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Summary

Glioblastoma multiforme is a primary brain tumor associated with extensive invasion into surrounding brain tissue.
Matrix metalloproteinases (MMPs) and urokinase plasminogen activation (uPA) system are shown to be involved
in tumor invasion as they help in degradation of extracellular matrix (ECM) proteins and thus assist in the
movement of cells. MMP-2 and 9 were shown to be upregulated in gliomas, suggesting their involvement in
invasion. Genistein and biochanin A are isoflavones commonly known as phytoestrogens and have some anticancer
properties. We hypothesize that these two isoflavones can induce a lowering of tumor invasion by decreasing the
activity of matrix degrading enzymes. In this study we investigated the effects of genistein and biochanin A on
invasive activity of US7MG cells using the Calbiochem in vitro invasion assay system. Our results suggest that
genistein and biochanin A induced a decrease in invasive activity of US7MG cells in a dose-related manner.
Genistein also induced a decrease in EGF-stimulated invasion thereby implicating an involvement of EGF-medi-
ated signaling in invasion. Our results also show that treatment of US§7MG cells with the two isoflavones induced

decreases in the enzymatic activity of MMP-9 and the protein levels of MT1-MMP and uPAR.

Introduction

Glioblastoma multiforme is a malignant primary brain
tumor occurring in elderly patients. The patients with
glioblastoma usually have a short survival time, which is
less than a year [1]. In spite of current therapies that
include surgery, radiation therapy, and chemotherapy,
glioblastomas are associated with poor prognosis [2].
The major problem associated with treatment of glio-
blastomas is that total surgical removal of tumor is
difficult as the tumor invades into the surrounding brain
tissue [3,4].

Invasion is a process in which tumor cells migrate
from the tumor mass and infiltrate into the surrounding
normal brain tissue by degrading the extracellular ma-
trix (ECM) [5]. Extracellular matrix of brain is com-
posed of hyaluronic acid, collagen, and fibrous proteins
[6]. These ECM proteins are degraded by various matrix
degrading enzymes.

Matrix metalloproteases (MMPs) are zinc dependent
endopeptidases that are secreted in the zymogen or in an
inactive form [7,8]. Studies employing immunohisto-
chemical analysis have shown that high-grade invasive
glioblastomas express MMPs, whereas low-grade, non-
invasive astrocytomas and normal brain do not express
MMPs [9]. MMP-2 (72 kDa) and MMP-9 (92 kDa) are
highly expressed in malignant brain tumors [10,11]. The
latter two enzymes are also known as gelatinases as they
digest gelatin in the ECM [12]. In vitro studies indicate
that inhibiting MMP-2 activity leads to the blockade of
invasion whereas increasing its activity results in
increased glioma invasiveness [13]. Membrane-type

MMPs are metalloproteases expressed on the surface of
tumor cells. Membrane-type 1 MMP (MT1-MMP) is
upregulated in glioblastomas and is also involved in the
activation of MMPs at the cell surface [14,15]. The
overexpression of MMP-2 and MMP-9 correlates with
invasive behavior of many cancers including breast,
cervical, pancreatic, and prostate cancer [16—18].

Overexpression of epidermal growth factor receptor
(EGFR) is associated with poor prognosis in many
cancers including glioblastomas [11]. Studies have
shown that EGF and amphiregulin upregulate the
MMP-9 expression in human breast cancer cells [19]. In
ovarian cancer cells, EGF stimulates the production of
both urokinase plasminogen activation (uPA) and
MMP-9 [20]. Furthermore, PI3K mediates this EGFR-
coupled signaling to regulate MMP-9 [21]. In human
squamous cell carcinomas, blockade of EGF induces the
inhibition of angiogenesis and metastasis by inhibiting
MMPs [22]. Non-small cell lung carcinoma (NSCLC)
tumors have been shown to co-express MMP-9 and
EGFR [23]. Various tyrosine kinase inhibitors inhibit
migration and matrix metalloproteinases in malignant
mesothelioma cells [24]. All these studies suggest that
EGFR may play a role in invasive behavior by regu-
lating MMPs.

Urokinase plasminogen Activator (uPA) is a serine
protease that binds to urokinase Plasminogen Activator
Receptor (uUPAR), thereby converting the inactive plas-
minogen to the active plasmin. The active plasmin
brings about the lysis of various ECM components
resulting in cell migration [25]. uPAR is linked to plasma
membrane by a glycophosphatidylinositol (GPI) linked
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anchor and it lacks cytoplasmic as well as intracellular
domain: thus, uPAR is thought to form multiprotein
complex with several other proteins in order to mediate
the signaling. Previous studies have shown that uPAR
associates with integrin and signals to ERK which is
disrupted by using integrin neutralizing antibodies.
Previous studies have shown that cells expressing high
levels of uPAR contain a complex that includes uPAR,
EGFR, and «sf; [26]. uPA and uPAR are important in
various physiological processes requiring cell migration,
including inflammation, tissue repair, embryonic devel-
opment, and cancer invasion and metastasis [27]. Ele-
vated uPAR levels also correlate with tumor
invasiveness in glioblastoma cells. Moreover, inhibition
of uPAR expression by antisense oligonucleotides in
glioblastoma cells results in inhibition of tumor forma-
tion in nude mice [28,29].

Epidemiological studies have shown that Asian pop-
ulation consuming diets rich in isoflavones have lower
incidences of cancers of breast, prostate, and colon [30].
Genistein (4',5,7-trihydroxyisoflavone) and biochanin A
(4-methoxy, 5,7-dihydroxy isoflavone) are natural
isoflavonoid phytoestrogens found in soy and subter-
ranean clover, respectively [31]. Genistein exerts its
anticancer properties via several mechanisms, including
inhibition of tyrosine phosphorylation, weak estrogenic
and antiestrogenic properties, as an antioxidant, inhi-
bition of topoisomerase II, inhibition of angiogenesis,
and induction of cell differentiation in breast cancer cells
[32-34].

Most of the research using isoflavones has been car-
ried out in hormone-dependent cancers; however, the
effects of isoflavones on glioblastomas have not been
fully elucidated. Thus, one goal of our studies was to
investigate the utility of isoflavones to block glioblas-
toma invasion because genistein, an isoflavone present
in soy, is a known protein tyrosine kinase inhibitor and
competes with ATP for binding to the tyrosine kinase
domain and thereby inhibits tyrosine kinase-mediated
signaling [35]. Furthermore, genistein is known to
inhibit EGF-stimulated phosphorylation in cultured
A431 cells [36]. Studies have also shown that genistein
inhibits glioblastoma invasion in an in vitro co-culture
model by inhibiting EGFR tyrosine kinase activity
[37,38]. However, it is not known whether biochanin A,
another isoflavone, can block glioblastoma invasion. It
has been reported that biochanin A has inhibitory
potential on the development of lung tumors induced in
mice by benzo(a)pyrene [39]. Both biochanin A and
genistein have been shown to inhibit both serum and
EGF stimulated growth of human prostate cancer cells
[40.41]. Biochanin A has also been shown to inhibit the
incidence and growth of LNCaP xenograft tumors in
athymic mice [42]. We therefore hypothesize that
biochanin A, an analog of genistein, can also inhibit
glioblastoma invasion due to its structural similarity
with genistein (Figure 1).

The studies described herein focused on elucidating
the effects of biochanin A and genistein on the invasive
properties of U§7MG cells using a Calbiochem invasion
assay system. We also determined the effects of both
isoflavones on gelatinolytic activity of MMP-2 and
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Figure 1. Chemical structures of the isoflavones, genistein (a) and
biochanin A (b).

MMP-9 and the expression of MTI-MMP and uPAR
proteins in US7MG cells.

Materials and methods
Materials

Genistein and biochanin A were obtained from LC
laboratories (Woburn, MA). MT1-MMP and uPAR
antibodies were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Zymogram gels were obtained
from BioRad (Hercules, CA). Invasion assay kits were
obtained from Oncogene Research Products (San
Diego, CA). The electrophoresis reagents were pur-
chased from Boston Bioproducts (Ashland, MA), and
Sigma Chemicals (St. Louis, MO).

Cell culture

Human glioblastoma cell line (US7MG) was purchased
from American Type Culture Collection (Manassas,
VA) and were maintained in Dulbeccos Modified Eagles
Medium from Sigma chemicals (St. Louis, MO) sup-
plemented with 10% (v/v) fetal bovine serum from
Atlanta Biologicals (Norcross, GA) at 37°C in a
humidified atmosphere containing 5% CO, in a Nuair
tissue culture incubator (Plymouth, MN)

Western blot analysis

U87MG cells were treated with genistein and biochanin
A at various concentrations for 72 h and cell lysates
prepared using a lysis buffer (containing 1% (v/v) Triton
X-100, 10 mM Tris base pH 7.6, 5 mM EDTA, 50 mM
NaCl, 30 mM sodium pyrophosphate, 50 mM sodium
fluoride, 0.1% (w/v) sodium azide, 0.5 uM phenyl
methyl sulfonyl fluoride, 0.2 ug aprotinin, 0.4 ug leu-
peptin, 100 pg sodium orthovandate, and distilled water
at pH 7.6). Protein concentration was determined using
BioRad reagents with photometric analysis. Twenty five



microgram of cell lysate proteins were separated by
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), and transferred on to polyvinylidene
fluoride membrane (PVDF) (Millipore, Bedford, MA).
The membranes were incubated with primary antibody
at 1:500 dilution in 5% (w/v) bovine serum albumin
(BSA) and distilled water. The membrane was then
treated with horseradish peroxidase-linked secondary
antibody at 1:5000 dilution in Tris buffered saline with
Tween (TBST) solution for 45 min at room temperature.
The blots were then developed by using chemilumine-
scence reagents (Pierce biotechnology, Rockford, Illi-
nois), according to the manufacturer’s protocol and
autoradiographed. The blots were scanned to determine
the relative intensities of the bands using UNSCAN-IT
software (Orem, UT). Western blot analysis using an
antibody to f-Actin (SantaCruz biotechnology, CA) was
carried out and its relative intensity was determined by
UNSCAN-IT to normalize the intensities of the bands.

Zymography

U87MG cells were treated with various concentrations of
genistein and biochanin A. The serum free conditioned
media was collected after 72 h after treatment and cen-
trifuged to remove the cell debris. The samples were elec-
trophoresed on commercially available 10% (w/v) SDS
polyacrylamide gels embedded with gelatin that were
obtained from BioRad (Hercules, CA). After electro-
phoresis, the gels were washed with 2.5% (v/v) Triton
X-100 solution for 1 h to remove SDS. Gels were then
incubated over night at 37 °Cin solution containing 50 M
Tris base, 200 M NaCl, 5 M CaCl,, and 0.02% (w/v) Brij-
35 at pH 7.6. The gels were stained with Coomassie blue
solution for 1 h and then destained using a solution con-
taining40% (v/v) methanol/10% (v/v)aceticacid/50% (v/
v) water. Gelatinolytic activity was identified as a white
band on blue background. The 72 kDa band corresponds
to MMP-2 and 92 kDa band corresponds to MMP-9.

Invasion assay

Invasion studies were carried out using Calbiochem
invasion assay as recommended by the commercial
vendor (Calbiochem, San Diego, CA). A brief descrip-
tion is given below; 300 ul of suspension of US7MG
cells at a concentration of 0.5-1.0 x 10° cells/ml were
suspended in serum free media along with the drug and
this solution was added to the upper compartment of the
cell invasion chamber (Oncogene research products, San
Diego). 500 ul of DMEM with 10% (v/v) fetal bovine
serum was added to the lower compartment of the cell
invasion chamber and incubated for 48 h in the tissue
culture incubator. The culture insert was placed in wells
containing cell detachment solution supplied by the
manufacturer and incubated for 30 min. The culture
insert was removed and then the cells that detached
from the bottom of the insert were fluorescently labeled
by incubating in calcein-AM solution provided by the
manufacturer for about an hour and then fluorescence
was measured at excitation wavelength 485 nm and
emission wavelength of 520 nm. The amount of
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fluorescence intensity is directly proportional to the
number of cells that invade through the basement
membrane. Equal volumes of the vehicle were loaded in
all the treatment groups to ensure that vehicle to media
ratio was around 1:1000.

Statistical analysis

SPSS software has been used for statistical analysis. One
way ANOVA along with post-hoc Tukey test has been
employed to analyze the difference between groups. The
significance level has been set at <0.05.

Results
Isoflavone treatment decreased invasion in US7MG cells

We used Calbiochem invasion assay to study the effect of
isoflavones on the invasive activity of US7MG cells. Cells
were treated with isoflavones, genistein and biochanin A,
and allowed to invade through the filter coated with
ECM for 48 h. Figure 2a shows the dose dependent effect
on invasion on treatment with increasing concentration
of genistein. Figure 2b shows a dose dependent effect on
invasion on treatment with increasing concentrations of
biochanin A. The results indicate that treatment with
both isoflavones induced a dose dependent decrease in
invasive activity of U87MG cells. Previous studies have
shown that genistein blocks invasion in a co-culture
model: results of this study confirmed that genistein
blocks invasion of US87MG cells. Moreover, results of
this study demonstrate that biochanin A, similar to
genistein, also blocks invasion of US7MG cells.

Genistein treatment decreased EGF stimulated invasion
in USTMG cells

The invasion assay was employed to examine the effect
of genistein on EGF stimulated invasion of US7MG
cells. Figure 2c shows that treatment of U87MG cells
with EGF at 10 ng/ml stimulated invasion through the
matrix and that this invasion is blocked on treatment
with genistein at 10 uM. Although not statistically sig-
nificant these results are important as previous studies
have shown that blocking EGFR with EGFR antibody
blocked invasion of tumor cells [30] and addition of
EGF ligand externally increased invasion of tumor cells,
thereby implicating the role for EGFR in invasion [37].

Isoflavone treatment decreased MM P gelatinolytic
activity in US7MG cells

MMP-2 and -9 are matrix degrading enzymes shown to
be upregulated in high-grade invasive gliomas [9]. Gel-
atin zymography was performed to examine the effect of
isoflavones on MMP-2 and MMP-9 gelatinolytic activ-
ity. Figure 3a shows that treatment of these US7MG
cells with genistein induced a dose dependent decrease in
the gelatinolytic activity of MMP-2 and MMP-9 in these
cells. Figure 3b shows that treatment of these cells with
biochanin A also induced a dose dependent decrease in



138

350001 ()
30000 -
25000 -
20000 -
15000 -

0 ||||| |||||

Fluorescence

5000 -

1i

10000 -
Vehicle

Genistein (uM)

35000 (b) 4
30000 A
25000 A

Fluorescence

20000 -
15000 -
10000 -

5000 - i
0

us7 Vehicle
Biochanin A (uM)
25000 + (¢)
20000 -
8
g 15000 -
o
[7]
o
S 10000 -
i
5000 -
0
Vehicle EGF+10

Gemsteln (|,LM)

Figure 2. Graph showing the invasion of U87MG cells through the inserts using Calbiochem in vitro invasion assay. The U87MG cells were
treated with genistein and biochanin A for 72 h and migration across the filter was assessed by fluorescent labeling of invaded cells. The relative
fluorescence units are plotted in the graph. (a) Shows the effect of genistein on cell invasion. (b) Shows the effect of biochanin A on cell invasion.
(c) Shows the effect of genistein (10 kM) on EGF (10 ng/ml) stimulated invasion. Values are means = SEM and those marked with * represents
statistically significant difference from U87MG cells with no treatment and those marked with ‘a’ represents statistically significant difference

from cells treated with vehicle: P < 0.05.

the gelatinolytic activity of MMP-2 and MMP-9. We
carried out these studies with highest concentration of
genistein at 20 uM and biochanin A up to 50 uM in
order to avoid a decrease in cell density due to
cytotoxicity of these drugs at concentrations higher than
that.

Isoflavones treatment decreased MTI-MMP protein
levels in US7TMG cells

MTI1-MMP is a metalloproteinase expressed on cell sur-
face is associated with activation of other metallopro-
teinases, and is shown to be up regulated in glioblastomas

[14]. Western blot analysis was therefore performed to
examine the effect of isoflavones on MT1-MMP protein
levels in US7MG cells. Figure 4a shows that treatment of
USTMG cells with genistein induced a dose dependent
decrease in MTI-MMP levels. Similarly, treatment of
these cells with biochanin A also induced a dose related
decrease in MT1-MMP levels in these cells (Figure 4b).

Isoflavone treatment decreased uPAR protein levels
in US7TMG cells

uPAR is a GPI linked receptor with a ligand binding
domain for uPA and converts plasminogen to plasmin,
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Figure 3. Gelatin zymographic analysis of MMP expression in U§7MG cells after treatment with isoflavones. Conditioned medium was collected
from US7MG cells after treatment with genistein and biochanin A and was run on gelatin zymography. (a) Shows the effect of increasing
concentrations of genistein on MMP-2 and -9 activities. (b) Shows effect of increasing concentrations of biochanin A on MMP-2 and -9 activities.

which has ECM degrading properties. It has been shown
that uPA binding to uPAR results in the expression of
cathepsin B and MMP-9 in monocytic cells showing the
role of uPAR in ECM degradation and migration of
cells [43].

Western blot analysis was performed to examine the
effect of isoflavones on uPAR protein levels in US7MG
cells. Figure S5a shows the effect of genistein treatment
on uPAR protein levels in U87MG cells and Figure 5b
shows the effect of biochanin A treatment on uPAR
protein levels. Our results indicate that treatment of
U87MG cells with biochanin A induced the uPAR
protein levels in US7MG cells but genistein treatment
had no effect on uPAR protein levels in these cells.

Discussion

Glioblastoma multiforme is the most malignant, infil-
trative tumor that invades into surrounding normal
brain tissue. These tumors rarely metastasize out of the
central nervous system, but their invasion away from
the tumor mass makes it difficult for surgical resection of
the tumor and for the treatment of these tumors [44].
Extensive research has been carried out in recent years
to study the mechanisms involved in invasion and the

effect of agents thereon. Association of soy with
decreased incidence of hormone dependent and inde-
pendent cancers has led to the extensive research over
two decades on isoflavones and their effect on cancer.
These isoflavones have been implicated in cancer pre-
vention based on some epidemiological studies as well as
studies carried out in cell culture and in animal models
[34,45-48]. Few studies have investigated the effect of
isoflavones on gliomas, although Penar et al. have
shown that genistein inhibits glioma invasion in an
in vitro model [37,38]. Our study helps to elucidate the
mechanism of inhibition of invasion by genistein as well
as the effect of another isoflavone, biochanin A on gli-
oma invasion. We hypothesize that biochanin A, similar
to genistein, has the ability to inhibit invasion and that
both genistein and biochanin A inhibit invasion by
inhibiting matrix degrading enzymes.

Invasion of tumor cells into surrounding normal tis-
sue involves interaction of tumor cells with ECM and
surrounding cells, and their ability to secrete matrix
degrading proteases. Several models have been used to
study invasion, and most widely used ones being orga-
notypic co-culture models and matrigel invasion assays
[49-52]. We have used Calbiochem in vitro invasion
assay that is similar to the matrigel invasion assay with
wells containing filters coated with basement membrane
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Figure 4. Western blot analysis of MTI-MMP expression after treatment with isoflavones. Western blot analysis was carried out on the cell
lysates made from U87MG cells after treatment with isoflavones using a antibody to MTI-MMP. (a) Shows the effect of increasing concen-
trations of genistein on MT1-MMP protein levels. (b) Shows the effect of increasing concentrations of biochanin A on MT1-MMP protein levels.
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Figure 5. Western blots analysis of uPAR expression with isoflavones. Western blot analysis using a antibody to uPAR (Santa Cruz Biotech-
nology, CA) was carried out on the cell lysates prepared from U87MG cells, after treatment with isoflavones using a antibody to uPAR.
(a) Shows the effect of increasing concentrations of genistein on uPAR protein levels. (b) Shows the effect of increasing concentrations of
biochanin A on uPAR protein levels. The graphical representation of the blot is done by measuring the optical density of the MT1-MMP protein

and f-actin protein (Santa Cruz Biotechnology, CA).

matrix. The advantage of this model over that of
matrigel invasion assay is that this assay is quantitative
and uses fluorescent labeling of cells for quantification.

Penar et al. have shown the effect of genistein at
10 uM on glioma invasion in an in vitro co-culture
model [37]. In addition, our results show a dose
dependent decrease in glioma invasion with genistein
confirming the results shown by Penar et al. using a
different model (Figure 2a). In addition, our results
show a dose dependent decrease in invasion when gli-
oma cells were treated with biochanin A at or above
20 uM (Figure 2b).

Previous studies have shown that addition of EGF
stimulates the tumor invasiveness and this could be
blocked by addition of antibody to EGF ligand binding
domain [53,54]. Genistein is a known tyrosine kinase
inhibitor and has been shown to inhibit invasion but till
now none of the studies have shown the effect of geni-
stein on EGF stimulated invasion [36]. Our goal was to
examine the effect of genistein on EGF stimulated
invasion. Our results show that addition of EGF at
10 ng/ml stimulates the invasion of US7MG cells
slightly and this invasion is blocked on addition of
genistein in combination with EGF showing that geni-
stein blocks invasion that is mediated by EGF stimu-
lated signaling (Figure 2c). It is known that genistein is a
tyrosine kinase inhibitor and our results here indicate
that genistein may block EGF stimulated invasion by
inhibiting tyrosine phosphorylation.

The invasive phenomenon of gliomas depends on the
combined actions of several proteolytic enzyme systems.
Matrix metalloproteinases and plasminogen activation
cascade are the two well known proteolytic systems
under investigation [55]. Previous studies have shown
that MMP-2 and MMP-9 are upregulated in gliomas
and these enzymes have also been associated with
malignancy of the gliomas [12,13]. Using gelatin
zymography (Figure 3a and b), we demonstrated that

treatment of U887MG cells with increasing concentra-
tions of genistein and biochanin A induced a concen-
tration related decrease in active MMP-2 and MMP-9
levels. Our results suggest one of the mechanisms
whereby isoflavones block the invasive capacity of
USTMG cells may be through the inhibition of MMP
activity.

MMP-2, the most abundant among all MMPs, is
secreted in zymogen form that requires activation. This
activation is an important event in the regulation of
ECM degradation by MMPs. MMP-2 is activated by
mechanisms involving membrane type-1 MMP (MT]I-
MMP) associated with cell surface [56]. Our results show
that when US87MG cells were treated with increasing
concentration of isoflavones, they expressed a dose
related decrease in MT1-MMP levels (Figure 4a and b).
These dose related decreases in MTI-MMP protein
levels correlated with the isoflavone induced decreases in
MMP-2 levels (Figure 3a and b). Increased expression
and activation of laminin 592, a basement membrane
protein, has been associated with invasiveness of
malignant cancers [57]. We also observed a decrease in
laminin 5y2 protein levels and its fragmentation into y2
and y2’ proteins in U87MG cells treated with isoflavones
(data not shown). Regulation of proteolysis of MMPs
by MT1-MMP can act as an additional target for inhi-
bition of tumor cell invasion. Thus, our results indicate
that treatment with isoflavones may induce a decrease in
the activity of MT1-MMP present on the membrane,
thereby decreasing the matrix degrading activity at the
leading edge of the cell [12].

The production of uPAR protein is high in high grade
gliomas compared to that in low grade gliomas. uPA
and uPAR expression are shown to be increased in
human glioblastoma cells in vivo which show increased
invasiveness into the surrounding brain tissue. Increased
expression or upregulation of plasminogen activation
system correlates with invasiveness of tumors [58—60].



We have examined the effects of isoflavones on uPAR
protein levels in US7MG cells and our results show that
treatment with biochanin A, but not with genistein,
induced decreases in uPAR protein levels considerably
in these cells (Figure 5a and b).

Understanding the mechanisms of tumor invasion are
important in developing new therapeutic strategies.
Elucidation of the effect of dietary agents such as soy
isoflavones is important in identifying not only new
therapeutic agents, but also new targets in cancer cells
and in developing new cancer prevention techniques.
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