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ABSTRACT

Anomalies of the epidermal growth factor receptor (EGFR) gene,
including amplification, rearrangement, and overexpression, have been
reported in malignant human gliomas in t'ivo. In vitro glioma cell lines
coexpress EGFR and at least one of its ligands, transforming growth
factor a, suggesting the existence of an autocrine growth stimulatory
loop. \Ve have studied the tumor tissue from 62 human glioma patients
and examined the structure and quantity of the EGFR gene and its
transcripts, as well as the quantity of the receptor protein. In addition we
have examined the genes and transcripts coding for the pre-pro forms of
epidermal growth factor and transforming growth factor a, the two
endogenous EGFR ligands. EGFR gene amplification was detected in 16
of the 32 malignancy grade IV gliomas (glioblastoma) studied (50%), but
only in 1 of 30 gliomas of lesser malignancy grade (I-III). All tumors
with an amplified gene overexpressed EGFR mRNA. More than one-
half (62.5%) of the glioblastomas with amplified EGFR genes also
showed coamplification of rearranged EGFR genes and concomitant
expression of aberrant mRNA species. Overexpression, without gene
amplification, was observed in some of the low grade gliomas, and
aberrant EGFR transcripts were also seen in some cases without gene
amplification or detected gene rearrangements. mRNA expression for
one or both of the pre-pro forms of the ligands was detected in every
tumor studied. Thus, several mechanisms for the activation of the EGFR-
mediated growth stimulating pathway are possible in human gliomas in
vivo: expression of a structurally altered receptor that may have escaped
normal control mechanisms; and/or auto-, juxta-, or paracrine stimulating
mechanisms involving coexpression of receptor and ligands, with or
without overexpression of the receptor.

INTRODUCTION

The EGFR2 is a transmembrane protein with tyrosine kinase

function. The activated receptor has been associated with cell
growth and proliferation in several in vitro system. High level
expression of wild-type EGFR can transform cells in culture in
a ligand dependent manner (1, 2). The \-erbB oncogene of the
avian erythroblastosis virus is structurally homologous to a
truncated and mutated EGFR cDNA, its protein product is
constitutively activated, and it has transforming ability (3-5).
Expression of an EGFR with an isolated extracellular trunca
tion, including the ligand binding domain, and without any
cytoplasmic domain abnormalities has been recently shown to
induce transformation of immortalized rodent fibroblasts in the
absence of ligand (6).

Normal and/or rearranged forms of the EGFR gene have
been reported to be amplified and overexpressed in up to 50%
of human glioblastomas (7-11) and some squamous cell carci-
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nomas (12) suggesting both quantitative and qualitative varia
tion of cellular EGFR activity. Similar findings have been
reported in xenografts of human gliomas (13, 14). In addition,
cell culture experiments involving human glioma cells have
revealed coexpression of EGFR and one of the two endogenous
ligands, TGF-Â« in vitro, thereby suggesting the possibility of
autocrine growth stimulation (15).

These findings suggest that EGFR, due to its being consti
tutively activated by truncation or other structural changes or
its inappropriate expression and/or overexpression in the pres
ence of its ligands, may contribute to the malignant phenotype
in gliomas.

Here we report on the dosage, structure, and expression of
the EGFR gene in a series of 56 primary and 10 recurrent
human gliomas classified histopathologically according to
WHO guidelines (16, 17). The genes and transcripts coding for
the pre-pro forms of EGF and TGF-cv have also been examined.

MATERIALS AND METHODS

Human Glioma Samples. The primary tumors from 56 patients (4 of
these patients were also studied at recurrence) and the recurrent tumors
of 6 patients (for clinical details see Tables 1 and 2) were placed on ice
in the operating room and transported to the laboratory where pieces
of macroscopically pure tumor tissue, less than 1 g, were frozen im
mediately at -135Â°C.with a small piece taken from each for histopath-

ological control. The diagnoses were made according to WHO criteria
(16) with the addition of the criteria of Burger et al. (17) when
distinguishing anaplastic astrocytomas from glioblastomas. All cases
were reviewed by one of us (V. P. C.). The content of tumor cells in the
glioma specimens analyzed varied between 70 and 95%. Normal patient
DNA was isolated from peripheral blood leukocytes. Control, nonneo-
plastic human brain was obtained from temporal lobe tissue, not
required for diagnosis, from patients operated for temporal lobe
epilepsy.

Cell Lines. The mRNA from the human epidermoid carcinoma cell
line A431 (ATCC CRL1555) and HeLa cells (ATCC CCL2), as well
as the glioma line U178MG, were used as standards on the Northern
blots. The cells were grown in Dulbecco's modified Eagle's medium

supplemented with 10% fetal calf serum, L-glutamine, and antibiotics.
Isolation of Nucleic Acids. Frozen tissues were milled together with

frozen lysis buffer [0.14 M NaCl, 1.5 HIMMgCl2, 10 mM Tris-HCI (pH
8.6), 0.5% Nonidet P-40, and 10 mM vanadyl-ribonucleoside complexes

(18) at liquid nitrogen temperature in a Retsch MMZ mill (F:a Kurt
Retsch, K.G., Haan, West Germany)]. DNA and RNA from the same
tumor tissue were prepared (18). Total RNA was also isolated by the
homogenization and lysis of tissue pieces or of cultured cells in guani-
dine isothiocyanate and pelleting by ultracentrifugation through a ce
sium chloride cushion (18).

DNA Analysis. Tumor and peripheral blood leukocyte DNA was
digested by Sac\ or HindNl, separated by electrophoresis on agarose
gels, and blotted onto nylon membranes as described previously (19).
The membranes used were Nytran, 0.45 um (Schleicher and Schuell).
The oligonucleotide PC 55 was found to detect a Sad polymorphism
and PC 17 detected a Hind\\\ polymorphism in the EGFR gene.

RNA Analysis. Total RNA, 10-20 /Â¿g,was denatured at 70Â°Cfor 5

min in 20 mM morpholinopropanesulfonic acid (pH 7.0), 6% formal-
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Table 1 Clinical details of patients with gliomas of malignancy grades /-/// Table 2 Clinical details of patients with gliohlaslomas

Tumor typeandAge
at diagnosismalignancyCase"

Sex (yr)' Localizationgrade01

F 14 CerebellumAI2R
F (14)23 CerebellumAI3

M 48 Medulla/4th ventricleAH4

M 15 Rt. lateral ventricleAH5
F 23 Rt. frontalAH6
F 40 Lt. frontalAH7
M 43 Rt. parietalAH8
M 50 Rt. frontalAH9
F 43 Lt. frontalAH10
F 45 Lt. temporalAll11

F 34 CerebellumAAHI12
F 59 Rt. parietalAAHI13
M 30 Lt. parietalAAIII14
M 29 Rt. frontalAAIII15
F 45 Lt. temporalAAHI16
M 41 Rt. frontalAAIII17

M 12 CerebellumOA1I18R
F (35)44 Lt. temporalOAII19
M 17 CerebellumOAII20

M 60 Lt. temporalAOAIII21

F 29 CerebellumOH22
M 14 Brain stemOil23
M 57 Lt. frontalOH24
F 68 Rt. parietalOil25
F 32 Lt. temporalOH26

F 54 Rt. frontalAOIII27R
F (19) 24 Lt. frontalAOIII28
F 57 Lt. temporalAOIII29
F 54 Rt. frontalAOIII30

F 43 4th ventricleAEIIIÂ°
R, recurrence. The patients studied at recurrence had been treated with

surgery only.
Ages in parentheses, patient ages in years at first diagnosis.

' AI, pilocytic astrocytoma grade 1; AIL astrocytoma grade II; AMI.anaplasticastrocytoma

grade HI; OAII, oligoastrocytoma grade II; AOAIII.anaplasticoligoastrocytoma
grade III: OIL oligodendroglioma grade II; AOIII.anaplasticoligodendroglioma

grade HI; AEIII. anaplastic ependymoma grade III: Rt..right:Lt.,
left.dehyde,

and 45% deionized formamide; placed on ice; and loadedinto1
% agarose gels containing 6% formaldehyde and 0. 1 ug/m\ ethidium

bromide. The gels were run in 20 mM morpholinopropanesulfonic acidAge

atdiagnosis
TreatmentpriorCase"

Sex (yr)* Localization tostud/31

F 63 Lt.parietal32
M 64 Rt.temporal33
M 73 Lt.parietal34
M 60 Rt.frontal35
M 50 Rt.temporal35R

51 Rt. temporalIrradiated36
M 64 Lt.temporal37
M 44 Rt.temporopari-etal38

F 63 Lt.parietal39
F 58 Lt.occipital39R
F 58 Lt. occipitalIrradiated40
F 28 Rt.frontal41
F 69 Lt.frontal42
M 51 Lt.parietal43
F 20 Lt.temporal(44)
M 29 Rt.frontal44R

30 Rt. frontal ACNU +IFN(45)
M 37 Rt.temporal45R

41 Rt. temporalIrradiated(46)
F 35 Lt.temporal46R

40 Lt. temporalIrradiated47
M 43 Lt.frontal48
M 56 Rt.frontal49
F 67 Rt.frontal50
F 70 Rt.frontal51ac
M 42 Rt./Lt. frontaland51bc

corpuscallosum52

M 64 Lt.occipital53
M 39 Rt.temporal54
M 40 Lt.frontal54R

41 Lt. frontalIrradiated55
F 32 Lt.temporal-basalganglia56

M 59 Rt.temporal56R
60 Rt. temporalIrradiated57

M 66 Lt.parietoccipital58
F 60 Lt.frontoparietal59
F 57 Lt. frontal

60 M 76 Rt. temporal
61 F 56 Lt. temporal
62 M 55 Rt.pariÃ©tal"
R. specimen from a recurrence. Case numbers in parentheses denote thattheprimary

tumor of cases studied at recurrence was not available for study.Theprimary
tumor in case 44 was an anaplastic astrocytoma (malignant gradeIII),in

case 54 a glioblastoma (malignant grade IV). and in case 57 anoligoastrocytoma(malignant
grade II). In case 51. the part of the tumor denoted 51a wasanastrocytoma
(malignant grade II) while that denoted by 51b was aglioblastoma.*

Irradiation. 35 Gy to brain (two opposing lateral fields. 1.8 Gy/day 5days/week)
and 15 Gy to tumor area + 2 cm. IFN. interferon Â«;ACNU, l-(4-amino-

2-methyl-5-pyrimidinyl)methyl-3-(2-chloroethyl)-3-nitrosourea; Lt.. left; Rt.,
right.

buffer at 25 V for approximately 16 h. The RNA was transferred to
Hybond N (Amersham) nylon membranes using lux standard saline-
citrate as a blotting buffer. The membranes were air dried and then
photographed under UV light. The ribosomal 18S and 28S bands were
marked for use as size standards. The RNA was fixed to the membranes
in a vacuum oven at 80Â°Cfor 2 h.

Dot blots were prepared from total RNA denatured as for Northern
blots. RNA samples were serially diluted in lux standard saline-citrate
and applied to Hybond N membranes using various slot and dot blot
apparatuses (Schleicher and Schuell).

Probes. The EGFR gene and its transcripts were studied using five
probes. These included the plasmid pE7 [20) which contains a cDNA
sequence covering approximately bases 600-3000 of the EGFR mRNA
as well as 4 synthetic 50-mer oligonucleotides which were complemen
tary and antiparallel to bases 865-914 [PC 29], 1930-1979 [PC 55],
2051-2100 [PC 17], and 3650-3699 [PC 34] [base numbering according
to EMBL, X00588 (21)]. A plasmid, phEGFIS, containing part of the
cDNA for the pre-pro EGF molecule, and including the sequence for
mature EGF, together with a synthetic oligonucleotide complementary'
and antiparallel to bases 3351 -3400 [PC 36] [base numbering according
to EMBL, X04571 (22)] were used to study the expression of EGF
mRNA. A synthetic oligonucleotide complementary and antiparallel to
bases 251-300 [PC 05] [EMBL, K03222 (23)] of the human TGF-n
mRNA were used to study the expression of pre-pro TGF-Â«mRNA.

The GAPDH probe used to quantitate the RNA amount loaded in the
individual samples was a synthetic oligonucleotide complementary and
antiparallel to bases 101-150 [PC 10] in the GAPDH mRNA [EMBL,

XO1677 (24)].
Probe Labeling. Plasmid probes were digested with Msp\ and random

primed with [Â«-"PJdCTP (Amersham) to high specific activity (approx
imately 1 x 10' cpm/^g) as described elsewhere (19). Oligonucleotides
were tailed at the 3' end using 30 units of terminal transferase (Inter

national Biotechnologies, Inc.) in a 20-^1 reaction mixture consisting
of Ix potassium cacodylate buffer, pH 7.2 (International Biotechnolo
gies, Inc.), 65 ng oligonucleotide (50 nucleotides long), and 70 jiCi [a-
32P]dCTP. Incubation was for 30-60 min at 37Â°C.The labeled oligo
nucleotides (approximately 1 x 10' cpm/Vg) were separated from

unincorporated radioactivity by spermine precipitation (19).
Hybridization. Southern blots were prehybridized and then hybrid

ized overnight at 45Â°Cas described previously (19).

RNA blots were prehybridized in 5x SSPE, 50% deionized (mixed
bed resin; Bio-Rad) formamide. 5x Denhardt's solution, 0.5% SDS,
and 40 Mg/ml tRNA at 42Â°Cfor 30-60 min. Hybridization was per

formed for 16 h under the same conditions. The membranes were
washed for 2 x 15 min at 40-55T in 2x SSPE with 0.1% SDS; for 30
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min at 40-55Â°Cin Ix SSPE with 0.1% SDS; and for 2 x 15 min in

O.lx SSPE with 0.1% SDS at room temperature.
Autoradiography. The hybridized membranes were exposed on pre-

flashed Fuji RX X-ray film surrounded by amplification screens (Cro-
nex Quanta'"; Du Pont) at -70Â°Cfor periods of time ranging between
5 h and 14 days. Probes were then stripped off the Northern blots by-
washing 3 times for 5 min each time in 2% SDS at 100Â°C.

Analysis of Autoradiograms. Gene dosage was determined by laser
scanning densitometry. The signals from tumor DNA and peripheral
leukocyte DNA were standardized by comparing the autoradiographic
signals from probes recognizing restriction fragment length polymor
phisms at heterozygous loci without loss of alÃeles(25). Some tumors
with elevated EGFR gene dosage were not considered to have amplified
EGFR if such increased dosage could be accounted for by chromosome
7 polysomy (26), a frequently observed karyotypic abnormality in
malignant glioma cells. The minimal level of amplification cited in this
series is xlO (20 copies). The relative levels of gene expression were
estimated by comparing the growth factor/growth factor receptor sig
nals with that of the house-keeping gene GAPDH on the same blot.
Single batches of RNA from cell lines (A431, HeLa, and U178MG)
were used as standards for comparisons between blots.

Protein Analysis. Cryostat sections from glioma tissues were analyzed
for EGFR protein expression using the monoclonal antibody EGFR1
(Amersham) (27, 28) which binds to an epitope located at the extracel
lular part of the human receptor. Primary antibodies were visualized
using a standard indirect avidin-biotin peroxidase technique (Vecta-
stain; Vector Laboratories, Burlingame, CA). Fixation and use of the
antibodies were as recommended by the supplier. Case P47 served as a
positive control, and normal brain and connective tissue served as
negative controls in each experiment. In addition, sections from the
same tissue block of a number of cases were included in each experiment
to set standards for signal intensity.

RESULTS

(Â¿Nonius.Grade I-III. A total of 27 primary and 3 recurrent
(previously treated by surgery only) human gliomas of malig
nancy grades I-III were studied (Table 1). Only one of these
tumors (P 20, an anaplastic oligoastrocytoma) had detectable
EGFR gene amplification (x50) (Table 3). No rearrangements
of the EGFR gene were detected in any case (Table 3).

Table 3 EGFR gene anil expression of EGFR, EGF, and TGF-a mRNA, and EGFR protein in Â¡heindividual low malignancy grade glioma patients

CaseC.
brain'12R34567891011121314IS1617in192021222324252627R2829EGFR

gene-Amp

xNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDN

PNDNP50NDNDNT)NDN

PN

DNI)NDN

Dn/annnnnnnnnnnnnnnnnNPnN

PnnnnnN

PnnnnEGFR

mRNA*Level

n/a(+)

n+
NA7(+)
NA7(

+ )NA7(+)
NA7(+)
NAr(+)
n++

a!(+)!
NA7+

n++
n++

n++
NA7+
NA+
n+

NA(+)
NA(+)

NA(+)
NA(+)

NAr+++

a[(+)]

NA(+)
NA+++

a+
n+

n(+)

NAr+
NA7[(+)]
NA(+)

nEGFR

proteinr

i IIIIIILhistochem.)__-__-â€”â€”â€”â€”â€”NPâ€”â€”â€”N

P_N

PN

P_â€”NA*â€”-NPâ€”NPEGF

rnRNA1* TGF-Â«mRNA

(NB/DB)(NB/DB)+

+++
_|_(+)
++

(+)(+)
+(+)
++

++(+)
(+)(+)+

(+)++
[(+)](+)

+(+)
+(+)
++

+(+)
+<+)

+!(+)]

+-t-
NPNP
(+)(+)

NP+

++
(+)++
+++
(+)+

+++NP++

(+)+
(+)+

(+)

30

A431
U178MG
HeLa

ND

N P*

NP
NP

n

NP
N P
NP

NA7

NP
NP
NP

NP

NP
" Amp x. number of times amplified (xl = 2 alÃeles);n, normal restriction fragment pallern; a. abnormal restriction fragment pattern; ND. not detected; NP. not

performed.
* Relative level of mRNA expression related to a batch of mRNA from the A431 cell line on all Northern blots. All values are relative to a GAPDH signal on the

same blot. |(-t-)). detectable; (+). very small amounts; +. small amounts; ++. less than A431 cells: ++-t-, equal to A431 cells; >+++, greater than A431 cells; n. normal
transcripts; a. abnormal transcripts: NA. noi analyzable.

f -, noi detected; NP. not performed.
Ã¤NB, Northern blot: DB. dot blot; - to ++, relative mRNA expression scale.
' C. brain, control brain obtained from lobeclomies for intractable epilepsy.
/Oligonucleotide probe analysis of slot blot or equivalent only (PC 29. PC 55, PC 17. PC34).
* The available specimen contained 20rc tumor cells only.
* Amplified 15-30 times (5).
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Fig. 1. EGFR mRNA expression in low malignancy grade gliomas. Northern
blot hybridized with the EGFR oligonucleotide probe PC 17. The epidermoid
carcinoma cell line A431 shows high expression of the 10-kilobase normal EGFR
transcript as well as the A431 specific 2.9-kilobase mRNA, which results from a
chromosomal translocation. Human control brain (C.) as well as patient Pi's

pilocytic astrocytoma does not show any EGFR mRNA expression at this short
exposure. However, longer exposures show the appearance of normally sized 10-
kilobase transcripts in control brain as well as PI (for C. see Fig. 5a). The
anaplastic oligoastrocytoma of patient P20 (the RNA is somewhat degraded in
this case) where the EGFR gene is present in 100 copies (no alterations detected)
shows high levels of an aberrant 4.0-kilobase EGFR mRNA together with low
levels of the normal 10-kilobase transcript. The signal from the 1.4-kilobase
GAPDH mRNA is shown as a control for the amount of mRNA loaded in each
lane.

PPEGF

A431

C.

P1 â€¢ â€¢

PS

P10l

A431

P230 â€¢

P25 I

P29Ãœ

P270 â€¢

GAPDH

â€¢ * â€¢ â€¢ *

Ã¨ -

Fig. 2. Expression of pre-pro EGF mRNA in low malignancy grade gliomas.
Autoradiograms of two dot blots (a and b) of four serial dilutions (1:2) of total
low grade glioma RNA. These tumors show expression of pre-pro EGF mRNA
(ppEGF) as revealed by hybridization with the synthetic oligonucleotide probe
PC 36. For clinical details and information about the relative pre-pro EGF
expression levels, see Tables 1 and 3. Righi, autoradiograms of the same blots
probed with PC 10 to demonstrate relative mRNA amounts shown by expression
of the household gene GAPDH.

Relative to control brain tissue, 3 tumors expressed EGFR
mRNA at reduced levels; 13 showed approximately equal
expression (+); 8 had slightly higher levels of expression, +;
and 6 had significantly higher expression, ++ to +++ (Table
3). In both the control brain and the tumors the only mRNA
of normal size detected was 10 kilobases. A 5.6-kilobase tran
script has been consistently reported in other systems (e.g., Ref.
5), but no evidence of this was found here with any probe used.

-4.0

-1.4

Fig. 3. Expression of ppTGF-Â« mRNA in low malignancy grade gliomas.
Autoradiogram of Northern blot of human low malignancy grade gliomas hybrid
ized with a synthetic TGF-Â«oligonucleotide probe (PC 05). Approximately 20
Mg total RNA were loaded in each lane. The 1.4-kilobase GAPDH transcript
resulting from hybridization with PC 10 is shown as an internal standard. The
autoradiogram shows the relative expression levels of the 4-kilobase TGF-n
transcript in A431 and in the three low grade human gliomas. P6, P25, and P9.
Although no TGF-n transcript for P9 is seen here, very low levels were detected
after long exposures of slot blots (not shown).

The quantity of RNA available for analysis from those tumors
with low EGFR mRNA levels rarely permitted the detailed
study of transcript size. However, it was possible to clearly
determine aberrant EGFR transcripts in three of the six cases
with high mRNA levels: P20 had a transcript of 4 kilobases
(Fig. 1); P7 had transcripts of about 5, 4, and 2 kilobases (not
shown); and P23 had transcripts of 4 and 2 kilobases (not
shown). Each of these three cases also expressed the normal
10-kilobase EGFR transcript, but at variable levels. None of
these three cases revealed detectable EGFR gene abnormalities
as studied on Southern blots (Table 3), although the gene was
amplified in P20. EGFR protein expression was studied in 23
of the cases (limiting amounts of tumor material prevented the
analysis of 7 cases, including P20 and P23), but no immuno-
cytochemically identifiable EGFR was detected.

Neither amplifications nor rearrangements of the genes for
EGF and TGF-Â«were detected in any of the low grade glioma
cases. The oligodendrogliomas had the same or higher levels
(P23 and P27R) of pre-pro EGF mRNA as found in control
brain (Table 3). The pre-pro EGF mRNA content of the astro-
cytic gliomas showed greater variation, with some having very
low levels [e.g., P5 (Fig. 2)] and others equal to [e.g., PI (Fig.
2)] or greater [e.g., PIO (Fig. 2)] than control brain [Table 3].

mRNA for the other EGFR ligand, TGF-Â«,was detected at
varying levels in all tumors analyzed, with the exception of one
anaplastic oligodendroglioma (P26) where no transcript was
found (Table 3). The highest levels were observed in a grade II
oligodendroglioma [P25 (Fig. 3)] and a somewhat lower level,
but still greater than that of control brain, was seen in a grade
II astrocytoma [P6 (Fig. 3)]. In all the cases analyzed on
Northern blots, the transcripts were normal (4 kilobases) in size
(Fig. 3).

Glioblastomas, Grade IV. EGFR gene dosage and structure
were analyzed in 29 primary and 7 recurrent glioblastomas
(malignant grade IV) from 32 patients. In 4 of the cases both
primary and recurrent tumors were studied, while in 3 cases
only recurrent tumor tissue was available (Table 2).

The EGFR gene was amplified 10-110 times in 16 (cases
47-62) of the 32 glioblastomas (50%) (Table 4; Fig. 4). In 2 of
these 16 cases, recurrent tumor tissue was also analyzed (P54R,
P56R) and showed amplification of the EGFR gene. Case P56R
showed, however, a decrease in the level of amplification to
one-half that of the primary tumor P56 (Table 4). These values
represent minimum average levels of tumor cell EGFR gene
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Table 4 EGFR gene and expression of EGFR, EGF, and TGF-a mRNA, and EGFR protein in the individual glioblaslomas

CaseC.
brain'313233343535R3637383939R4041424344R45R46R4748495051aSib52EGFRAmp

xNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDNDND1103515100ND3010gene"n/annnnnnnnnnnnnnnnnnnnnnnnnnEGFR

mRNA*Level

n/s(+)

n+
n'+

n'<+)

r/+
n(+)
nf+
a+

NAr(+)
n/[(+)]
nf(+)
nf(+)
"f+

nf(+)
nf+

nNP
NP(+)
n(+)
n(+)
NP++

n++
r/++

n>+++
aNP

NP>+++
aNP

NPEGFR

protein' EGF rnRNA^

(Imm. histochem.)(NB/DB)_
+[(+)]

++_
â€”-
+_
+-
+++_
+_
__
+_

+H+Â«
+_
+â€”

++NP
+NP
(+)NP
+++(+)+NP

+++++++â€”

â€”-t-
+NP
NP++
+NP

NPTGF-Â«

mRNA
(NB/DB)+++(+)+++++++.(.+.j.++++(+)++++++++NP+NP

54R

56R

53

54
l

55
56

iS?'

58
59
60
61
62

A431
U178MG
HeLa

50

50
50
55

110
50
90
80
60
25
35
40

N PÂ«

NP
NP

NP
NP
N P

N P
N P

+++
++
+

a'
a
a
a
a
u
a
a
NP
NP

a
n
n

N P

N P
NP
N P

N P
N P
NP

NP

NP
NP

NP

NP
NP

0 Amp x. number of times amplified (xl = 2 alÃeles):n, normal restriction fragment pattern; a. abnormal restriction fragment pattern: ND. not detected: NP, not

performed.
* Level of mRNA expression related to a batch of mRNA from the A431 cell line on all Northern blots. All values are relative to a GAPDH signal on the same

blot. |(+)1. detectable: (+), very small amounts: +. small amounts; ++, less than A431 cells: +++, equal to A431 cells: >+++. greater than A431 cells; n. normal
transcripts; a. abnormal transcripts: NP. not performed; NA. not analyzable.

c â€”,not detected: [(+)], detectable: (+). very small amounts: +, small amounts; ++. moderate levels; +++, high levels; >+++, very high levels; NP. not performed.
d NB. Northern blot; DB, dot blot; - to +++. relative mRNA expression scale.
' C. brain, control brain obtained from lobectomies for intractable epilepsy.
^Oligonucleotide probe analysis of slot blot or equivalent only (PC 29, PC 55, PC 17, PC 34).
'Amplified 15-30 times (5).

dose since all the specimens analyzed contained some normal
cells. Recurrent tumor tissue without EGFR gene amplification
was available from two cases which showed no evidence of
amplification in the primary tumor (P35, P39). In three cases
where only the recurrent tumor was available for study (P44R,
P45R, P46R), there was no evidence of EGFR amplification
(Table 4). In addition to the case cited above, differential EGFR
dosage was evident in case P51 which involved a single speci
men that could be divided into two parts designated a and b.
Part a showed the morphology of an astrocytoma malignant
grade II while Part b was a glioblastoma malignant grade IV.
Amplification of the EGFR gene was found only in the glio
blastoma tissue, the astrocytoma component of the tumor hav
ing a normal EGFR gene copy number (Table 4).

Genomic rearrangements in the EGFR gene were examined
by studying the restriction fragment pattern from the cases
obtained following digestion of the DNA with Sad or Hindlll,
Southern blotting, and probing with the cDNA probe pE7. No

rearrangements in the EGFR gene were detected in the 13
glioblastomas without amplification (Table 4; Fig. 4a). Re
arrangements of the amplified gene were, however, identified
in 62.5% (10 of 16) of the tumors with amplified genes (Table
4; Fig. 4b). All these cases showed variable levels of the ampli
fied normal gene together with the aberrant variant. The size
of the aberrant fragments varied between the cases, no two cases
showing the same abnormal bands, e.g., P56 showed an aberrant
5.8-kilobase band on a Sad blot probed with pE7, while P57
showed a marked decrease in the signal from the 10.5-kilobase
band and an aberrant 2.4-kilobase fragment when probed in the
same way (Fig. 4b).

Two of the EGFR oligonucleotide probes used in this study
revealed restriction fragment length polymorphisms (PC 17
with Hindlll and PC55 with Sad). In cases where the EGFR
gene was amplified and the patient was constitutionally heter
ozygous, monoallelic amplification was observed.

Levels of EGFR mRNA could be studied in 25 of the 29
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Fig. 4. Allele-specific EGFR gene amplification in glioblastomas. a, Southern blot of Sad digested DNA (N, constitutional DNA isolated from the patient's blood
leukocytes; 7",tumor DNA) from glioblastoma patients P34 and P47 hybridized with the pE7 probe (EGFR cDNA). In the case of P47, two exposures of the P47T

slot are shown, the first together with the normal blood DNA. and to the right a shorter exposure of the tumor DNA alone. In tumor P34. the EGFR alÃelesappear
normal and are not amplified. The signal variation between constitutional DNA isolated from patient's blood leukocytes and tumor DNA for this patient are due to

differential sample loading (i.e., more tumor DNA) as revealed by comparison of the 2 DNA signals produced by hybridization of probes to this filter which reveal
tumor DNA retention of heterozygosity. The two EGFR SacÃalÃeles.4.1 and 3.0 kilobases, not described in HGM10 (34), have been temporarily denoted A'jrand A'}',

respectively, in this paper. The heterozygous (Kx, Ky) glioblastoma patient P47 shows a xl 10 amplification of the Ky alÃelein the tumor (arrows). No rearrangements
of the EGFR genes are evident in the P47 tumor tissue (P47T). b. Sad digested pairs of blood (N) and glioblastoma (7") DNA from the homozygous (Kx) case P56

indicates a xl 10 EGFR gene amplification and shows an abnormal restriction pattern with an extra 5.8-kilobase band (arrow) in the tumor when hybridized to pE7.
The aberrant amplified EGFR gene of case P57 lacks the constant 10.5-kilobase Sad restriction fragment (arrow) present in the patient's constitutional DNA but

shows an extra band of 2.4 kilobases (arrow) in the tumor. The small discrepancy in fragment lengths between blood and glioma DNAs is due to separation on two
different gels.

primary glioblastoma tumors (Table 4). As in the case of the
grade I-III tumors the only normal transcript detected was 10
kilobases long. Twelve of the 13 primary glioblastoma cases
with a normal EGFR gene copy number were analyzed and
these showed levels of receptor mRNA equivalent to the control
brain or HeLa cells (Table 4; Fig. 5Â¿>,case P42). There was no
case with high EGFR mRNA levels with a normal gene copy
number (Table 4), as was seen among the grade I-III tumors
(Table 3). Aberrant transcripts were not detected among the
glioblastomas with normal EGFR gene dose and structure.

Of the 16 cases (P47-62) with amplified EGFR genes, 13
were analyzed as regards EGFR mRNA levels. All 13 were
found to have increased levels (s++) of EGFR mRNA (Table
4; Fig. 5) as compared to the levels in control brain. Of the 6
cases (P47-52) with no detected rearrangements of the ampli
fied gene, 4 could be examined on Northern blots and 2 (P47,
P49) showed high levels of only a normal 10-kilobase transcript,
while P50 had, in addition, 3 aberrant transcripts between 5
and 2 kilobases (not shown) and P51 b had an aberrant transcript
of 7.7 kilobases (Fig. 5a).

Of the 10 cases with amplified rearranged EGFR genes (P53-
P62), 7 were analyzable on Northern blots. Six of the 7 (P54-
P60) showed high levels of transcripts of aberrant size in
addition to variable levels of a normal 10-kilobase transcript.
The exception was P53 which, despite the presence of unique
EGFR gene restriction fragments in the tumor, showed only
high levels of a normal-sized transcript.

Immunohistochemical detection of the EGFR using the
EGFR I monoclonal antibody showed that it was difficult to

detect the protein in cases with transcript levels equivalent to
or only slightly higher than those seen in the control brain. In
the cases with high EGFR mRNA levels, EGF receptor was
readily detectable (Fig. 6). In some tumors the expression was
high in all cells while in others a more sporadic pattern was
seen. In general the immunocytochemical findings correlated
well with the transcript levels detected; however, 3 cases (P49,
P53, and P59) displayed low immunohistochemical reactivity
in spite of high level EGFR mRNA expression (Table 4).

As in the case of the low grade gliomas, no glioblastoma
showed any amplification or rearrangement of the genes for
EGF and TGF-a. mRNA coding for pre-pro EGF was ex
pressed at variable levels in the glioblastomas analyzed (Table
4). Two cases, P35 and P43, showed considerably higher, +++,
expression levels of pre-pro EGF mRNA than control brain, +
(Table 4). The recurrent tumor P35R did not retain this high
pre-pro EGF mRNA level. Seven cases did not express any
detectable pre-pro EGF mRNA (Table 4) and there was no

correlation to EGFR dosage or expression.
The pre-pro TGF-n 4-kilobase mRNA transcript was found

to be expressed at similar levels in all tumors investigated; In
most cases at levels just below that of the control brain (Table
4; Fig. 7). The control brain, the glioma cell line U178MG, and
the A431 cell line all expressed readily detectable levels of TGF-
a pre-pro mRNA. Thus all tumors expressed at least one of the
precursors for the two ligands for EGFR.

A careful review of the histolÃ³gica! specimens with respect
to the histological criteria of Burger et al. (17) for glioblastoma
to the above presented results showed no positive correlations
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Fig. 5. Elevated expression of normal and aberrant EGFR mRNA species in glioblastomas. Autoradiogram of two (a and />)Northern blots hybridized with the
oligoprobe PC 17 revealing overexpression of aberrant EGFR mRNA in human glioblastomas. In both cases, rehybridization following the removal of PC 17, with a
GAPDH oligonucleotide (PC 10). was performed to permit an estimation of the relative RNA amounts in each lane. The size of the major GAPDH transcript shown
is 1.4 kilobases (A7>).a. The epidermoid carcinoma cell line A43I shows high mRNA levels of the normal 10-kilobase and the abnormal 2.9-kilobase EGFR transcripts.
EGFR transcripts are not detectable in HeLa cells at this short exposure time, but a normal 10-kilobase mRNA is visible at a moderate level after a long time
exposure (not shown). C'ontrol human brain (C.) show's a normal 10-kilobase EGFR transcript only at very long exposure times. Glioblastoma case P5lb shows high

levels of a normal 10-kilobase EGFR transcript in addition of an aberrant 7.7-kilobase transcript (arrow). (Artifacts are created by 28S and I8S rRNA). In b, moderate
levels of a normal 10-kilobase EGFR transcript are detected in glioblastoma P42 tumor tissue. The glioblastoma of case P56 displays high EGFR mRNA expression
with transcripts of abnormal size.

Fig. 6. Immunoreactivity of glioblastoma with high level EGFR amplification
toanti-EGFR antibody. A frozen section of the glioblastoma of P56(xl 10 EGFR
gene amplification) was stained with the anti-EGFR monoclonal antibody EG FRI
and lightly counlerstained with Harris hcmatoxylin. Strong membrane and cyto-
plasmic reactivity of the tumor cells (7") is seen, whereas the vascular cndothclial

cells (arrows point to their lightly stained nuclei) are negative.

with the exception of a slight over-representation of cases with

large amounts of necrosis among those with EGFR amplifica
tion and rearrangement (not shown).

DISCUSSION

This investigation has been directed towards a thorough
characterization of the epidermal growth factor receptor system
in gliomas. Fifty-six primary and 10 recurrent tumors, repre
senting all malignancy grades of glioma, were examined to
determine the nature and frequency of in vivo involvement of
this growth stimulatory system in glial tumors.

Ostensibly, there are two primary mechanisms by which
glioma cells can recruit this growth stimulatory system towards

their own proliferation. The first mechanism involves quanti
tative modification of receptor and/or ligand for the purpose
of elevating EGFR tyrosine kinase activity through increased
frequency of receptor-ligand interaction. The second mecha
nism involves increasing EGFR kinase activity through func
tional modification of receptor and/or ligands.

In consideration of the possible role of the ligands, these data
reveal that the levels of pre-pro TGF-Â«mRNA expression are
equal to or less than control (control brain tissue was obtained
from an epileptic focus, the cellular gene expression of which
may differ from that of normal brain) in all cases except one
(P25). The levels of pre-pro EGF mRNA are increased over
control brain in a greater number of cases; however, such cases
occur in all malignancy grades of glioma. If one assumes that
increased tumor malignancy grade is generally associated with
increased tumor-cell growth rate and that the mRNA levels
observed reflect the levels of processed ligands, then the ex
pected result for ligand-based control of the EGF receptor
growth stimulatory system would call for increased EGF and
TGF-Â«expression with increasing tumor malignancy. However,
these data indicate a striking lack of correlation between dosage
and expression of the pre-pro ligand genes and tumor malig
nancy grade. In addition, our data do not suggest the qualitative
modification (i.e., gene alteration and/or the production of
aberrant transcripts) of EGFR ligands. These data, therefore,
do not suggest the frequent perturbation of normal EGFR
ligand quantity or quality in glial tumor cells. However, since
one or both of these ligands are detected in all tumors, the data
presented here do suggest a contribution to tumor growth
stimulation by auto- or paracrine mechanisms, as has been
proposed for glioma cell lines (15). The possibility of juxtacrine
stimulation is also supported by these data since TGF-cv and
EGF may interact with EGFR in the state of membrane-bound
precursors (29, 30).

Of the defined components of the EGF receptor growth
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Fig. 7. Expression of pre-pro TGF-n
mRNA in glioblastomas. Autoradiogram of a
Northern blot showing relative TGF-n mRNA
expression in A431. HeLa cells, control human
brain (C), one recurrent glioblastoma (P35R).
and four primary glioblastomas (P55. P57.
P53, P51b). All express a transcript of normal
size [4 kilobases (A'A)],tumor expression being,
in general, lower than that of normal brain and
A431 cells. An autoradiogram of the same blot
probed with the GAPDH oligonucleotide (PC
10) is shown below.
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stimulatory system studied here, these data suggest that quan
titative and qualitative modifications of the EGF receptor rep
resent the mechanism most commonly used by glial tumor cells
for recruiting this growth stimulatory system towards their own
proliferation. While such modifications might occur through
epigenetic mechanisms, our data indicate that significant in
creases in tumor cell EGFR concentration and the formation
of aberrant transcripts are usually associated with genetic mod
ification (i.e., gene amplification with or without gene
rearrangement).

Significant increases (at least ++), relative to control brain,
in EGFR mRNA were detected in each of 14 primary tumors
with an amplified EGFR gene, and cells from each of 10 of the
12 primary gliomas of this subgroup of 14 gliomas which were
tested with anti-EGFR antibody displayed high reactivity with
the same (at least +). Because the antibody studies showed
variable regional expression of EGFR protein, some of the
findings may be false negative. In contrast, only 5 of 35 primary
gliomas with unamplified EGFR displayed increased levels
(>++) of EGFR mRNA. With regard to the production of
aberrant transcripts, 10 of 14 primary tumors (71%) with EGFR
amplification the RNAs of which were examined, displayed 1
or more aberrant EGFR transcripts, while only 2 of 18 primary
gliomas (11%) without EGFR amplification displayed aberrant
EGFR messages, and no EGFR gene rearrangements were
detected in the latter cases. Point mutations, which may affect
normal splicing, would not be detected by the methods applied
and may account for these aberrant mRNAs.

The association between EGFR amplification and the pres
ence of aberrant transcripts appears to be largely the result
of amplification-mediated gene rearrangement. Rearranged
EGFR genes were always Â«Â»amplifiedwith structurally normal
EGFR genes and in such tumors it was possible to determine
overexpression of both normal and aberrant transcripts. For
one specific type of gene rearrangement, the gene alteration has
been clearly associated with a specific mRNA alteration (31-
33). As a result of the Â«Â»amplificationand coexpression of
normal and aberrant amplified EGFR genes, our data suggest
that EGFR gene alteration is an event secondary to and a
consequence of amplification of the normal gene. Both quanti

tative and qualitative modifications of the EGFR gene were
limited to the glioblastomas except for one grade III anaplastic
oligoastrocytoma. This suggests that EGFR amplification oc
curs late in the malignant progression of gliomas. This is further
underlined by the tumor of patient 51 which showed two
histopathologically distinct regions (astrocytoma malignancy
grade II and glioblastoma malignancy grade IV), both of which
showed loss of heterozygosity at chromosome 17 loci; EGFR
gene amplification was limited to the high malignancy grade
component of the tumor, however.

In total, these data suggest the frequent involvement of the
EGFR growth stimulatory system in the malignant evolution
of glial tumors by quantitative and qualitative modification of
EGFR. However, several of the glioblastomas and most of the
grade I-III tumors displayed neither gene amplification nor
elevated EGFR expression. Such cases may suggest the utili
zation of other growth stimulatory systems.
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