosteoporotic activity. Planta. Med. 2007, 73,
13-19.

Luszczki, J.J.; Andres-Mach, M.; Cisowski, W.; Mazol, I.; Glowniak, K.; Czuczwar, S.J.
Osthole suppresses seizures in the mouse maximal electroshock seizure model. Eur. J. Pharmacol.
2009, 607, 107-109.

Xu, X.; Zhang, Y.; Qu, D.; Jiang, T.; Li, S. Osthole induces G2/M arrest and apoptosis in
lung cancer A549 cells by modulating PI3K/Akt pathway. J. Exp. Clin. Cancer Res. 2011, 30,
doi:10.1186/1756-9966-30-33.

Riviere, C.; Goossens, L.; Pommery, N.; Fourneau, C.; Delelis, A.; Henichart, J.P.
Antiproliferative effects of isopentenylated coumarins isolated from Phellolophium
madagascariense Baker. Nat. Prod. Res. 2006, 20, 909-916.

Chou, S.Y.; Hsu, C.S.; Wang, K.T.; Wang, M.C.; Wang, C.C. Antitumor effects of Osthol from
Cnidium monnieri: An in vitro and in vivo study. Phytother. Res. 2007, 21, 226-230.

Van Meir, E.G.; Hadjipanayis, C.G.; Norden, A.D.; Shu, HK.; Wen, P.Y.; Olson, J.J.
Exciting new advances in neuro-oncology: The avenue to a cure for malignant glioma. C4 Cancer
J. Clin. 2010, 60, 166—-193.



Int. J. Mol. Sci. 2014, 15 3902

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Ohgaki, H.; Kleihues, P. Epidemiology and etiology of gliomas. Acta Neuropathol. 2005, 109,
93-108.

Lu, D.Y.; Yeh, W.L.; Huang, S.M.; Tang, C.H.; Lin, H.Y.; Chou, S.J. Osteopontin increases heme
oxygenase-1 expression and subsequently induces cell migration and invasion in glioma cells.
Neuro Oncol. 2012, 14, 1367-1378.

Li, F.; Gong, Q.; Wang, L.; Shi, J. Osthole attenuates focal inflammatory reaction following
permanent middle cerebral artery occlusion in rats. Biol. Pharm. Bull. 2012, 35, 1686—1690.

He, Y.; Qu, S.; Wang, J.; He, X.; Lin, W.; Zhen, H.; Zhang, X. Neuroprotective effects of osthole
pretreatment against traumatic brain injury in rats. Brain Res. 2012, 1433, 127-136.

Mao, X.; Yin, W.; Liu, M.; Ye, M.; Liu, P.; Liu, J.; Lian, Q.; Xu, S.; Pi, R. Osthole, a natural
coumarin, improves neurobehavioral functions and reduces infarct volume and matrix
metalloproteinase-9 activity after transient focal cerebral ischemia in rats. Brain Res. 2011, 13835,
275-280.

Chao, X.; Zhou, J.; Chen, T.; Liu, W.; Dong, W.; Qu, Y.; Jiang, X.; Ji, X.; Zhen, H.; Fei, Z.
Neuroprotective effect of osthole against acute ischemic stroke on middle cerebral ischemia
occlusion in rats. Brain Res. 2010, 1363, 206-211.

Liotta, L.A.; Tryggvason, K.; Garbisa, S.; Hart, 1.; Foltz, C.M.; Shafie, S. Metastatic potential
correlates with enzymatic degradation of basement membrane collagen. Nature 1980, 284, 67—68.
Parsons, S.L.; Watson, S.A.; Brown, P.D.; Collins, H.M.; Steele, R.J. Matrix metalloproteinases.
Br. J. Surg. 1997, 84, 160—166.

Curran, S.; Murray, G.I. Matrix metalloproteinases: Molecular aspects of their roles in tumour
invasion and metastasis. Eur. J. Cancer 2000, 36, 1621-1630.

Parsons, J.T.; Martin, K.H.; Slack, J.K.; Taylor, J.M.; Weed, S.A. Focal adhesion kinase:
A regulator of focal adhesion dynamics and cell movement. Oncogene 2000, 19, 5606—5613.
Mitra, S.K.; Hanson, D.A.; Schlaepfer, D.D. Focal adhesion kinase: In command and control of
cell motility. Nat. Rev. Mol. Cell. Biol. 2005, 6, 56—68.

Maa, M.C.; Leu, T.H. Activation of toll-like receptors induces macrophage migration via the
INOS/Src/FAK pathway. Biomedicine 2011, 1, 11-15.

Shi, Z.D.; Wang, H.; Tarbell, .M. Heparan sulfate proteoglycans mediate interstitial flow
mechanotransduction regulating MMP-13 expression and cell motility via FAK-ERK in 3D
collagen. PLoS One 2011, 6, doi:10.1371/journal.pone.0015956.

Loeser, R.F.; Forsyth, C.B.; Samarel, A.M.; Im, H.J. Fibronectin fragment activation of
proline-rich tyrosine kinase PYK2 mediates integrin signals regulating collagenase-3 expression
by human chondrocytes through a protein kinase C-dependent pathway. J. Biol. Chem. 2003, 278,
24577-24585.

Kim, M.S.; Park, M.J.; Kim, S.J.; Lee, C.H.; Yoo, H.; Shin, S.H.; Song, E.S.; Lee, S.H.
Emodin suppresses hyaluronic acid-induced MMP-9 secretion and invasion of glioma cells.
Int. J. Oncol. 2005, 27, 839-846.

Park, J.B.; Kwak, H.J.; Lee, S.H. Role of hyaluronan in glioma invasion. Cell Adh. Migr. 2008,
2,202-207.



Int. J. Mol. Sci. 2014, 15 3903

51.

52.

53.

54.

55.

56.

57.

Ding, L.; Sun, X.; You, Y.; Liu, N.; Fu, Z. Expression of focal adhesion kinase and
phosphorylated focal adhesion kinase in human gliomas is associated with unfavorable overall
survival. Transl. Res. 2010, 156, 45-52.

Chen, J.H.; Huang, S.M.; Chen, C.C.; Tsai, C.F.; Yeh, W.L.; Chou, S.J.; Hsieh, W.T.; Lu, D.Y.
Ghrelin induces cell migration through GHS-R, CaMKII, AMPK, and NF-kappaB signaling
pathway in glioma cells. J. Cell. Biochem. 2011, 112, 2931-2941.

Lu, D.Y.; Chen, J.H.; Tan, T.W.; Huang, C.Y.; Yeh, W.L.; Hsu, H.C. Resistin protects against
6-hydroxydopamine-induced cell death in dopaminergic-like MES23.5 cells. J. Cell. Physiol.
2013, 228, 563-571.

Lin, HY.; Yeh, W.L.; Huang, B.R.; Lin, C.; Lai, C.H.; Lin, H.; Lu, D.Y. Desipramine protects
neuronal cell death and induces heme oxygenase-1 expression in Mes23.5 dopaminergic neurons.
PLoS One 2012, 7, e50138.

Chen, J.H.; Huang, S.M.; Tan, T.W.; Lin, H.Y.; Chen, P.Y.; Yeh, W.L.; Chou, S.C.; Tsai, C.F.;
Wei, LH.; Lu, D.Y. Berberine induces heme oxygenase-1 up-regulation through phosphatidylinositol
3-kinase/AKT and NF-E2-related factor-2 signaling pathway in astrocytes. Int. Immunopharmacol.
2012, 72, 94-100.

Huang, S.M.; Chen, T.S.; Chiu, C.M.; Chang, L.K.; Liao, K.F.; Tan, HM.; Yeh, W.L;
Chang, G.R.; Wang, M.Y.; Lu, D.Y. GDNF increases cell motility in human colon cancer through
VEGF-VEGFRI interaction. Endocr. Relat. Cancer 2014, 21, 73—-84.

Bizzarri, M.; Pasqualato, A.; Cucina, A.; Pasta, V. Physical forces and non linear dynamics mould
fractal cell shape: Quantitative morphological parameters and cell phenotype. Histol. Histopathol.
2013, 28, 155-174.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



