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ABSTRACT

Ghioblastomas were examined for abnormalities in fibroblast growth
factor receptor (FGFR) expression by polymerase chain reaction and
Immunocytochemical analysis. Polymerase chain reaction analysis dem
onstrated that FGFR1 mRNA levels were significantly higher in glioblas
tomas than in normal brain adjacent to the tumor or in untransformed

human brain. These results were consistent with immunocytochemical
localization of FGFR1 protein in glioblastomas: glioblastoma cells exhib
lted intense FGFR1 immunoreactivity in frozen sections oftumor and low
to undetectable FGFR1 immunoreactivity in adjacent normal brain or in

normal white matter obtained from patients wIthout neoplastic disease.
Endothellal cells of capillaries and larger vessels within the tumor were
devoid of FGFR1 immunoreactivlty. All glioblastomas evaluated in the
present study expressed FGFR1 mRNA and FGFR1 immunoreactivity.
Examination of the FGFR1 gene by Southern blot analysis indicated that
overexpression of FGFR1 mRNA In glboblastomas did not result from
gene amplifIcation.

These results indicate that glloblastoma cells, In contrast to endothelial
cells within the tumor, display increased levels of FGFR1. Therefore,
FGFR1 signal transduction may be associated with increased autocrine
growth activity of tumor cells and is probably not related to the increased
endothellal cell proliferation associated with these tumors.

INTRODUCTION

Glial cell-derived neoplasms (gliomas) compose the vast majority
of primary central nervous system tumors in humans (i, 2). Most of
these neoplasms arise from cells of the astrocyte lineage. While the
etiology of astrocytic tumors remains obscure, recent cytological,
biochemical, and molecular analyses have defined several events that
may correlate with the progression of astrocytomas. One event that
correlates strongly with increasing malignancy of astrocytes is the
development of new vasculature. Endothelial cell proliferation, an
event required for neovascularization, is characteristic of glioblasto
mas, which are the most malignant of the astrocytic tumors. The
abundant vascularity associated with malignant astrocytomas is
clearly demonstrated by histological and imaging studies (3). The high
degree of vascularity and invasiveness that characterize glioblastomas
may relate to the aberrant expression of angiogenic growth factors or
growth factor receptors.

bFGF3 is a heparin-binding protein widely recognized for its mi
togenic and angiogenic properties. bFGF is mitogenic for a wide range
of cell types, consistent with its diverse distribution in many normal
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and malignant tissues (4). A role for bFGF in tumor development is
supported by observations that transfection of cells with the bFGF
gene increases autocrine growth in monolayer culture and in soft agar
(5â€”9).In addition, several recently described oncogenes discovered in
human tumors encode proteins structurally related to the FGF family
(iOâ€”i5).The biological responsesof FGFs are mediatedthrough
specific high-affinity transmembrane receptors. Four structurally re
lated genes encoding five high-affinity receptors have been identified
(i6â€”21).

Glioma cells express at least two members of the FGF family, aFGF
(22, 23) and bFGF (24â€”29).The identification of FGF proteins and
receptors (26) in human glioma cells suggested that these growth
factors contribute to glioma growth and invasion via an autocrine
pathway. Suppression of bFGF expression by antisense oligode
oxynucleotides inhibits the growth of transformed human astrocytes
in culture (30, 3i). While increased expression ofbFGF and aFGF has
been detected in malignant astrocytomas relative to normal brain (23,
24, 28, 29), parallel changes in the FGF receptor have not been as well

defined. In this study we examined the expression of FGFR1 in human
glioblastomas and in normal human brain to assess whether changes
in FGFR1 expression are associated with neoplastic progression in
human astrocytes or the vascular alterations that typify glioblastomas.

MATERIALS AND METHODS

Tissue Specimens. Samples were obtained from patients who underwent
surgery to remove a primary brain tumor. Only individuals with a diagnosis
of glioblastoma multiforme (astrocytoma IV) were included in this analysis
as classified according to the WHO criteria (32). Sections of histologically
normal brain adjacent to tumor, that was removed as part of a radical tumor
resection, were also studied. In addition, normal human white matter
obtained postmortem was used for immunocytochemistry. All tissue sam
ples were frozen at the time of tissue removal and were stored frozen at
â€”75Â°Cuntil used.

Tumors were classified and graded on the basis of paraffin sections. The
relative proportion of tumor cells and normal cells in each tissue section that
was used for RNA-PCR analysis was assessed by microscopic examination of
sequential sections stained with hematoxylin and eosin.

Permission to perform this study was granted by the Human Subjects
Committee Institutional Review Board at Good Samaritan Hospital and Mcd
ical Center, the University of Washington School of Medicine, and the Uni
versity of Texas M. D. Anderson Cancer Center.

CellUne& Threehumanmalignantgliomacell lines,SNB-i9, U373MG,
U251MG, were derived from malignant astrocytic tumors (33, 34). The cell
lines were Mycoplasma free and were maintained as previously described (35).

RNA-PCR Analysis. Relative levels of expression of FGFR1 and FGFR2
transcripts in gliobbastoma samples and in normal brain adjacent to tumor were

determined by RNA-PCR analysis. Polyadenylated mRNA was extracted by
using the MicroFast Track kit as per instructions of the manufacturer (Invitro
gen, San Diego, CA). For tumor and adjacent normal brain, RNA was cx
tracted from twenty 4-pm frozen sections. First-strand DNA synthesis was
performed by using a cDNA cycle kit (Invitrogen) and random primers. For
analysis of human FGFR1, nucleotide primers Pia, corresponding to nude
otides â€”67to â€”44at the 5' end, and Pib, complementary to nucleotides
1014â€”1035at the 3' end of the mRNA for FGFR1 (36), were used as
previously described (37). Nucleotide primers corresponding to nucleotides
955â€”976at the 5' end and complementary to nucleotides 1594â€”1615 at the 3'

2794

Fibroblast Growth Factor Receptor Gene Expression and Immunoreactivity Are
Elevated in Human Glioblastoma Multiforme'

RichardS. Morrison,2FumioYamaguchi,Janet M. Bruner,MarkTang, WallaceMcKeehan,and MitchelS. Berger
R. S. Dow Neurological Sciences Institute and Comprehensive Cancer Center, Good Samaritan Hospital, Portland, Oregon 97209 [R. S. M., F. Y, M. T.J; Department of
Pathology, The University of Texas, M. D. Anderson Cancer Center, Houston, Texas 77030 [J. M. B.]; Institute of Biosciences and Technology, Texas A&M University,
Houston, Texas 77030 [W MI; and Department ofNeurosurgery, University of Washington, Seattle Washington 98195 fM. S. B.]

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/10/2794/2453855/cr0540102794.pdf by guest on 19 M

ay 2023



FGFR EXPRESSION IN GUOBLASTOMAS

end of the mRNA for FGFR1 were also used to amplify a separate 617-base
pair PCR product. For analysis of human FGFR2, we used nucleotide primers
Pia-R2 (5'-AAGTGTGCAGATGGGATFAACGTC-3'), corresponding to
nucleotides i13â€”i36at the 5' end of the mRNA, and Pib-R2 (5'-ATTAC
CCGCCAAGCACGTATAT-3'), complementary to nucleotides 1196â€”1217at
the 3' end (38). PCR was generally performed for 30 cycles at 96Â°Cfor 30 s,
64Â°Cfor iS 5, and 72Â°Cfor 60 s with a Perkin-Elmer Cetus Gene Amp PCR
system 9600. To ensure that cDNA synthesis was successfully completed from
mR@NA.GAPDH cDNA was amplified by using nucleotide primers corre
spondi@@gto nucleotides 27â€”46at the 5' end (5'-ACGGAlTFOGTCGTATT
000-3') and complementary to nucleotides 238â€”257 (5'-TGAflTfG
GAGGGATCTCGC-3') at the 3' end of GAPDH mRNA (39). Conditions
were the same as those used for FGFR1. The GAPDH amplification product
was radiolabeled with [32P]dCl'P during the final two PCR cycles (32 total
cycles), run on a 6% polyacrylamide gel and exposed to X-ray film. Reaction
mixtures (25 p3) contained 10 mM Tris-HC1 (pH 8.3), 1.5 mM MgCl2, 50 m@i
KC1,0.1 mg/mI gelatin, 0.8 unit of Taq polymerase (Perkin-ElmerCetus,
Norwalk, Cr), 0.20 mM deoxynucleotide triphosphates, and 0.5 @LMconcen
trations of each primer.

PCRproductswereseparatedon 1.5%agarosegelsandtransferredto nylon
membrane filters (Hybond-N, Amersham, Arlington Heights, IL). The filters
were hybridized to a 32P-labeled FGFR1 oligonucleotide complementary to
nucbeotides 610â€”630 (36), which is derived from a sequence common to a, @,

and-yisoforms(5'-ATAACGGACCTFGTAGCCFCC-3')andinternalto PCR
primers Pla and Pib. FGFR2 amplification was monitored by using an
oligonucleotide corresponding to nucleotides 192â€”212 (5'-GGTCGTf
TCATCTGC-CFGGTC-3') (38). FGFR1- and FGFR2-specific oligonucleo
tides hybridized only with their own amplification products. PCR amplification
was evaluated through a range of 20 to 40 cycles. Accumulation of PCR
amplification products was linear through 32 cycles. All PCR-Southern blots
were performed a minimum of three times for every sample.

Southern Blot Analysis. Human genomic DNA was extracted from brain
samples (40), digested with EcoRl, and resolved on a 0.8% agarose gel. DNA
transfer to nitrocellulose was performed according to standard techniques (40).
The blots were prehybridizedand hybridized as described above for the
PCR-Southern blots except that a human FGFR1 cDNA was used in place of
FGFR1-speciflc oligonucleotides. The insert was isolated from the plasmid and
labeled with 32P-dCTPwith the use of the Megaprime random priming kit
(Amersham).The Southernblotswerewashedthreetimesfor20 misteachtime
at 55Â°Cin 0.2 X standard saline citrate and 0.2% sodium dodecylsulfate and
once in 0.1 x standard saline citrate at room temperature for 15 mm. The blots
were then exposed to KOdakX-ray film for 2 days.

FGFR Immunocytochemistry. FGFR1immunoreactivitywas analyzedin
frozen sections of normal human brain white matter and glioblastomas by
using the FGFR1-specific monoclonal (M2F12) and polyclonal (MO) anti
bodies (41). Monocbonalantibody M2F12, which was used for most of the
immunostaining, was derived from a mouse immunized with FOFR1a antigen
(three immunoglobulin domain form). The M2F12 epitope was mapped to the
19-residue a loop I N'@2terminus. Loop I is contained within the first
immunogbobulin domain which represents the least structurally conserved
immunogbobulin domain among the four FGFR family members. As expected,
M2F12 failed to cross-react with FGFR2 although FGFR1 exhibits greater
structural homology to this receptor than any of the other FGFR proteins.

All specimenswereobtainedfresh;representativepiecesweremountedin
OCT compound (Tissue-Tek, Miles Laboratories, Elkhart, IN) and rapidly
frozen in dry ice and ethanol. Frozen tissue blocks were stored at â€”80Â°C.
Sections for immunocytochemistry were cut at 4 pm, mounted on aminoe
thoxysilane-coated glass slides, and fixed for 10 mm in cold (â€”20Â°C)acetone.

FGFR1 expression was detected by using an indirect avidin-biotin complex
immunocytochemical method (42). Appropriate concentrations of the primary
antibodies were determined by titering on positive control tissue, which con
sisted of normal human cerebellum and cerebral cortex with adjacent white
matter. The primary antibodies were diluted 1:500 in 1% bovine serum
albumin in phosphate-buffered saline. Frozen sections of normal white matter
or glioblastomatissue were incubatedwith the dilutedM2F12 monocbonalor
MO polycbonalantibodiesovernightat4Â°Cin ahumidifiedchamber,washed
in buffer, and sequentially incubated in biotinylated horse anti-mouse (for
M2F12) or biotinylated goat anti-rabbit (for A50) secondary antibodies (both
from Vector Laboratories,Burlingame,CA), avidin-horseradishperoxidase

(Enzo Diagnostics, Inc., New York, NY), and aminoethylcarbazole (Sigma
Chemical, St. Louis, MO) in N,N-dimethylformamide for color development.

Sections were counterstained in hematoxylin, and coverslips were mounted
with Aquamount (Lerner Laboratories, Pittsburgh, PA).

Positive immunoreactivity appeared as a dark red-brown precipitate in the

cell cytoplasm. Negative controls included frozen sections of all human brain
specimens incubated with the use of the same procedure, but an unrelated
primary antibody or buffer alone replaced the primary antibody. Sequential
frozen sections stained with hematoxylin and eosin were used to confirm the
presence of representative normal or tumor tissue for each sample and to aid
in the precise tissue and cellular distribution of FGFR1 immunoreactivity.

RESULTS

FGFR1 mRNA Is Overexpressed in Glioblastomas Relative to
Normal Brain. FGFR1 mRNA expression was evaluated by PCR
with the use of cDNA prepared from frozen sections of histologically
defined glioblastomas and normal human brain. Since PCR is more
sensitive than Northern blotting, this method circumvented any pos
sible difficulties in obtaining sufficient quantities of RNA from nor
mal brain tissue to normalize for RNA loading. In addition, the
sensitivity of the PCR method allowed for direct comparison of tumor
and adjacent normal brain samples. FGFR1 oligonucleotide primers,
as described by Hou et a!. (37), were used to amplify cDNAs corre
sponding to an NFI2-terminal motif containing three (a) or two ((3)
immunogbobulin-bike disulfide loops. PCR amplification of cDNA
prepared from frozen sections of histologically defined glioblastomas
demonstrated abundant expression of FGFR1 transcripts, which in
cluded a and 13motifs (Fig. 1, Lanes 1â€”4).The a and (3amplification
products observed in glioblastoma samples were identified as FGFR1
transcripts by PCR-Southern blot analysis, using an internal sequence
oligonucleotide and by direct DNA sequencing. In marked contrast,
frozen sections derived from normal brain adjacent to the glioblas
toma expressed low to undetectable levels of FGFR1 mRNA (Fig. 1,
Lanes 5â€”8).The paucity of FGFR1 amplification product in these
normal brain specimens was not related to the absence or quality of
mRNA, inasmuch as PCR amplification for FGFR2, using the same

adjacent normal brain cDNA samples as in Fig. IA, Lanes 5â€”8,
demonstrated abundant expression (Fig. lB. Lanes 5â€”8).Glioblas
toma samples exhibited reciprocally low levels of FGFR2 expression
(Fig. 1B, Lanes 1â€”4),in accordance with our recent findings (43).

To confirm that increased FGFR1 expression in glioblastomas was
not dependent on the location of the amplified target region used in
the PCR analysis, we used an additional set of primers corresponding
to a second site on the FGFR1 transcript. The second site encom
passed the cytoplasmic, tyrosine kinase domain of FGFR1. Glioblas
toma samples also displayed abundant levels of FGFR1 mRNA fob
lowing amplification ofthe cytoplasmic domain (Fig. 1D, Lanes 1â€”3).
In a manner consistent with amplification of the extracellular domain,
normal adjacent brain continued to display low levels of FGFR1
amplification product (Fig. U), Lanes 4 and 5). Thus, PCR amplifi
cation of two distinct sites on the FGFR1 transcript gave similar
results: abundant FGFR1 expression in glioblastoma tissue and little
to none in normal white matter adjacent to the tumor. Intact mRNA in
adjacent normal brain samples was also demonstrated by amplifying
the constitutively expressed GAPDH gene (Fig. 1E, GAPDH). Adja
cent normal brain samples demonstrated strong amplification to levels
similar to those generated by the glioblastoma samples (Fig. 1, C and
E, GAPDH). From all these results, we conclude that FGFR1 mRNA
expression was elevated in glioblastomas relative to all normal human
brain specimens examined in this study.

Immunolocalization of FGFR1 in Glioblastomas. The relative
level of expression and the identity of cells expressing FGFR1 was
determined by immunocytochemical analysis on frozen sections of
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absence of primary antibody or in the presence of a nonspecific IgG
(Fig. 2D). However, adjacent normal brain astrocytes stained in
tensely when we used a monocbonal antibody that recognizes glial
fibrillary acidic protein (data not shown) or a rabbit polycbonal anti
body against FGFR2 (data not shown), confirming that the absence of
FGFR1 immunoreactivity in adjacent normal brain was not related to
differences in cell density or procedural artifacts.

Since most glioblastomas arise in white matter, separate biopsies
(n 3) of white matter obtained at autopsy of patients without brain
disease were also analyzed for FGFR1 immunoreactivity. Normal
white matter displayed very faint FGFR1 immunoreactivity (data not
shown). These results correlate well with the low abundance of
FGFR1 mRNA observed in white matter samples by PCR (Fig. 1A,
Lanes 5â€”8;Fig. 1D, Lanes 4 and 5). They strongly suggest that
astrocytes in cerebral white matter do not express FGFR1 under
normal conditions, as suggested by recent FGFR1 in situ hybridization
studies (44â€”48).

The FGFR1 immunobocalization studies demonstrated that dc
vated FGFR1 expression is restricted to malignant astrocytes. As a
further confirmation of this finding, FGFR1 and FGFR2 expression
were analyzed in glioblastoma cell lines. As seen in Fig. 3, glio
blastoma cell lines displayed abundant FGFR1. All three cell lines
displayed a predominance of the (3 transcript (bottom) as observed
with glioblastoma tissue sections (Fig. IA, Lanes 1â€”4).In addition
to expressing the a and 13 transcripts, they also expressed the y
transcript (middle). This third, alternatively spliced transcript,
purportedly encodes an intracellular form of FGFR1 containing
two IgG-like disulfide loops (37). The glioblastoma cell lines also
showed low to undetectable expression of FGFR2, similar to the
findings obtained with glioblastoma tissue sections (Fig. 1B, Lanes
1â€”4).The demonstration that the pattern of FGFR expression in
glioblastoma cell lines parallels that observed in glioblastoma
tissue sections suggests that FGFR alterations in the frozen tumor
sections reflect changes in malignant astrocytes.

Absence of FGFR Gene Amplification. Southern blot analysis
was performed to determine if the increase in FGFR1 mRNA expres
sion in glioblastomas was due to amplification of the FGFR1 gene.

DNA was isolated from glial tumors of various degrees of malignancy
and from nonneoplastic white matter obtained from patients at the
time of epilepsy surgery. As previously demonstrated for normal
human tissue (49), two major bands of 10.0 and 4.0 kilobases were
detected on Southern blots for the human FGFR1 gene after restriction
digestion with EcoRI (Fig. 4). Analysis of DNA prepared from
glioblastomas did not detect any amplification or gross rearrangement
ofthis gene. The pattern of hybridization looked virtually identical for
nonneoplastic brain, low-grade gliomas, and glioblastomas. Restric
tion digestion with BamHI produced similar results to those with
EcoRI in that there was no difference in the hybridization pattern or
band intensity between glial tumors and nonneoplastic brain (data not
shown). However, a meningioma and an oligodendroglioma (Fig. 4,
Lanes 1 and 3) did exhibit additional bands by Southern analysis,
suggesting that alterations in the FGFR1 gene may occur in some
non-neuroectodermal tumors and nonastrocytic gliomas.

DISCUSSION

Glioblastomas are the most aggressive and phenotypically trans
formed of the astrocytomas. These tumors exhibit numerous genetic
alterations (50) that presumably endow glioblastoma cells with a
selective growth advantage. The overexpression of growth factors and
their receptors has been implicated in the genesis and maintenance of
a variety of human neoplasms. The putative growth factor receptor
c-neu (c-erbB-2) has been detected in a significant number of human
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Fig. 1. Analysis of FGFR1 and FGFR2 mRNA by PCR amplification of extracehlular
and intracellular domains. mRNA was prepared from frozen sections of tumor (Aâ€”C,

) Lanes 1â€”4;D and E, Lanes 1â€”3),and adjacent normal brain (Aâ€”C,Lanes 5â€”8,D and E,
Lanes 4 and 5) derived from separate patients. RNA-PCR-Southern blotting was per
formed as described in â€œMaterialsand Methods.â€•Direct sequencing of the amplified
cDNAs supported our identification of all amplification products. A, FGFR1 amphifica
tion; B, FGFR2 amplification. The FGFR2@ (0.8-kilobase) fragment represents a novel
form of FGFR2 containing two immunoglobulin domains but lacking the acidic box
domain (43). C and E, to ensure that cDNA synthesis was successfully completed from
mRNA, GAPDH was amplified and radiolabeled separately for each specimen by using
the same amount of cDNA as described in â€œMaterialsand Methods.â€•These gels are
representative of three separate experiments. D, a second sequence on the FGFR1
transcript, corresponding to an intracellular domain of FGFR1 was amplified separately as
previously described (30). Ghioblastomatissue sections distinct from those used in Fig. 1,
Aâ€”Care represented in Lanes 1â€”3and normal adjacent brain sections are represented in
Lanes 4 and 5.
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glioblastomas. As seen in Fig. 2 A and B, gliobbastomas displayed
intense immunoreactivity in response to an FGFR1-specific mono
clonal antibody (M2F12) (41). Immunoreactivity was restricted to
tumor cells, with approximately 40â€”60%of the cells positive. As
the section of tumor displayed in Fig. 2A it clearly illustrates the
differences in FGFR1 expression between tumor and adjacent
normal brain. Adjacent normal brain, as seen in the higher power
micrograph (Fig. 28), exhibited little detectable immunoreactivity;
a few intensely labeled cells did appear to be tumor cells infiltrat
ing normal brain tissue. This result is consistent with the PCR
analysis (Fig. 1) demonstrating abundant levels of FGFR1 mRNA
in tumor but not in adjacent normal brain.

In marked contrast to the glioblastoma cells, the endothelial cells
within capillaries and larger vessels in the tumor were devoid of
FGFR1 immunoreactivity (Fig. 2C). However, strong immunoreac

tivity was observed in tumor cells immediately adjacent to small
vessels and in some cells located in the adventitial layer of larger
vessels (Fig. 2C).

Glioblastomas from eight patients were evaluated in this study, and
all of them displayed strong FGFR1 immunoreactivity and clear
demarcation between the positive tumor and the negative adjacent
normal brain. Identical patterns of immunoreactivity were obtained by
using FGFR1-specific monoclonal (M2F12) and polyclonal (MO)
antibodies. There was no detectable staining of the tumor in the
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Fig.2. FGFR1immunoreactivityis presentin humanglioblaxtomas(A-D).A, lowpowermagnificationof a frozensectionof a glioblastomaandadjacentbrain.Immunohisto

chemical stainingfor FGFR-1 (antibody M2F12)shows cytoplasmic staining ofthe neoplastic astrocytes(top and leftside), but absence ofstaining in the adjacent normal brain (center),
and staining of the cytoplasm of infiltrating tumor cells (lower right). Immunoperoxidase for M2F12 with hematoxylin counterstain. X 160. B, higher magnification of frozen
glioblastoma section immunostained for M2F12 antibody. Cytoplasmic staining is seen in the tumor (top), but immunoreactivity is absent in the adjacent normal brain tissue (lower
left and center). Immunoperoxidase for M2F12 with hematoxylin counterstain. X 400. C, small blood vessel with adjacent tumor cells. Positive immunostain shows reactivity for M2F12
in the tumor cells surrounding the vessel and adjacent to it; however, the endothelium of the blood vessel (arrowheads) fails to react. X 1600. D, negative control of similar area from
the samepatientusingnonspecificbgGshowsabsenceof reactivityin tumorandvessel.X 1600.

breast carcinomas (51), while the epidermal growth factor receptor
gene is amplified in approximately 30â€”40%of human glioblastomas
(52). Amplification of the bFGF-related int-2 and list genes as well as
FGFR1 and FGFR2 has also been observed in a small percentage of

breast tumors (49, 53). Since glioblastomas are characterized histo
logically by increased cellularity and vascularity, it has been sug
gested that altered expression of growth factors or their receptors
contributes to the abnormal growth and progression of these tumors.

The following results support the idea that FGFR1 expression is
elevated in human glioblastomas: (a) all glioblastomas evaluated in
this study expressed elevated levels of FGFR1 mRNA relative to all
nonneoplastic human brain tissue; (b) frozen sections derived from
glioblastoma tissue exhibited intense FGFR1 immunoreactivity, while
adjacent normal white matter was essentially devoid of FGFR1 im
munoreactivity; (c) FGFR1 immunoreactivity was specifically local
ized to glioblastoma cells in contrast to endotheial cells and normal
astrocytes. These results disagree, however, with a recent study re

porting no difference in FGFR1 expression between gliomas and
normal brain (54). These differences may reflect the fact that the

present analysis was performed with histologically defined frozen
sections of tumor or normal brain, whereas tumor biopsies may
contain variable proportions of tumor and normal tissue. Further
more, only two normal brain specimens were analyzed in the latter
study (54), and these exhibited markedly different levels of FGFR1
expression from one another. In addition, the study was limited to
an analysis of mRNA and did not include immunocytochemical
localization.

The mechanism underlying elevations in FGFR1 expression in
glioblastomas is not understood. Elevations in FGFR1 mRNA could
reflect increased expression by individual glioma cells. Alternatively,
elevated levels of FGFR1 mRNA could result from the increased
numbers of endothelial cells in these tumors, which are known to
express FGFR in vitro (55, 56). However, our data localizing FGFR1
immunoreactivity specifically to glioblastoma cells suggest that an
elevation in FGFR1 expression in glioblastomas is not related to the
vascular changes that are so prominent in these tumors. These results
are supported by recent in situ hybridization studies which failed to
detect FGFR1 mRNA in endothelial cells in vivo (44â€”48).
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constant proliferative signal. This is consistent with observations that
the growth of cultured gliobbastoma cells is significantly inhibited
following application of FGFR1-specific antisense oligonucleotides.4
Furthermore, the lack of FGFR1 gene expression and immunoreac
tivity in normal white matter astrocytes strongly implies that FGFR1
expression is abnormally activated in neoplastic glial cells. This is
consistent with the demonstration that the FGFR normally expressed
by white matter astrocytes is FGFR2 (47). It will be worthwhile to
determine if the process that activates FGFR1 expression in astrocytes
produces additional alterations in the FGFR signaling pathway. Re
sults from the present study indicate that FGFR1 activation does not
result from gene amplification. This is consistent with a previous
report demonstrating a lack of FGFR1 gene amplification in cultured
human glioblastoma cells (59). Induction of FGFR1 in other tumor
types suggests that FGFR1 activation may be a generalized response
of many cell types to neoplastic transformation (60).

In summary, FGFR1 mRNA was significantly elevated in glioblas
tomas relative to all nonneoplastic human white matter samples eval
uated in this study. This increase correlated with increased FGFR1
immunoreactivity, which was restricted to glioblastoma cells. These
results indicate that FGF signal transduction pathways may play a
critical role in the behavior of astrocytic tumors.
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Fig. 3. Differential expression ofFGFR1 and FGFR2 in human glioma celllines. Equal

quantities of total RNA (1 gig) derived from human glioma cell lines were reverse
transcribed into cDNA as described in â€œMateriaisand Methods.â€•The cDNAs were
amplified through 30 cycles of PCR using either FGFR1- or FGFR2-speciflc primers.
PCR products were electrophoresed through a 1.5% agarose gel, blotted onto Hybond-N
membrane (Amersham), and hybridized with either a 32P-labeled FGFR1- or FGFR2-
specific probe as described in â€œMaterialsand Methods.â€•The membranes were exposed to
Hyperfilm (Amersham) for 12â€”18h. Lane 1, SNB-19 glioma cells; Lane 2, U373MG
glioma cells; Lane 3, U251MG glioma cells. The integrity of cDNA synthesis was
evaluated as described in the legend to Fig. 1.
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