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ABSTRACT

Primary brain tumors of glial origin often overexpress epidermal
growth factor receptors (EGF-Rs). This may be associated with amplifi
cation of the EGF-R gene. We have examined tissue from 23 glioblastoma

multiforme tumors and found amplification and rearrangement of the
EGF-R gene in four of these. The cytoplasmic domain of the EGF-R

gene was invariably amplified in these four tumors, while the epidermal
growth factor binding domain was not uniformly amplified in three of
these tumors.

Western blot analysis of the EGF-R protein revealed high levels of a
truncated EGF-R protein in two of the four tumors with EGF-R gene
amplification.

INTRODUCTION

The EGF-R2 is a M, 170,000 glycoprotein present on many
normal and malignant epithelial cells (1). The EGF-R domains
include an extracellular EGF binding domain, a transmembrane
region, and an intracellular portion with tyrosine kinase activity
(2). Binding of EGF or transforming growth factor a to the
EGF-R results in activation of the tyrosine-specific kinase
activity (3) and stimulation of DNA synthesis in responsive
cells (4).

We have studied tissue from primary glioblastoma multi-
forme and found amplification of the EGF-R gene involving
the transmembrane, cytoplasmic and only a portion of the EGF
binding domain. This was associated with the production of a
truncated EGF-R protein in two tumors.

The tyrosine kinase domain of the EGF-R has a 97% ho-
mology with v-erb-B transforming protein encoded by the avian
erythroblastosis virus (2). As the \-erb-B protein lacks an EGF
binding domain, its tyrosine-specific kinase activity cannot be
regulated by the binding of EGF (5, 6).

Primary brain tumors of glial origin have been previously
reported to have a higher number of EGF-Rs than normal brain
(7). In some instances, this was associated with amplification
and rearrangement of the EGF-R gene (8). The EGF-R gene
amplification described in these tumors and in a number of
human tumor cell lines, including the A431 cell line, involves
both the extracellular EGF binding domain and the cytoplasmic
tyrosine kinase domain (9,10).

MATERIALS AND METHODS

Specimens and Cell Culture. A431 cells, LIM 1863, and LIM 18993

were grown in RPMI 1640 containing 10% fetal calf serum in an
atmosphere of 5% CO2/95% air at 37'C.
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Glioblastoma multiforme specimens were obtained fresh at the time
of surgical removal. Normal brain was macroscopically normal tissue
removed to allow surgical removal of the tumor.

Analysis of DNA. High-molecular-weight genomic DNA was isolated
as previously described (11). DNA (10 Â¿ig)was digested with EcoRl,
fractionated by electrophoresis through a 1% agarose gel, and trans
ferred to nitrocellulose paper.

cDNA fragments used as hybridization probes (Fig. 1.-I) were derived
from clone X 31 (8) and HER64 (12): Probe I, 1838-base pair EcoRl
fragment for EGF binding and transmembrane domain; Probe II, 399-
base pair Pstl fragment for EGF binding domain; Probe III, 249-base
pair Nael/EcoRl fragment for transmembrane domain; Probe IV, 768-
base pair EcoRl fragment for tyrosine kinase domain; and Probe V,
493-base pair EcoRl/Pstl fragment for carboxyl terminus.

cDNA fragments were nick translated with [a-32P]dATP (Amersham)
and hybridized in 6x SSC-Sx Denhardt's-100 /ig/ml of salmon sperm
DNA-0.1% SDS at 65Â°Cfor 18 h. Filters were washed in 0.2x SSC-
0.1% SDS at 65Â°Cfor 1 h and exposed to XAR-5 (Kodak) film with
intensifying screens at -70Â°Cfor 3 to 10 days.

Analysis of RNA. Poly A" RNA was isolated from cell lines as

previously described (13). Total cellular RNAs were isolated from fresh
tissue samples by homogenization (ULTRA TURRAX) in guanidine
isothiocyanate and pelleted through cesium chloride gradients (14).
Aliquots of 10 Â«igof RNA were heated to 60Â°Cfor 5 min in running

buffer [20 mvi morpholinopropanesulfonic acid (pH 7.0)-5 HIMsodium
acetate-1 mM EDTA] containing 50% formamide and 6% formalde
hyde. Samples were electrophoresed at 80 V for 3 h in 1% agarose
containing 6% formaldehyde and 1x running buffer. RNA was trans
ferred to nitrocellulose with 20x SSC and hybridized with nick-trans
lated cDNA fragments (as above) at 42Â°Cfor 18 h in 50% formamide-

6x SSC-1 HIM4-(2-hydroxyethyl)piperazineethanesulfonicacid (pH 7)-
1 HIMEDTA-100 jig/ml of salmon sperm DNA. The filters were washed
with 0.2X SSC-0.1% SDS at 65Â°Cfor 1 h and exposed to XAR-5 film,
with intensifying screens at â€”70*C.

Analysis of Cellular Proteins. Tissue samples were stored at â€”70*C,

and cellular proteins were extracted in lysis buffer (10%, w/v) contain
ing 0.5% Triton X-100, 1 mM iodoacetamide, 200 units/ml of Trasylol,
and 1 mM phenylmethylsulfonyl fluoride. The homogenate was centri-
fuged for 15 min at 4*C in an Eppendorf microfuge. An equal volume

of SDS sample buffer (15) was added to the supernatant and boiled for
5 min.

Aliquots of 50 n\ were electrophoresed through a 7.5% SDS-poly-
acrylamide gel and transferred to nitrocellulose membrane using a
Trans-Blot apparatus (Biorad) at 60 V in transfer buffer [25 mM Tris
(pH 8.3H90 HIMglycine-3% methanol]. The polyclonal antiserum RK2
(5) was used followed by '"I-labeled Protein A (4.6 x 10' cpm/ml) to

identify the bound antibody.
The filters were washed in sodium phosphate buffer 0.1 % Tween 20

overnight, and the position of the iodinated Protein A was determined
by autoradiography.

RESULTS

In a study of human brain tumors, we have detected EGF-R
gene amplification in 4 of 23 glioblastoma multiforme speci
mens examined. The use of cDNA fragments corresponding to
various domains of the EGF-R as hybridization probes has
revealed that the transmembrane and tyrosine kinase domains
were invariably amplified. However, the EGF binding domain
was not uniformly amplified (Fig. IB). Probe II (399-base pair
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Fig. 2. Northern blot analysis of ni KV\ from glioblastotna multiforme, nor

mal brain, LIM 1863 cells, and LIM 1899 cells with Probe I. Ten ,.u of total
RNA from glioblastoma multiforme and normal brain and 10 >ig of poly A*

selected RNA from LIM 1863 and LIM 1899 cells. The positions of 18S and
28S ribosomal RNAs are shown.
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Fig. 3. Northern blot analysis of mRNA from glioblastoma multiforme and

A43I cells hybridized with Probe IV. Ten ,IKof total RNA from glioblastoma
multiforme and 0.8 ng of poly A* selected RNA from A43I cells.

Fig. 1. A, schematic representation of EGF receptor cDNA. The arrowed
region represents the transmembrane domain (T'A/). The location of restriction

fragments used as hybridization Probes I to V is indicated. B, Southern blot
analysis of DNA from glioblastoma multiforme (G), human placenta (/'/,. 1C).
and A431 cells. The size markers are provided by \-Hindlll digests. The same
filter was reused after denaturation of the hybrids in 5 HIMEDTA at 90'C for 5

min for Probes I to IV.

Pstl fragment) corresponding to a segment near the amino
terminus of the EGF binding domain revealed a hybridization
pattern identical to that seen in normal placenta! DNA in two
of the tumor DNAs with EGF-R gene amplification (G7, G8),
while the third DNA revealed evidence of gene rearrangement
with amplification of the rearranged segment (G14). DNA from
the fourth tumor (G5) revealed uniform amplification of the
entire gene similar to the pattern seen with A431 cell DNA and
that reported for glioblastoma multiforme (8). AH four tumors
with EGF-R gene amplification were associated with re
arrangement of the EGF-R gene, three involving the EGF
binding domain and one (GS) involving the cytoplasmic do
main.

Northern analysis of the RNA from 19 tumors showed en
hanced expression of EGF-R mRNA in 17 tumors, compared
to the level of expression detected in normal brain RNAs. In
tumor G4 the EGF-R mRNA was not detectable, while it was
apparent in the normal brain mRNA (Fig. 2). The highest level
of EGF-R gene expression was in tumor G5 with uniform gene
amplification. Previous studies have shown major transcripts

of 10.6 and 5.8 kilobases for the EGF-R, in addition to a
number of minor transcripts of low abundance (4). While the
10.6-kilobase transcript was detected, the 5.8-kilobase tran
script was usually not visualized in analysis of total RNA;
however, it was evident when poly A* RNA was analyzed (data
not shown). The 3.8-kilobase transcript previously reported by
Libermann was detectable in the RNAs of the four tumors with
EGF-R gene amplification and a further six tumors without
gene amplification (Fig. 3) (8). It was also detectable in RNA
from the human colon cancer cell line LIM 1899.4 Prolonged

exposure of autoradiographs revealed a number of different
sized transcripts, which were independent of the presence of
EGF-R gene amplification.

Northern blot hybridization analysis revealed that the 10.6-
kilobase transcript in Tumor G8 had 2 distinct components
(Fig. 4). The intensity of hybridization with Probe II was
significantly lower compared to adjacent tracks than that ob
tained with Probe I, suggesting one of these 10.6-kilobase
mRNA species lacked coding information for a portion of the
EGF binding domain. This latter transcript originates from the
selectively amplified regions of the EGF-R gene. Insufficient
RNA was available to examine Tumors G7 and G14 in this
way.

Western blot analysis with the RK2 antibody revealed two
major bands in normal brain, A431 cells, and glioblastoma
multiforme (Fig. 5). These bands correspond to the M, 170,000

4 R. Whitehead, manuscript submitted for publication.
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Fig. 4. Northern blot analysis of mKNA from glioblastoma multiforme, nor
mal brain, and A431 cells hybridized with Probes I and II. Ten *igof total RNA
from glioblastoma multiforme and normal brain and 0.8 UKof poly A* selected
RNA from A431 cells. The filter was reused after washing at 65'C in 50%
formamide-IO mM Tris (pH 8.0)-1 min EDTA to denature hybrids.
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Fig. S. Western blot analysis of cellular proteins from A431 cells, placenta,
normal brain, and glioblastoma multiforme using the Rk? antibody. Exposure
times were 4 h for A431, 24 h for GS,7,8, and 14 and 72 h for placenta and brain.l4C-labeled molecular weight markers (Amersham) were as shown (M, x 10~3).

and 150,000 bands reported previously (5). The RK2 antibody
is a polyclonal rabbit anti-peptide antiserum recognizing resi
dues 984-996 of the tyrosine kinase domain of the EGF-R (5).
The smaller band represents a proteolytic cleavage product of
the EGF-R due to a calcium-dependent protease (16-18).

The levels of the EGF-R protein were highest in Tumors G5,
G8, and G14, associated with EGF-R gene amplification. Tu

mor G8 had two shorter bands of apparent molecular weights
of 120,000 and 100,000, as predicted from Northern and South
ern blot analysis, representing a truncated EGF-R. In contrast
to Tumor G8, G14 revealed no abnormality of receptor size
even though selective amplification of the cytoplasmic domain
of the EGF-R gene and gene rearrangement had been docu
mented. In Tumor G5 with uniform amplification of the EGF-
R gene, the receptor proteins measure 140,000 and 120,000.
This truncation may relate to EGF-R gene rearrangement. In
Tumor G7, the M, 170,000 EGF-R protein was not detectable,
even in the presence of detectable mRNA for the protein. This
may be due to heterogeneity of EGF-R levels within the tumor,
which have been reported to vary up to 50-fold (7). Similarly
in cultured human brain tumor cells, the absence of the M,
170,000 protein has been noted, associated with the appearance
of lower molecular weight proteins (19).

A third band with a molecular weight of 80,000 is detected
in the tumors with EGF-R gene amplification and normal
placenta, but was not detected in normal brain. This M, 80,000
protein was overexpressed in Tumor G14 and may represent a
receptor-related protein or alternatively a truncated receptor
protein containing the cytoplasmic domain.

DISCUSSION

The data presented here suggest that gene amplification
selectively involving the transmembrane, cytoplasmic, and only
a portion of the EGF binding domain of the EGF-R occurs in
glioblastoma multiforme. Selective amplification of the cyto
plasmic domain of the EGF-R gene was detected in three of
four glioblastoma multiforme tumors with EGF-R gene ampli
fication and differs from the reported pattern of EGF-R gene
amplification in other tumors. Previously reported examples of
EGF-R gene amplification have involved amplification of both
the extracellular EGF binding domain and the cytoplasmic
domain (9,10, 20). An altered transcript is detectable in Tumor
G8 and results in translation of a truncated EGF-R. In Tumor
G5, a truncated receptor is present. However, in this tumor,
there is no clear evidence of a new overexpressed aberrant
mRNA. The 3.8-kilobase transcript detected in ten of the
tumors does not correlate with the presence of gene amplifica
tion. It is expected that receptor truncation would result in a
loss of EGF binding, with a resultant change in the receptor
signalling activity. In the case of the v-erb-B protein, recent
evidence suggests that the kinase activity of the cytoplasmic
domain could be constitutively activated in the absence of an
EGF binding domain (5).

The apparent overexpression of the EGF-R detected in the
absence of gene amplification has been noted in numerous
tumor cell lines (9, 10). Structural or numerical abnormalities
of chromosome 7 have been associated with increased EGF-R
expression in other tumors (21). The EGF-R gene has been
localized to chromosome 7 (22). Abnormalities of chromosome
7 are a frequent accompaniment of human glioblastoma mul
tiforme (23).

The mechanisms for altering EGF-R numbers include chro
mosomal abnormalities, gene amplification, altered mRNA sta
bility, and changes in receptor degradation rates (18). The
amplification of the cytoplasmic domain of the EGF-R is an
important finding as this can be associated with the increased
expression of a truncated EGF-R that could function independ
ently of growth factor stimulation. Further studies are required
to determine the tyrosine kinase activity of these receptors. It
would appear that rearrangement and amplification of the EGF-
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R gene do not always result in the production of truncated
EGF-Rs.

Although the EGF-R is involved in the control of growth and
differentiation, the important component of the EGF-R in
volved in these processes remains to be elucidated (24). The
homology of the avian erythroblastosis virus-transforming pro
tein erb-R to the EGF-R and the overexpression of the EGF-R
in tumors suggest that the overexpression of the EGF-R could
result in transformation. Selective amplification of the cyto
plasm ie domain of the EGF-R, with the resultant growth factor-
independent expression of a constitutively activated tyrosine
kinase domain, may provide a mechanism whereby normal cells
can be transformed into malignant cells.
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