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ABSTRACT

Using double immunofluorescence staining and quantitative confocal
laser scan microscopy, we show that the intensity of hepatocyte growth
factor/scatter factor (HGF/SF) and Met staining In human primary brain
tumors increases with the grade ofmalignancy and is prevalent in both the
infiltrating tumor cells and endothelial hyperplastic areas. HGF/SF and
Met also are expressed in vitroin glioblastoma multiforine cell lines as well
as In normal human astrocyte (NHA) cells. Moreover, HGF/SF stimulates
tyrosine phosphorylation of Met in both glioma cell lines and NRA cells,
but only the glioma cell lines proliferate and become motile and invasive
in response to HGFISF, whereas the NHA cells are nonresponsive. These
results implicate autocrinelparacrine Met-HGF/SF signaling in glioma
tumorigenesis and suggest that HGF/SF signaling through Met is nega

lively regulated in NHA cells.

INTRODUCTION

Gliomas are the most frequent and malignant form of human brain
tumors (1). These tumors are highly invasive, irrespective of their
histological grade of malignancy. Even low-grade tumors can be
poorly demarcated and are rarely encapsulated. Consequently, surgi
cal removal is complex, the tumors recur frequently, and the 2- and
5-yearsurvivalratesfor malignantgliomaareless than15 and5%,
respectively (1). The factors and mechanisms involved in tumor
invasion and proliferation are poorly understood. With human gliomas

as well as other cancers, several growth factors, including epidermal
growth factor, platelet-derived growth factors, fibroblast growth fac
tor, and transforming growth factors a and (3 and their receptors have
been implicated in the cancer phenotype (2).

HGF/SF3 is a multipotential modulator of biological activities in a
variety of cell types (3, 4). Acting through the Met tyrosine kinase
receptor, HGF/SF functions as a mitogen (5), stimulates cell motility
and invasiveness (5, 6), and participates as a morphogen in mediating
lumen formation and branching morphogenesis (7â€”9).HGF/SF is also
a potent angiogenic factor and stimulates endothelial cell prolifera
tion, migration, and morphogenesis (10, 11). We have demonstrated
in several rodent and human model systems that Met-HGF/SF signal
ing induces both tumorigenic and metastatic behavior (4, 6, 12, 13).
Met-HGF/SF signaling and Met amplification, overexpression, or
activation by point mutation have been associated with a variety of
human cancers, including brain tumors (4, 11, 14). Yamada et a!. (15)
detected HGF/SF and Met immunoreactivity in astrocytes and micro
glia and met mRNA expression in glioma tissues (16). HGF/SF
stimulated growth and induced chemotactic activity in glioma cell
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lines (17), and met gene amplification has been detected in glioblas
toma cells and tissues (18). More recently, Rosen et al. (1 1) have
shown that HGF/SF is produced by human glioma cells and brain
microvascular endothelial cell lines. Moreover, they found HGF/SF
immunoreactivity in 19 of 20 human primary brain tumors. Here we

examine the expression of HGF/SF and Met in human primary brain

tumors and show that not only are HGF/SF and Met in primary brain
tumors, but glioma cell lines are autocrine for Met and HGF/SF
signaling, and HGF/SF induces glioma cell proliferation, migration,
and invasion in vitro.

MATERIALS AND METHODS

Cell Culture, Antibodies, and Immunocytochemistry. U-373, U-l 18,
U-l38, SW-l783, and DBTRG human glioma cell lines and SK-LMS-l, a
human leiomyosarcoma cell line, were obtained from American Type Culture
Collection (Rockville, MD). Human embryonic lung fibroblast cells (MRC-5)
were kindly provided by Dr C. Medici (University of Parma Medical School,
Parma, Italy). NHA (a NHA cell culture derived from fetal brain) was pur
chased from Clonetics Corp. (San Diego, CA) and propagated in culture
medium provided by the manufacturer (AGM-Bulletkit). All experiments with
NHA cells were performed at passage 5. All other cell lines were grown in
DMEM supplemented with 10% FBS and a 1% antibiotic/antimycotic solu
tion. Cells were maintained in culture in a standard humidified incubator at
37Â°Cin 5% carbon dioxide. Materials for tissue culture were purchased from
Life Technologies, Inc. (Gaithersburg, MD). Growth factor-reduced Matrigel
was obtained from Becton Dickinson (Bedford, MA).

Human HGF/SF was purified from the supematant of transformed NIH 3T3
cells as described previously (I 3). HGF/SF concentrations are presented as
scatter units per milliliter; 5 scatter units is equivalent to approximately 1 ng
of protein. Monoclonal antihuman HGF neutralizing antibody (mouse IgGI)
was purchased from R&D Systems (Minneapolis, MN).

C-28 is a rabbitpolyclonalantibodyraisedagainstthe COOH-terminal28
amino acids of the human Met gene product (7, 13). Mouse monoclonal
antibody against phosphotyrosine (anti-P-Tyr) was obtained from Upstate
Biotechnology, Inc. (Lake Placid, NY). Dl is a mouse monoclonal antibody
(IgG2a) raised against NIH 3T3 cells transfected with human met (pRS2).
Mouse monoclonal antibody against actin was purchased from Boehringer
Mannheim (Indianapolis, IN).

For immunocytochemistry analysis, cells were grown under standard con
ditions in DMEM and 10% FBS to a semiconfluence on Labtek slides (Nunc,
Naperville, IL). Slides were washed three times with PBS and fixed with 4%
paraformaldehyde for 15 mm. After extensive washing with PBS, cells were
treated with 0.2% Triton X-lOOfor 10 mm and washed again with PBS. To
minimize nonspecific binding, chamber slides were incubated with normal
sheep serum for 45 mm. Slides were then incubated with either Dl antibody
(1 :50 dilution) or nonimmunized mouse serum for 2 h at room temperature.
Secondary antibody incubation (FITC-conjugated goat antimouse IgG at a

1:100 dilution in PBS) was carried out for 1 h. Chamber slides were then
washed and counterstained with DAPI (1%) for 10 mm. After the slides were
covered with Gel/Mount (Biomeda), the cells were examined by CLSM using
a Zeiss CLSM LSM3 microscope (7).

Tumor Materials, histological Grading, and Immunofluorescence
Staining. Tumor specimens were obtained from 32 patients with primary
brain tumors from either diagnostic biopsies or therapeutic neurosurgical
resection. The biopsy samples were from either the cerebral hemispheres or the
cerebellum. Specimens were paraffin-embedded, sectioned at 4 @tm,mounted
on 3-aminopropyltriethoxysilane-coated slides, and dried overnight. These
tumors were diagnosed at Brook General Hospital (London, United Kingdom).
Independent confirmation of the histopathological diagnosis in each case was
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kindly provided by Drs. Andrew F. Dean and Rasikbala Doshi (Department of

Neuropathology, Institute of Psychiatry, London, United Kingdom). From one
paraffin block, one or two representative slides were selected. Tumors were
classified according to WHO nomenclature, and grading ranged from I to IV:

low-grade astrocytoma, grade II (n = 6); anaplastic astrocytoma, grade III
(n = I 1); and glioblastoma multiforme (grade IV; n = 15).

Tumor sections were subjected to double immunofluorescence analyses (7).
Sections were permeabilized with 0.2% Triton X-l00 in PBS for 10 mm and
rinsed in D-PBS (Life Technologies, Inc.). Specimens were blocked with 1%

BSA in PBS for 30 mm, incubated with C-28 anti-Met (1:50 dilution in PBS)

for 2 h, and rinsed in D-PBS for 1 h. Sections were then incubated with
FITC-conjugated goat antirabbit IgG (1:40 dilution in PBS; Boehringer Mann
heim) for 1h. After washing, slides were incubated again with PBS containing
I% BSA for 20 mm and exposed to a mouse monoclonal antihuman antibody
(7-I; raised against purified single-chain human HGF/SF by the antibody

production unit at ABL) for 2 h, rinsed in D-PBS, and incubated with goat
antimouse IgG conjugated to rhodamine (I :20 dilution in PBS; Boehringer
Mannheim) for 1 h. Slides were thoroughly washed in D-PBS, rinsed in
distilled water, and mounted with Gel/Mount. All procedures were carried out
at room temperature.

CLSM Imaging and Optimas Quantification Procedure. Fluorescent
stained tumor sections were analyzed using a Zeiss microscope (CLSM 310).
The microscope was configured with a 25 mW argon, UV-coherent, internal
HeNe laser with the appropriate lines (488, 347, and 543) for FITC, DAPI, and
rhodamine excitation. Nomarski images were made using the 543 green laser
and appropriate polarizing lenses. Photographs were generated using either a
Sony color video printer (UP5200 MD Mavigraph, Focus Graphics 4700) and
35-mm camera film back (100 ASA Ektachrome) or a Codonics NP600 color
printer as described previously (7).

All images were analyzed using the Optimas 5.2 Image Analysis software
program. Nomarski images were used as the basis for delineation of proper
regions of interest. Masked areas were then drawn over the appropriate areas
and saved. The corresponding fluorescent image was recalled, the masked area
was overlaid, and the data in the form of pixel counts and the number of pixels
at a particular intensity were exported to Microsoft Excel 5.0 for summation
and calculation. The mean gray value, Gy, was determined as follows:
Gy â€”255@(number of pixels X intensity):255@(number of pixels) (19).

Western Analysis. Semiconfluent cells were grown in DMEM and 10%
FBS in 100-mmculture dishes, serum-deprived overnight, washed three times
with sterile PBS, and incubated in the presence or absence of HGF/SF (200

units/mi) in fresh culture medium for I, 2, 4, or 8 h. After incubation, the

medium was removed, and the culture plates were washed three times with

cold PBS. Cells were lysed in I ml of lysis buffer [20 msi PIPES, 150 mtvi

NaCI, 1 mMEGTA, I% Triton X-lOO,and 1.5 mMMgCl, (pH 7.4)] containing
protease inhibitors (10 j.@g/mlaprotinin, 10 @.tg/mlleupeptin, 1 msi phenyl
methylsulfonyl fluoride, and 1 mM sodium orthovanadate) plus SDS at a final
concentration of 0. 1%. The collected lysate in Eppendorf tubes was placed on

ice for 30 mm. After centrifugation (20 mm; 16,000 X g) at 4Â°C, supernatants

were isolated, and the protein concentration was determined (BCA protein
assay; Pierce, Rockford, IL). Ten @gof protein from each sample were

resolved on a 4â€”12% polyacrylamide Tris-glycine gel and transferred to a

nitrocellulose membrane (Schleicher & Schuell, Keene, NH). Membranes were
blocked with 5% BSA in rinse buffer (1.5 M NaCI, 200 mt@iTris, and 0.1%
Tween 20) for 1 h, washed in rinse buffer for 10 mm, and then incubated with
I @.tg/mlC-28 anti-Met for 1 h at room temperature. Membranes were washed

and incubated with horseradish peroxidase-conjugated goat antirabbit-IgG
secondary antibody (1:1000 dilution; Boehringer Mannheim) for I h at room
temperature, washed for 30 mm, treated with the enhanced chemiluminescence
detection system from Amersham (Arlington Heights, IL), and then stripped
and reprobed with 1 @g/mlantiactin.

Immunoprecipitation. Cells were grown in DMEM and 10% FBS in
100-mm culture dishes, serum-deprived overnight, and incubated in the pres
ence or absence of HGF/SF (200 units/mi) in DMEM for 0, 15, 30, 60, or 90
mm. Treated cells were washed with cold PBS, lysates were prepared, and
protein concentration was determined as described for Western analysis. Clar
ified lysates (0.5 mg of protein) were immunoprecipitated overnight with I

@g/mlC-28 anti-Met at 4Â°C. At the end of the incubation period, 50 p1 of

protein A-agarose (Sigma Chemical Co., St. Louis, MO) at a final concentra
tion of 20% were added to each sample and then incubated for an additional 3 h

at 4Â°C.The samples were then centrifuged and washed with cold lysis buffer
(without SDS) three times. The supernatants were removed carefully, and 20
,.Llof 2X SDS sample buffer (with D'f'T) were added to each sample. After the
samples were boiled for 5 mm and centrifuged for 5 rain at 16,000 X g, the
supernatants were analyzed by SDS-PAGE. For Western analysis with anti
P-Tyr, membranes were incubated with S @.tg/mlprimary antibody as described
above.

Mitogenic Assays. Cells were seeded into 96-well microtiter plates
(Costar, Cambridge, MA) at 5 X l0@cells/well in 200 p1 ofDMEM containing
10% FBS. After a 24-h incubation at 37Â°C,plates were washed with PBS, and
cells were refed with serum-free medium for 24 h. HGF/SF was then added in

DMEM, and cells were incubated for 20 h. Control samples received DMEM

alone or DMEM and 10% FBS. After incubation in [3H]thymidine (Amer
sham) at S @.tCi/wellfor 4 h, cells were lysed at room temperature with 0. 1 ml
of 20 mM NaOH and 0.1% SDS for 15 mm. The lysates were used for
scintillation counting (20).

In Vitro Migration and Invasion Assays. Cell migrationassays (16) were
performed using 24-well transweil units with 8-sm polycarbonate filters
(Costar). The lower compartment of each transwell unit contained 500 p1 of
DMEM containing 1% BSA and various concentrations of HGF. In several
experiments, the lower compartment also contained 1 @g/mlanti-HGF neu
tralizing monoclonal antibody. Cells were freshly harvested by trypsinization
and counted, and l0@cells were resuspended in 100 @lofDMEM and 1%BSA
and placed in the upper compartment of the transwell unit. After 16 h of
incubation at 37Â°C,cells were fixed in methanol and stained with Diff-Quick
(Dade, Aguada, Puerto Rico). Nonmigratory cells in the upper surface of the
filter were removed by wiping with a cotton swab. Phase-contrast microscopy
at X200 magnification was used to determine migration by counting cells that
had migrated to the lower surface of the filter. Ten random fields were counted
for each filter. Each sample was assayed in triplicate, and assays were repeated
at least twice.

Cell invasion assays through Matrigel-coated filters were carried out by the
method of Albini et a!. (21). Transwell filters were coated with 20 ,.tg of
Matrigel per filter in 100 @.dof cold DMEM to form a thin continuous layer on
top of the filter. The filters were left to air dry overnight. The remainder of the
assay was carried out as described above for the migration assay. To rule out

possible cytotoxic effects of anti-HGF neutralizing antibody at the dosage
applied in the migration and invasion assays, the viability ofcells on both sides
of the filters was determined by the trypan blue dye exclusion method.

Morphogenesis Assays. Three-dimensional Matrigel invasion assays were
performed as described previously (22) with minor modifications. Samples of

lO@cells were suspended in 100 @lof DMEM in the presence or absence of
200 units/mI HGF/SF Â±anti-HGF neutralizing antibody (10 .tg/ml), placed on

top of nondiluted growth factor-reduced Matrigel (14 mg/ml), and incubated at
37Â°C.Fresh medium was added after 36 h. After 3 days, the representative cell
clusters were photographed at X400 magnification.

Northern Analysis. Total RNA was prepared from cell cultures according
to the method described by Chomczynski and Sacchi (23). Fifteen @tgof total
RNA were subjected to electrophoresis in 1.2% formaldehyde agarose gels and
transferred to Hybond-N@nylon membrane (Amersham) by capillary effect
using lOX SSC. After the transferred RNA was UV-cross-iinked for 2 mm, the

membrane was prehybridized at 42Â°Cfor 24 h in a buffer consisting of 50%
deionized formamide, sx SSC, 1x Denhardt's solution, 50 m@tNaH2PO4 (pH
6.5), 150 @.tg/mlsingle-stranded DNA, and 0.5% SDS. The membrane was then
hybridized at 42Â°Covernight with 3 x iO@cpm of the purified [32P]dCTP
labeled cDNA probe in 12 ml of hybridization buffer (prehybridization buffer
containing 20% dextran sulfate). After hybridization, the membrane was
washed with 0.1% SDS and 0.1x SSC once for 5 mm at room temperature and
four times for 20 mm at 60Â°C.Autoradiography was performed by exposing
X-OMAT-AR film (Kodak, Rochester, NY) to the hybridized membrane for
18 h at â€”70Â°Cin the presence of an intensifying screen.

RESULTS

Expression of Met and HGF/SF in Human Gliomas. We exam
med sections of 32 human primary brain tumors by double immuno
fluorescence staining for Met and HGF/SF, using quantitative CLSM
imaging (7, 13). All tumors were positive for Met staining, and 72%
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Table 1Met HGF/SF staining in pritansy humangliomasâ€•Grading

1Metâ€•HGF/SF'@2@3 @I2@ 3@

EXPRESSION AND REGULATION OF Met-HGF/SF IN HUMAN GLIOMAS

lation might be occurring via an autocrine loop. However, the p140 of
the NHA cells did not significantly increase under these conditions
(Fig. 2D). We next examined both the glioma and NHA cells for hgf/sf
RNA transcripts by Northern analysis and used RNA from the HGF/
SF-expressing MRC-5 cells as a control (24). These analyses show the
presence of hgf/sf-specific RNAs in the NHA and glioma cell lines

(Fig. 3A). With the exception of the SW-l783 cell line, the two
characteristic hgf/sf RNA transcripts of 6.3 and 3.1 kb (25) were
readily detected in the U-l 18, U-138, U-373, and DBTRG cell lines,
whereas lower levels were detected in the NHA cells.

By Western analysis, we next determined whether HGF/SF was
present in the CM prepared from the cell lines. As expected in the
MRC-5 cell supernatant, high-level expression of HGF/SF as p90 was
observed under nonreducing conditions. However, HGF/SF was also
detected in the CM of U-l 18 cells, and lower levels of expression

were detected in fluids prepared from NHA and four other glioma cell
lines (Fig. 3B). Moreover, metabolically labeled HGF/SF was de
tected in the cell supernatants at levels consistent with the levels
detected by Western analysis (compare Fig. 3, B and C). Also con
sistent with the high levels of HGF/SF detected in the MRC-5 and
U- 118 glioma cell lines, we detected scatter factor activity in non
concentrated CM of these two cell lines (data not shown). Collec

tively, these results indicated that the NHA and the glioma cells
display autocrine Met-HGF/SF expression.

HGF/SFIs a Growth-stimulatoryFactorfor GliomaCells but
not for NHA Cells. We examined the effect of HGF/SF on thymidine
incorporation by glioma and NHA cells after serum deprivation (Fig.
4A). For each of the glioma cell lines, we observed a decrease in

[3H]thymidine uptake in the presence of anti-HGF/SF neutralizing
antibody, suggesting that a low level of autocrine-stimulated incor
poration occurred (Fig. 4A). With 50â€”200 units/ml HGF/SF, we
observed dose-dependent increases in [3H]thymidine incorporation in
all glioma cell lines, with a maximal effect at 100 or 200 units/ml. The

level of [3H]thymidine incorporation ranged from slight in the
DBTRG cells to high in the U-l 18 cell line. Interestingly, although
significant increases in [3H]thymidine incorporation occurred in all

glioma cell lines, the NHA cells were nonresponsive (Fig. 4A). Even
when these experiments were performed in the presence of 0.5, 2.5,
and 5% serum, we observed HGF/SF-dependent [3Hlthymidine incor
poration in all of the glioma cell lines but not in the NHA cells (data
not shown). Thus, although Met in NHA cells is tyrosine-phosphory
lated in response to exogenous HGF/SF (Fig. 14), Met is not down

modulated under these conditions (Fig. 2C), and the cells do not

respond mitogenically to the ligand, nor is thymidine incorporation

affected by anti-HGF neutralizing antibody (Fig. 4A). The control
SK-LMS-l cells responded to HGF/SF as expected (20).

HGF/SF Stimulates Glioma Cell Migration and Invasion in
Vitro. HGF/SF is known to enhance the motility and invasiveness of
a wide variety of cell types (5); therefore, we measured the influence
of HGF/SF on migration (motility) of the glioma and NHA cells (Fig.
4B). As with the mitogenicity assay (Fig. 4A), the addition of anti
HGF neutralizing antibody to each of the glioma cell lines resulted in
a reduced basal level of motility, whereas, in a dose-dependent man

ner, HGF/SF stimulated the motility of these cell lines up to 3.5-fold.
Interestingly, a comparison of the mitogenic and motility responses of
the glioma cells shows a negative correlation (Fig. 4, A and B), with
DBTRG displaying the greatest migration, and U-l 18 cells displaying
the least migration. Again, the NHA cells were nonresponsive (Fig.
4B).

We next performed invasion assays (21) with the NHA and the
glioma cell lines (Fig. 4C). All of the glioma cells were highly
invasive and, similar to the results of mitogenic and motility assays,
anti-HGF neutralizing antibody significantly decreased their basal

Grade II 316d 3/6 0/6 1/6 1 /6 0/6
GradeIII 4/Il 6/11 1/11 4/11 3/11 1/11
Grade IV 10/15 3/15 2/15 4/15 6/15 3/15

a The staining intensity was quantified by the Optimas quantification procedure for
images obtained by confocal laser scan microscopy (19) from 32 cases of primary brain
tumors that have been subjected to double immunofluorescence staining using antibodies
to Met (C-28) and HGF/SF (7-i).

bAverageGy value forMet: i@, 1â€”70;2', 71â€”140;and 3@, 141â€”210.
cAverage Gy value for HGF/SF: l@, 1â€”20;2@, 21â€”50;and 3', 51â€”80.
d Number of cases in the Gy value range/total examined.

showed HGF/SF staining (Table 1; Fig. 1, Aâ€”!).Met and HGF/SF
costaining was observed in one-third of the low-grade astrocytomas,

in 8 of 11 anaplastic astrocytomas (grade III), and in 13 of 15
glioblastoma multiformes (grade IV). Analysis of the staining inten
sity by the Optimas quantification procedure4 showed anaplastic
astrocytomas to have the highest average Gy value for Met immuno
fluorescence (Table 1). By contrast, the average Gy value for HGF/SF
staining was higher in the glioblastoma multiformes than in the
anaplastic astrocytomas.

Met and HGF/SF staining was localized in cells resembling reactive
astrocytes and in the large neurons in poorly defined normal brain
tissue adjacent to the tumors (data not shown). Staining for Met and

HGF/SF was also found in hypercellular and infiltrative areas of all
anaplastic astrocytomas and glioblastoma multiformes examined (ar
rows in Fig. 1, C and I) and in characteristic pseudopalisading areas
of glioblastoma multiformes (arrows in Fig. 11). In addition to the
infiltrating tumor cells, Met and HGF/SF staining was observed in the
endothelial cells in perivascular and vascular areas of glioblastoma
multiformes (arrows in Fig. iF), whereas less intense Met and
HGF/SF immunostaining was observed in areas of neovascularization
in low-grade and anaplastic astrocytomas (data not shown). Whether
the source of HGF/SF is autocrine or paracrine, these results suggest
that high levels of Met-HGF/SF are expressed in the most aggressive
type of brain tumors and that Met and HGF/SF expression correlates

with the stage of the tumor.
MetandHGF/SFExpressionin GliomaandNHACellsin Vitro.

We examined Met and HGF/SF expression in glioma cell lines and in
NHA cells. By immunofluorescence staining, we showed that all of
the glioma cell lines as well as the NHA cells expressed Met (Fig. 1,
J and K). Met expression in these cell lines was confirmed by
immunoprecipitation with the C-28 anti-Met antibody followed by
Western analysis (Fig. 2A). These analyses show that all glioma cell
lines as well as NHA cells express both p170 Met and p140 Met and
that HGF/SF treatment increases the reactivity of p140 with anti-P
Tyr (Fig. 2@4),similar to the Met-expressing SK-LMS-l cells (20, 22).
Moreover, the addition of exogenous HGF/SF resulted in the down
modulation of p140 Met in all of the glioma cell lines examined (Fig.
2B and data not shown). In the NHA cells, however, although anti
P-Tyr reactivity with Met increases in response to HGF/SF, no down
modulation of p140 was observed (Fig. 2C).

In most of the glioma cell lines, the background level of anti-P-Tyr
reactivity after serum deprivation (Fig. 14) suggested the possibility
for HGF/SF autocrine signaling. Moreover, when we treated cells
overnight with increasing amounts of anti-HGF/SF neutralizing anti
body, the level of pl40Met increases significantly in the glioma cells
(Fig. 2D and data not shown), suggesting that receptor down-modu

4 I. Tsarfaty, W. G. Alvord, J. Resau, R. T. Altstock, R. Lidereau, I. Bieche, F.

Bertrand, J. Horev, R. L. Klabansky, I. Keydar, and G. F. Vande Woude. Alteration of Met
expression and prognosis in breast carcinomas, submitted for publication.
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Fig. I. Met and HGF/SF staining of human gliomas. Double immunofluorescence staining for HGF/SF and Met was analyzed by CLSM analysis (7, 20, 26). Aâ€”I:green, Met; red,

HGF/SF; yellow, overlaid image of both Met and HGF. Aâ€”C,a section of anaplastic astrocytoma tissue with infiltrating tumor cells (arrows). Dâ€”F,an endothelial hyperplastic area
of glioblastoma multiforme tissue with vascular and perivascular Met and HGF/SF staining in endothelial cells and tumor cells (arrows). Gâ€”I,Met and HGF/SF staining in a
characteristic pseudopalisading area (arrows) of glioblastoma multiforme tissue. J and K, Met staining (green) with Di (a mouse monoclonal antibody raised against human Met) in

NHA and glioma (U-I 18) cells, respectively. The nuclei are counterstained with DAPI (red). Scale bars are included.
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Fig. 2. Met expression in NHA and glioma cells.
A, after overnight serum deprivation, cells were
washed and incubated in the presence (+) or ab
sence (â€”)of HGF/SF (200 unitslml) for 15 mm,
and 0.5 mg of cell lysate was immunoprecipitated
with anti-Met C-28, followed by SDS-PAGE and
immunobiotting with anti-P-Tyr. The membrane
was then stripped and reprobed with C-28 (bottom
panel). B and C, down-modulation of Met expres
sion in U-1l8 and NHA cell lines by exogenous
HGF/SF treatment. Western analysis was per
formed on 10 ,.tg of cell lysates prepared as de
scribed in â€œMaterialsand Methods.â€•D, the effect of
anti-HGF neutralizing antibody on Met expression.

Western analysis was performed on 10 j.@gof cell
lysatepreparedafter a 24-h incubationwith neu
tralizing anti-HGF antibody at the indicated con

centrations in DMEM, resolved by SDS-PAGE, and

immunoblotted with anti-Met (C-28). The filters
were then stripped and reprobed with antiactin (bot
tom panel).
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level of cell invasion; this antibody had no effect on the NHA cells
(Fig. 4C). Thus, all of the glioma cells were mitogenic, motile, and
invasive in response to exogenous added HGF/SF; however, the basal
level of these responses was significantly reduced by anti-HGF anti
body. Collectively, with the Met and HGF/SF expression studies
(Figs. 1â€”3),these analyses strongly imply that an autocrine Met
HGF/SFstimulationoccursin all five gliomacell linesexamined.

Morphogenesis of Glioma Cells. We subjected U-i 18 cells to
morphogenesis assays in Matrigel. In the presence or absence of
HGF/SF (Fig. 5, A and C), the morphological appearance of the U- 118
cells did not change. However, when anti-HGF neutralizing antibody
was added to the medium, the pattern changed significantly, and
individual cells were larger and showed bipolar or tripolar morphol
ogy with long processes. By contrast, NHA cells did not exhibit any
branching morphogenesis in the presence or absence of HGF/SF (data
not shown). Moreover, in the absence of HGF/SF, these cells failed to

grow and did not survive for more than 3 days, suggesting that the
ligand is a survival factor for these cells in Matrigel.

DISCUSSION

We have demonstrated in mouse and human model systems that
autocrine Met-HGF/SF activation is sufficient for tumorigenesis and

metastasis in athymic nude mouse assays (13, 20, 22, 26). Intrinsic
tumors of the central nervous system are characterized by their ability
to infiltrate the adjacent brain parenchyma in a diffuse manner, often
migrating several millimeters beyond any obvious tumor margin (1).

Here we show that Met is expressed in all grades of human primary
brain tumors, and two-thirds of these tumors are also immunoreactive
for HGF/SF (Fig. 1; Table 1). We found that relative to Met, HGF/SF
staining intensities were increased in the more aggressive tumors and,
by quantitative image analysis, were higher in glioblastoma multi
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However, whereas HGF/SF was able to stimulate tyrosine phospho
rylation of Met in NHA cells, neither growth, migration, nor invasion

responses were obvious in these cells, and there was no effect of

anti-HGF neutralizing antibody on basal activities of NHA cells in
these assays (Fig. 4). The only phenotype was in Matrigel, in which
HGF/SF permittedNHA cell survival.The mechanismsunderlying
the nonresponsive phenotype are unknown but could be very impor
tant for understanding abnormal Met-HGF/SF signaling in glioma
cells.

Through biochemical and biological assays in vitro, we found that
autocrine Met activation occurs in all of the glioma cell lines exam
med. For example, neutralizing anti-HGF antibody reduced the basal
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Fig. 3. HGF/SF expression in NHA and glioma cells. A, total RNA (15 @g)was loaded
in each lane for Northern analysis, and full-length human HGF/SF cDNA was used as the 80

probe. Individual cell lines are indicated for each lane; reprobing the membrane with actin
showed equal amounts of loading per lane (data not shown). B, HGF/SF protein expres- 70
sion. A normalized volume of culture supernatants was subjected to Western analysis as
detailed in â€œMaterialsand Methods.â€• C. HGF/SF protein expression in metabolically 60
labeled cells. Lysates prepared from cells that had been metabolically labeled with
[35Slmethionine/cysteine were immunoprecipitated with anti-HGF antibody, resolved by@
SDS-PAGE on a 4â€”12%polyacrylamide gel under nonreducing conditions, and visual-@ 50
ized by autoradiography (22).

E 40

formes than in anaplastic astrocytomas. The correlation between@ 30
HGF/SF immunoreactivity and grade of malignancy may be of prog- 20
nostic value but may also suggest a role for HGF/SF-Met signaling in
the malignant progression of glioblastoma multiformes from low- 10
grade tumors. We observe distinct infiltrating tumor cells immunore
active for both Met and HGF/SF invading the normal brain paren
chyma (Fig. 1). We also show for the first time that HGF/SF and Met
colocalize in tumor cells adjacent to or infiltrating the vessel walls
(Fig. 1, Dâ€”F).

HGF/SF is a potent angiogenic factor in vivo and stimulates endo
thelial cell growth, motility, scattering, and branching morphogenesis
in three-dimensional collagen gels (10, 27). Neovascularization is a@
hallmark of malignant gliomas, which is generally associated with
hemorrhage, vein thrombosis, and tumor necrosis (1). Thus, the en
dothelial hyperplastic activity characteristic of glioblastoma multi-@
formes is consistent with the potent angiogenic activity of HGF/SF in =
vivo (10). Whereas vascular endothelial growth factor is a potent
endothelial-specific mitogen and also a potential angiogenic factor in
human gliomas in vivo (28), we have shown that in vitro, HGF/SF
does not influence vascular endothelial growth factor expression in
our glioma cell lines (data not shown), suggesting that HGF/SF may NHA@ DBTRG@ u-isa 1.1-373@ sw-im@ â€Ũ-118
independently stimulate angiogenesis. The colocalization in viva of

. . Fig. 4. Effect of HGF/SF on NHA and glioma cell growth. migration, and invasion.

Met and HGF/SF in tumor vasculature suggests that autocnne and/or Growth(A),migration(B), and invasion(C) assayswere performedas describedin
paracrine Met-HGF/SF signaling either in endothelial cells or adjacent â€œMaterialsand Methods.â€•Anti-HGF neutralizing antibody was used at 1 j.@g/ml.Ten
tumor cells may play an important role in the neovascularization ma&)mfieldswerecountedin eachassay.Eachsamplewasassayedin triplicate.and

. . . assays were repeated three times. Each value represents the mean of three independent

process in gliomas. Met and HGF/SF were also detected in NHA cells. experiments Â±SE.
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Urokinase-type plasminogen activator has been detected in gli
oma cells and tissues (17, 30). Tumor invasion is a complex
multistep process that involves motility and degradation of matrix
by proteolytic enzymes. Activation of the urokinase-type plasmin

@ ogen activator proteolysis network by Met-HGF/SF signaling has
been associated with the invasive metastatic phenotype of human
tumor cells (22) and may be involved in glioma invasion. Curi
ously, U- 118 cells, which express the highest level of HGF/SF,
were most responsive mitogenically to HGF/SF but were least
responsive in the migration and invasion responses compared with

the other four glioma cell lines. The reasons for this variation are
unknown, but if epigenetic variation of the levels of HGF/SF and
Met expression influences the activities of proliferation and inva
sion, as suggested by Rong et a!. (6), this could contribute to the
poor prognosis of these tumors.
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proliferative or motogenic activities of all five glioma cell lines.
Moreover, HGF/SF is a potent mitogenic (29) and motogenic stimu
lator and directly elicits these activities in the glioma cells tested (Fig.
4). This occursin cells autocrinefor Met-HGF/SFwhen thereis
excess p14Ã˜Metrelative to the level of HGF/SF being expressed.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5391/2465363/cr0570235391.pdf by guest on 19 M

ay 2023



EXPRESSION AND REGULATION OF Met-HGF/SF IN HUMAN GLIOMAS

Gaglia, P., Zara, P., and Comoglio, P. M. Expression of the Met/HGF receptor in
normal and neoplastic human tissues. Oncogene, 6: 1997â€”2003,1991.

17. Moriyama, T., Kataoka, H., Tsubouchi, H., and Koono, M. Concomitant expression
of hepatocyte growth factor (HGF), HGF activator and c-met genes in human glioma
cells in vitro. FEBS Lett., 372: 78â€”82, 1995.

18. Wullich, B., Muller, H-W., Fischer, U., Zang, K-D., and Meese, E. Amplified met
gene linked to double minutes in human glioblastoma. Eur. J. Cancer, 29A: 1991â€”
1995,1993.

19. Klineberg, E., Tsarfaty, I., Alvord, W. G., Sathyanarayana, B. K.. and Resau, J.
Correction and quantification of normal differentiation in human epithelium. Appli
cation for Optimas 4.0 image analysis program. Cell Vision, 3: 402â€”406, 1996.

20. Rong, S., Jeffers, M., Resau, J. H., Tsarfaty, I., Oskarsson, M., and Vande Woude,
G. F. Met expression and sarcoma tumorigenicity. Cancer Res., 53: 5355â€”5360,1993.

21. Albini, A., Iwamoto, Y., Kleinman, H. K., Martin, G. R., Aaronson, S. A., Kozlowski,
J. M., and McEwan, R. N. A rapid in vitro assay for quantitating the invasive potential
of tumor cells. Cancer Res., 47: 3239â€”3245,1987.

22. Jeffers,M.,Rong,S., and VandeWoude,G. F. Enhancedtumorigenicityandinva
sion-metastasis by hepatocyte growth factor/scatter factor-Met signalling in human
cells concomitant with induction of the urokinase proteolysis network. Mol. Cell.
Biol.,16:1115â€”1125,1996.

23. Chomczynski. P., and Sacchi, N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol chloroform extraction. Anal. Biochem., 162: 156â€”
159,1987.

24. Kamalati,T., Thirunavukarasu,B.,Wallace,A., Holder,N., Brooks,R., Nakamura,

T., Stoker, M., Gherardi, E., and Buluwela, L. Down-regulation of scatter factor in
MRC 5 fibroblasts by epithelial-derived cells. A model for scatter factor modulation.
J. Cell Sci., 101: 323â€”332,1992.

25. Kitamura, N. Scatter factor and cell motility. Gan To Kagaku Ryoho, 20: 410â€”416,
1993.

26. Rong, S., Bodescot, M., Blair, D., Dunn, J., Nakamura, T., Mizuno, K., Park, M.,
Chan, A., Aaronson, S., and Vande Woude, G. F. Tumorigenicity of the met
proto-oncogene and the gene for hepatocyte growth factor. Mol. Cell. Biol., 12:
5152â€”5158,1992.

27. Rosen, E. M., Jaken, S., Carley, W., Luckett, P. M., Setter, E., Bhargava, M., and
Goldberg, I. D. Regulation of motility in bovine brain endotheial cells. J. Cell.
Physiol., 146: 325â€”335,1991.

28. Plate, K. H., Breier, G., Weich, H. A., and Risau, W. Vascular endothelial growth
factor is a potential tumor angiogenesis factor in human gliomas in vivo. Nature
(Lond.), 359: 845â€”848, 1992.

29. Jeffers, M., Rao, M. S., Rulong, S., Reddy, J. K., Subbarao, V., Hudson, E., Vande
Woude, G. F., and Resau, J. H. Hepatocyte growth factor/scatter factor-Met signaling
induces proliferation, migration and morphogenesis of pancreatic oval cells. Cell
Growth Differ., 7: 1805â€”1813,1996.

30. Ferracini, R., Di Renzo, M. F., Scotland), K., Baldini, N., Olivero, M., Lollini, P-L.,
Cremona, 0., Campanacci, M., and Comoglio, P. M. The Met/HGF receptor is
overexpressed in human osteosarcomas and is activated by either a paracrine or an
autocrine circuit. Oncogene, 10: 739â€”749, 1995.

5398

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5391/2465363/cr0570235391.pdf by guest on 19 M

ay 2023


