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ABSTRACT

To examine which growth factors correlate with neovascularization in
human brain tumors, the mRNA levels of transforming growth factor a,
transforming growth factor @3,basic fibroblast growth factor, and vascu

lar endothellal growth factor (VEGF) genes were determined by a North
ens blot analysis in surgically obtained human gliomas and meningloma&
The vascular development was determined by counting the number of
microvessels which were Immunnetained with von Wifiebrand factor. We
normalized the growth factor mRNA levels versus the glyceraldehyde
phosphate dehydrogenase mRNA leveL In the 17 gliomas and 16 menin
glomas examined, the mRNA of transforming growth factors a and @3,

basic fibroblast growth factor, and VEGF were expressed at various
levels. Among those 4 growth factors, the mRNA levels of VEGF, but not
those oftransforming growth factors a and @3and basic fibroblast growth
factor, correlated significantly with vascularity in both gliomas (correla
thIn coefflelent r = 0.499; P < 0.05) and meningiomas (correlation coeffi

dent r = 0.779; P < 0.001). These findings thus suggest that VEGF may be
a positive factor in tumor angiogenesis in both human gliomas and
menlnglomas.

INTRODUCTION

Tumor angiogenesis supports tumor enlargement. The transition
from limited to rapid tumor growth often accompanies the transition
from the prevascular to the vascular phase (1, 2). Various growth
factors which are produced from malignantly transformed cells (3,4)
are considered to develop neovascularization-tumor angiogenesis (5â€”
7). Recent study has indicated that induction of angiogenesis may be
due to the down-regulation of an inhibitor of angiogenesis under the
control of wild type p53 and may further be enhanced by additional
expression of angiogenic factors such as VEGF3 (8).

bFGF has no conventional signal sequence (9), but it shows a potent
angiogenic activity in various model systems (6). bFGF acts as an
angiogenic factor in the chick chonoallantoic membrane and corneal
bioassays in vivo (10), and the expression of bFGF is associated with
a switch to the angiogenic phase during the development of dermal
fibrosarcoma in transgenic mice (ii). Angiogenesis model systems in
vitro, proliferation, cell migration, and plasminogen activator produc
tion as well as the formation of tube-like structures of bovine vascular
endothelial cells are all enhanced in response to the exogenous addi
tion of bFGF (12â€”16).In contrast, the TGF-@ family antagonizes the
effects of bFGF (17, 18). EGF and its related family, TGF-a, stimu
lates the angiogenesis in the hamster cheek pouch bioassay (19) or in
the rabbit cornea (20). EGFiTGF-a is angiogenic in human micro
vascular endothelial cells which develop the capillary networks on
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Matrigel (21). EGFITGF-a stimulates proliferation, migration, and
plasminogen activator production as well as tubulogenesis (22â€”28).
The exogenous addition of TGF-@ inhibits the formation of tube-like
structures in type I collagen gel (24, 29).

VEGF is another angiogenic factor which can induce neovascular
ization of the chick chorioallantoic membrane and corneal bioassays
in vivo (30, 31). In an in vitro angiogenesis model, VEOF stimulates

plasminogen activator synthesis and the formation of tube-like struc
tures (32, 33). Furthermore, VEGF also appears to play an important
role in both hypoxia-induced and embryonic angiogenesis (34, 35).

Human brain tumors such as gliomas and meningiomas often
produce high levels of bFGF (36â€”38).Enhanced expression of bFGF
mRNA is observed in many human glioma cell lines (16). On the
other hand, TGF-a is also produced at high levels in various tumor
cells (4), while TGF-(3 is also found in various human tumors (39, 40).
VEGF is abundantly expressed in human gliomas (34, 41). These
results indicate that bFGF, TGF-a, VEGF, and TGF-@3which modu
late angiogenesis are produced in human tumors, particularly, in
human brain tumors.

We investigated which growth factors are closely involved in the
angiogenesis of human brain tumors, and in our present study we thus
examined whether the expression of 4 growth factors, TGF-a, TGF-(3,
bFGF, and VEGF, might be responsible for tumor angiogenesis in
human gliomas and meningiomas.

MATERIALS AND METHODS

Samples Thirty-three patients with brain tumors (17 gliomas and 16 men
ingiomas) form the basis of this study. In all patients, both a tumor resection
and histological confirmation of the tumor were performed. All surgical
specimens were snap-frozen immediately after removal and stored â€”80Â°Cuntil
processing.

Northern Blot Analysis, A human VEGF cDNA probe was kindly pro
vided from H. A. Weich (Biotechnologische Forschung, Department of Gene
Expression, Braunschweig, Germany) and bFGF cDNA was from D. B. Rifkin

(New York University Medical Center). Human TGF-a and TGF-(3 cDNAs

were donated from R. Derynk (Genentech, Inc., South San Francisco, CA).
GAPDH cDNAs was donated from JCRB (Foundation for Promotion of

Cancer Research, Tokyo, Japan). The Northern blot analysis was performed as
described previously (16). The tumor tissue specimens were homogenized in
liquid nitrogen and suspended in 4 M guanidine thiocyanate, 25 mM sodium
citrate (pH 7.0), 0.5% Sarkosyl and 0.1 M 13-mercaptoethanol. We added 2 M

sodium acetate (pH 4.0), water-saturated phenol, and chloroform successively
to samples.Aftervigorousmixing, thesampleswere left on ice for 20 mm and
then centrifuged at 10,000 X g for 20 miii. The aqueous phase was aliquoted,
mixed with isopropyl alcohol, and kept at â€”20Â°Cfor 20 mm. The samples were
then centrifuged at 10,000 X g for 20 rain to obtain the RNA pellet, which was
washed in 75% ethanol and then dissolved in sterile RNase-free water. The
resulting RNA was fractionated through a 1% agarose gel containing 2.2 M

formaldehyde, transferred onto a nylon membrane (Hybond N@; Amersham,

United Kingdom), and UV cross-linked with 0.25 J/cm2 using Fluo-Link (Viler

Lourmat, Marne-La-Vallee, France). The filter was hybridized to 32P-labeled
cDNA probes in Hybrisol (Oncor, Inc., Gaithersburg, MD) for 24 h at 40Â°C
and then washed at room temperature in 2 X SSC (1 X SSC is 15 mM
trisodium citrate dihydrate-150 m@tsodium chloride) and 0.1% SDS, after
which it was washed in 0.2 X SSC and 0.1% SDS. The mRNA levels were
quantified by a densitometric analysis using a Fujix BAS 2000 bioimage
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CaseVEGFbFGFTGF-aTGF-f3VascularcountbHistologyI0.3120.0920.7242.14415.8Astrocytoma21.0010.1191.1121.28155.6Astrocytoma30.31

10.0990.3460.97345.0Astrocytoma40.2750.1551.6981.27126.6Astrocytoma50.0940.0920.0950.39140.2Astrocytoma60.1330.1

100.1330.63024.2Astrocytoma70.4390.0960.4190.98540.6PNET'@80.5640.0670.3881.415132.2Ependymoma91

.1050.0580.2401.03994.4Ependymoma100.5160.0630.4431.10860.8Glioblastoma1

10.3720.1270.3811.70913.4Glioblastoma120.6410.0750.7091.69541.8Glioblastoma130.3890.0690.4950.99042.2Glioblastoma140.4680.1180.2731.56865.0Oligodendroglioma150.5920.1621.2341.72820.2Oligodendroglioma160.45

10.0910.6542.20511.6Medulloblastoma170.3570.0380.3441.36011.6Medulloblastoma

VEGF AND NEOVASCULARIZATIONOF BRAIN TUMORS

Fig. I. Northern blot analysis of TGF-a, TGF-@3,
bFGF, and VEGF in 12 glioma samples (A) and 11
meningioma samples (B). Fifteen @sgof total RNA
were electrophoresed on a 1% agarose-formalde
hyde gel which was then transferred to a nylon
membrane and hybridized with various radiola
beled cDNA probes. As a control, we also used a
GAPDH cDNA probe. Various mRNA levels of 4
growth factor genes were observed.

Table 1 Expression of growth factors and vascular counts in gliomas

Expression index'@

a The expression indices of growth factors were presented when normalized by the GAPDH mRNA level.

b The vascular count was expressed as the number of microvessels observed in an area of 1.035 mm2 using light microscopy.

C PNET, primitive neuroectodermal tumor.
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TGF-$@ @Ã¨@..i*i4$Ã¶ TGF-t3@

TGF-aP@ â€¢1P@@ â€¢ TGF-a@ â€¢.R@ @q .-
GAPDH@ .â€¢â€¢â€¢.....â€¢.. GAPDH@

CaseNo. I 2 3 4 7 8 91011121417 CaseNo. 2122232428293032343536

bFGF@@@ bFGF@@

VEGFP â€¢@ I. VEGFUr.1*5 ts@â€¢@p1@
GAPDH@ o@.ISSOS@@I GAPDH@ @OIISS@@

CaseNo. i 2 3 4 7 8 91011121417 CaseNo. 2122232428293032343536

(A)Gliomas

analyzer (Fuji Photo Film Co., Tokyo, Japan). The expression indices of

VEGF, bFGF, TGF-a, or T0F43 were presented when normalized by the

GAPDHmRNA level in each sample.
Vascular Counting. As a parameter to express tumor angiogenesis, the

number of microvessels within the tumor tissue was counted under light
microscopy using immunohistochemically stained sections. All specimens
were cut into 6-@i.mslices in a cryostat and mounted on gelatin-coated slides.
For the immunohistochemical study, von Willebrand factor (factor VIII) was
stained to detect endothelial cells as described previously (42). After fixation

with cooled acetone for 5 mm, frozen sections were immersed in 3% hydrogen

peroxide in methanol for 30 mm for the endogenous peroxidase block. The
murine monoclonal anti-factor VIII antibody was purchased from Dako
(Glostrup, Denmark) as a primary antibody. It was diluted 200-fold with PBS
and the specimens were incubated with primary antibody at 4Â°Covernight. The

streptavidin-biotin method was used with the Histofine SAB (M) kit (Nichirei
Co., Tokyo, Japan). After a washing in PBS, the sections were visualized by
incubation with 300 @tWmlof diaminobenzidine tetrahydrochloride (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) in 0.05 M Tris buffer (jH 7.6)

containing 0.003% hydrogen peroxide for 5 mm. The vascular count was
expressed as the number of microvessels observed in an area of 1.035 mm2
using light microscopy. In all samples, the number of microvessels was

counted in five different areas and then we calculated their mean.

(B) Meningiomas

Statistics. The data were analyzed statistically by checking Pearson's cor

relation coefficient, and the criterion for statistical significance was P = 0.05.

RESULTS

Expression of TGF-a, TGF4I, bFGF, and VEGF mRNA in
Gliomas and Meningiomas. We carriedout a Northernblot analysis
to examine whether any angiogenic growth factor was expressed in
brain tumors. An example of a Northern blot analysis of TGF-a,
TGF-@, bFGF, VEGF, and GAPDH (internal control, 1.3 kilobases)
mRNA in the glioma and meningioma samples was presented (Fig. 1).
The tumor mRNA level of the 4 growth factors in all gliomas and
meningiomas were determined when normalized by those of the
GAPDH gene. The expression indices were obtained to compare

which growth factor correlates with vascularity within the tumor
tissue among the 4 different growth factors and are summarized in
Tables 1 and 2. Although the samples were limited in number, there
appeared to be no close correlation between the histological tissue
type and the level of each growth factor mRNA expression. The bFGF
and VEGF genes were expressed in various degrees in both gliomas
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VEOF AND NEOVASCULARIZATIONOF BRAIN TUMORS

Table 2 Expression ofgrowth factors and vascular counts in meningiomas

Expression indexâ€•

Case VEGF bFGF TGF-a TGF-@ Vascular countt' Histology

21 0.607 0.062 0.309 0.902 49.2 Meningotheliomatous
22 0.576 0.172 0.475 1.875 60.6 Meningotheliomatous
23 1.237 0.063 0.946 1.909 286.0 Meningotheliomatous
24 0.266 0.088 0.212 1.306 10.4 Meningotheliomatous
25 0.491 0.063 4.636 3.735 16.8 Meningotheliomatous

26 0.469 0.095 0.643 1.859 125.0 Transitional
27 0.359 0.134 0.597 2.300 27.0 Transitional
28 0.280 0.131 0.373 1.987 22.8 Transitional
29 0.367 0.158 0.335 2.146 18.8 Fibrous
30 0.318 0.052 0.268 1.296 10.6 Fibrous
31 0.460 0.093 0.701 1.916 89.8 Fibrous
32 0.557 0.060 0.272 0.654 95.4 Angiomatous
33 0.039 0.095 0.019 0.574 16.4 Psammomatous
34 0.280 0.038 0.152 0.734 40.8 Anaplastic
35 0.260 0.028 0.368 0.748 17.2 Anaplastic

36 0.260 0.032 1.961 0.689 145.0 Anaplastic

a The expression indices of growth factors were presented when normalized by the GAPDH mRNA level.

b The vascular count was expressed as the number of microvessels observed in an area of 1.035 mm2 using light microscopy.

and meningiomas. Glioma cases 2, 8, 9, 10, 12, and 15 and menin
gioma cases 21, 22, 23, and 32 expressed a high level of 3.9-kilobase
VEGF mRNA with mRNA expression indices over 0.5. There ap
peared to be an expression of bFGF 7.0-kilobase mRNA in gliomas
cases 2, 4, 11, and 15 and in almost all cases of meningiomas. TGF-a
and TGF-j3 mRNA, with sizes of 4.5 and 2.5 kilobases, respectively,
were expressed in most of the gliomas and meningiomas at varying
levels.

Determination of Vascular Development. Fig. 2 demonstrated
examples of immunohistochemical staining for factor VIII. Prominent
tumor vessels were observed in case 9 (glioma; Fig. 14) and case 23
(meningioma; Fig. 2B), and both showed relatively higher VEGF
mRNA levels (Fig. 1). By contrast, there appeared to be a poor
development of tumor vessels in case 1 (glioma; Fig. 2C) and case 29
(meningioma; Fig. 2D), and both showed relatively lower VEGF
mRNA levels (Fig. 1).

The vascular counts in gliomas and meningiomas are summarized
in Tables 1 and 2, respectively. They were 43.6 Â±31.0 (SD) in the
gliomas and 61.2 Â±69.6 in the meningiomas.

Correlation of Growth Factor mRNA Level and Vascularity.
We then examined which growth factor was the most closely corre
lated with vascularity in human brain tumors. On the basis of the data
in Tables 1 and 2, we made a statistical analysis using Pearson's
correlation coefficient. Scattered charts with regression lines are
shown in Fig. 3. The correlation coefficients between the vascular
counts and the expression indices of the four growth factors were
0.499 (VEGF), â€”0.342(bFGF), â€”0.247(TGF-a), and â€”0.244(TGF-@)
in gliomas (n = 17) and 0.779 (VEGF), â€”0.211 (bFGF), 0.084 (TGF
a), and â€”0.030(TGF-f3) in meningiomas (n = 16), respectively. The

VEGF mRNA levels were then statistically correlated with tumor
vascularity in gliomas (P < 0.05) and meningiomas (P < 0.001).
VEGF was thus considered to be a candidate factor to induce angio
genesis in both the gliomas and meningiomas, while the other 3
growth factors were determined not likely to possess such an ability.

DISCUSSION

Our present study demonstrated that the expression of the VEGF
gene, but not that of bFGF, TGF-a, and TGF-f3 genes, appeared to be
closely correlated with vascularity in both human gliomas and men
ingiomas. Human gliomas produce a high level of bFGF (16, 36â€”38),
which suggests the existence of a paracrine control of tumor angio
genesis. The in vitro model system for angiogenesis, tubular morpho
genesis in bovine aortic endothelial cells, is enhanced by a co-culture

human glioma cells expressing high bFGF mRNA levels, and this
phenomenon is inhibited by the coadministration of neutralizing
bFGF antibody (16). Furthermore, human glioma cell lines, which
have a high level of bFGF mRNA, efficiently develop capillary

networks in mice (16). Although the expression of bFGF in tumor cell
lines or vascular endothelial cells is also considered to be responsible
for angiogenesis in various model systems in vitro as well as in vivo
(5, 6, 12â€”16),our data using clinical samples suggest that tumor

angiogenesis in human gliomas and meningiomas is not likely due to
the enhanced expression of bFGF in tumors.

In human microvascular endothelial cells, EGF and its related
TGF-a induce cell migration and tubular morphogenesis in an in vitro
model system (22â€”28).Human microvascular endothelial cells induce
tube-like structures in type I collagen gel when cocultured with
TGF-a producing esophageal cancer cells or keratinocytes, while the
administration of neutralizing antibody against TGF-a blocks tubular
morphogenesis by microvascular endothelial cells (24, 28). However,

our present study suggested that it is unlikely that TGF-a was in
volved in the angiogenesis of brain tumors. On the other hand, TGF-f3
often blocks bFGF- or EGFiTGF-a-induced angiogenesis in the in
vitro model systems (24, 29). The expression of TGF-@ was thus

expected to control angiogenesis as a negative factor in vivo. Our
present study demonstrated that there appeared to be no negative
correlation with the vascular counts in either gliomas or meningiomas.

VEGF is apparently up-regulated in central nervous system tumors
in comparison with normal brain (43). There have been several reports
on the localization of VEGF mRNA in tumor cells within human brain
tumor tissue specimens using the technique of in situ hybridization
(34, 41). It is also considered that the expression of VEGF mRNA
within the tumor tissue in the present study is mainly derived from
tumor cells and not from either endothelial cells or other cells. We
have also examined the expression of VEGF mRNA in clinical
samples of hemangioblastomas, neurinomas and metastatic brain tu
mors from lung cancer, and it was concluded that VEGF might also
play an important role in the angiogenesis of those tumors because of
the up-regulation of VEGF mRNA in these tumors.4 The expression
of VEGF is often increased in many human glioma cell lines.4

VEGF induces its signaling through interaction with its receptor,flt,
carrying fins-like tyrosine kinase, which shows a 60% homology to
the platelet-derived growth factor receptor family (44â€”46).The high
affinity tyrosine kinase receptor for VEGF,flt, is not expressed in the

4 Unpublished data.
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Fig. 2. Immunohistochemical staining of Factor
VIII in human brain tumors. Frozen sections (6
pm) were incubated with anti-factor VIII antibody

and the streptavidin-biotin method was performed.
All vascular endotheial cells of frozen sections
were stained immunohistochemicallywith anti-fac
tor VIII antigen. Prominent tumor vascularizations
were observed in A (glioma, case 9) and B (menin
gioma, case 23). In contrast, the tumor vessels were
poorly developed in C (glioma, case 1) and D
(meningioma, case 29). X 100.
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normal brain endothelium but is up-regulated in the endotheium of
the human gliomas, which thus suggests a paracrine control by VEGF
of angiogenesis in brain tumors (41). Millauer et a!. (47) have further
demonstrated that human glioma growth in nude mice is inhibited by
a dominant-negativeflk-1 mutant (47). A relevant study by Kim et aL
(48) also demonstratedthat anti-VEGFmAb administrationcan in
hibit the tumor growth of human rhabdomyosarcoma, glioblastoma
multiforme, or leiomyosarcoma cell lines in nude mice In the rat
glioma model of tumor angiogenesis, the VEGF receptor family, fit-i
or fik-i, is expressed in endothelial cells within the tumor, while
VEGF itself is expressed in the rat glioma cells (49) In this model,
VEGF, but not bFGF or PDGF-B, is specifically induced in response
to hypoxia (49). On the other hand, VEGF, which is highly hypoxia
inducible in glioma cells, is considered to mediate hypoxia-initiated
angiogenesis in brain tumors (34). These recent findings suggest the
common notion that the fi:/VEGF system may play a role in the
angiogenesis of solid tumors, in particular brain tumors. In line with
this theory, our present study with clinical samples may also indicate
that the up-regulation of VEGF may contribute to the neovascular
ization of human gliomas and meningiomas.
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Fig. 3. Correlation between the VEGF expression and vascularity in the glioma (A) and
meningioma (B) samples. The VEOF expression index and the vascular count were
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and the correlation coefficient (r) = 0.779 (n = 16).
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