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ABSTRACT Our aim has been to understand the features
of erbB receptor homo- and heterodimer assembly to develop
approaches to disrupt receptor activation. We have developed
a general approach to cause erbB receptor-specific trans
inhibition of human neoplasia. The clonal progression of
human astrocytomas to a more malignant phenotype often
involves the amplification and overexpression of the epider-
mal growth factor receptor (EGFr) gene. We have selectively
targeted the EGFr in human glioblastoma cells with kinase-
deficient mutants of the erbB family derived from the ectodo-
main of the Neu oncogene that are able to form heterodimers
with EGFr and inhibit EGFr-dependent phenotypes. In EGFr-
positive US7MG human glioblastoma cells, expression of the
Neu ectodomain inhibits EGF-, but not platelet-derived
growth factor-, induced DNA synthesis; inhibits cell prolifer-
ation in the presence of EGF, but not platelet-derived growth
factor; inhibits the ability of U§7MG to form colonies in soft
agar; and inhibits transforming efficiency in athymic mice.
These studies establish that EGFr-mediated signal transduc-
tion is important in the maintenance of malignant glioma, and
that trans receptor inhibition is a novel way to abrogate
abnormal growth of these tumors. Neu ectodomains will be
useful in determining the manner in which the EGFr contrib-
utes to glial tumorigenesis and in the design of pharmaceu-
ticals that disable erbB family oncoproteins. In addition, these
studies provide a rationale for the application of the Neu
ectodomain in gene therapy approaches to human malignant
glioma and, potentially, to other systemic epithelial malig-
nancies expressing erbB family receptors.

Amplification and/or alteration of the epidermal growth
factor receptor (EGFr) gene is frequently observed in glial
tumor progression (1, 2), particularly in glioblastoma, the most
malignant glial tumor (3-8). A significant proportion of these
tumors show EGFr amplification with or without gene alter-
ation (2-4), and this has been correlated with a shorter interval
to disease recurrence and poorer survival (8).

EGFr amplification can be associated with aberrant EGFr
transcripts along with normal EGFr transcripts (1). Frequent
amplification and subsequent structural alteration suggests the
EGFr may be important for the maintenance of the phenotype
of malignant glioma. A frequently observed EGFr mutant has
been identified in a subset of human glioblastomas and results
from an in-frame truncation of 801 bp (corresponding to exons
2-7) in the extracellular domain of the receptor (1, 2, 9-11),
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which is thought to result in constitutive kinase activation and
may also affect the ligand-binding properties of the molecule
(7, 12).

Observed mutations of EGFr in human epithelial malig-
nancies consist of overexpression with or without amplification
and, less commonly, of coding sequence alterations. Onco-
genic transformation caused by mutants of EGFr appear to be
tissue-specific and have been observed in erythroid leukemia,
fibrosarcoma, angiosarcoma, and melanoma, as well as glio-
blastoma (13). Overexpression of the normal EGFr may cause
oncogenic transformation in certain cases, probably in an
EGF-dependent manner (13, 14). Transfection of high
amounts of wild-type EGFr into NIH 3T3 cells results in
ligand-dependent but incomplete transformation (15). Over-
expression may cause altered cell-cycle regulation of the EGFr
kinase and contribute to the transformed state, as has been
observed for oncogenic p185neu (16).

Previous work has shown that US7MG human glioblastoma
cells expressing the 801-bp ectodomain-deleted EGFr mutant
seen in a subset of human glioblastoma tumor samples have
increased oncogenicity in vivo but not in vitro when compared
with U87MG cells expressing only endogenous EGFr (7). This
feature may relate to an altered subcellular localization of the
constitutively active mutant form (17). These data suggest a
role for EGFr-mediated signaling in glial tumorigenesis.
EGFr-expressing clones, which respond in a ligand-
independent manner, may provide a growth advantage for
glioblastoma cells in vivo (7). The mechanism by which EGFr
may confer a growth advantage in vivo is unknown, but may
include an effect on angiogenesis (7, 18).

Ligand binding of receptor tyrosine kinases induces receptor
dimerization (19), transphosphorylation of receptor proteins,
and phosphorylation of intracellular substrates, leading to cell
growth or differentiation (20, 21). EGFr and Neu/c-erbB-2
(rat/human form) interact (22-24), and form an active, het-
erodimeric kinase complex both in vitro and in vivo (23, 25-27).
Heterodimer formation has also been observed among other
erbB receptors and may be a more general mechanism of
receptor activation among other receptor tyrosine kinases (21,
28). Structurally altered receptor deletion mutants have been
observed to function in a dominant-negative manner by
suppressing the function of wild-type receptors, in particular
the EGFr, flk-1 (receptor for vascular endothelial growth
factor), and the insulin receptor, leading to phenotypic change
(29-32).

The Neu ectodomain associates with EGFr and virtually
eliminates high-affinity EGF binding sites in a fibroblast-

Abbreviations: EGFr, epidermal growth factor receptor; PDGF, plate-
let-derived growth factor; PDGF-R, PDGF receptor.
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derived background (33, 34). The unproductive kinase mutant
heterodimer dramatically limits synergistic transformation and
tumorigenicity of human tumor cells, establishing a trans
receptor inhibitory property for human neoplasia. In this work,
we demonstrate that transfer of the Neu ectodomain to
EGFr-containing human glioblastoma cells inhibits the trans-
formed phenotype, and show that this inhibition is mediated by
specific inhibition of the EGFr. Cell growth and proliferation
often revert to a quiescent normal level after introduction of
the ectodomain-derived mutant Neu protein, indicating that
nonproliferating cells would be unaffected by the expression of
Neu ectodomains. Based on these studies, Neu ectodomains
will facilitate study of the role played by the EGFr in glial
tumorigenesis, and may be important in the design of phar-
maceuticals that disable erbB family receptors and/or erbB
signal transduction pathways. Finally, ectodomain-derived
Neu constructs may be used for therapeutic gene delivery into
human glioblastomas.

MATERIALS AND METHODS

Vector Construction. The deletion mutants T691stop and
N691stop were derived from pSV2Tneu and pSV2Nneu (35),
respectively, by substitution of a stop codon for the normal
codon Thr-691, as described (34).

A fragment containing the neo" gene isolated from
PSV2NEO" (36) was subcloned into pSV2T691stop and
pSV2N691stop. The simian virus 40 early promoter fragment
was then replaced by the human cytomegalovirus (CMV)
promoter/enhancer from the plasmid p290 (37), resulting in
pCMV/T691stop/neo” and pCMV/N691stop/neo’ for eu-
karyotic expression. In addition, the full-length Neu cDNA
[Nneu (35)] was subcloned into this expression vector to create
pCMV/Nneu/neo’.

Maintenance of Cells and Development of Stably Trans-
fected Cell Lines. The U87MG human glioblastoma cell line
was obtained from Webster Cavenee (Ludwig Cancer Insti-
tute, San Diego). For stable cell transfections, 10 micrograms
of either the pCMV/N691stop/neo’, pCMV/T691stop/neo’,
or pCMV/Nneu/neo’ construct was transfected into US7TMG
cells via the lipofectamine reagent (GIBCO/BRL) under
conditions determined by transfections using the pCMV-f
(bacterial B-galactosidase) (CLONTECH) reporter construct.
Optimal transfection efficiency was determined by chemilu-
minescence as detected by a luminometer (Tropix, Bedford,
MA). After 2-3 weeks in selection media containing 0.8 mg/ml
G418 sulfate (Geneticin, GIBCO/BRL), established clones
were isolated and screened by flow cytometric analysis with
anti-neu mAb 7.16.4 staining (34). All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Bio-
Whittaker) with 10% fetal bovine serum (FBS) (HyClone),
100 units penicillin, 50 pg/ml streptomycin, and 2 mM L-
glutamine (GIBCO/BRL). All cultured cells were maintained
at37°Cin 5% CO,/95% air. The medium for stably transfected
cell lines was supplemented with 0.4 mg/ml G418 sulfate
(Geneticin) for maintenance of transgene expression. Stably
transfected cell lines were periodically checked by flow cyto-
metric analysis with mAb 7.16.4 to document stable levels of
transgene expression.

Metabolic Labeling of Cells Followed by Immunoprecipita-
tion. Full details have been described by our laboratory (33, 34,
38). Briefly, subconfluent cells (1 X 10°) are seeded overnight
onto 10-cm dishes in full-growth medium (10% FBS/DMEM).
The following day, cells are starved in cysteine-free DMEM
for 1 hr then pulsed with [3S]cysteine (50 wCi/ml; 1 Ci = 37
GBq; Amersham) for 15 hr in 3% dialyzed FBS/cysteine-free
DMEM. Lysates are harvested after two washes in PBS using
a PI/RIPA buffer (34). Inmunoprecipitations are carried out
on ice for 60 min and complexes are separated by binding to
protein A-Sepharose prior to separation by 8% SDS/PAGE,

Proc. Natl. Acad. Sci. USA 94 (1997) 3251

drying, and exposure to film. mAb 7.16.4 against the Neu
ectodomain has been described (33, 34). mAb 225 against the
EGFr was provided by John Mendelsohn (Memorial Sloan-—
Kettering Cancer Center). A polyclonal antisera against all
forms of platelet-derived growth factor receptor (PDGF-R)
was obtained from Upstate Biotechnology (Lake Placid, NY)
and a mAb against erbB3 was a gift from W. J. Gillick (Imperial
Cancer Research Fund, London). Five micrograms of antibody
was used for immunoprecipitating proteins from lysates re-
covered from 10-cm dishes.

Proliferation Assay as Measured by MTT [3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide] In-
corporation. Cell lines are plated in 96-well plates at 3,000 cells
per well in 10% DMEM. After seeding, cells are starved and
synchronized in either 0.05% or 0.5% DMEM X 48 hr before
incubation with various concentrations of EGF or PDGF for
24-48 hr. MTT is given to the cells for 4 hr (39). Cells are lysed
in 50% SDS/20% dimethyl sulfoxide and kept at 37°C over-
night. Proliferation is assessed by taking optical density read-
ings at 570 nm (39), using an ELISA reader. This reading is
directly proportional to viable cell number. The number of
cells used in this assay was determined to be within the linear
range for this cell type.

In Vitro and in Vivo Tumorigenicity Assays. Anchorage-
independent growth was determined by assessing the colony-
forming efficiency of cells suspended in soft agar. Cells (1-3 X
10%) were suspended in a 1 ml top layer (0.18% agarose/10%
FBS/DMEM) in 6-cm culture dishes containing a 3 ml cell-free
feeder layer consisting of 0.25% agarose in DMEM supple-
mented with 10% FBS and 20 mM Hepes (pH 7.5). Colonies
(>0.3 mm) were visualized and counted on day 21-28 for all
cell lines after staining with p-iodonitrotetrazolium violet (1
mg/ml). Each cell line was examined in triplicate for three
separate experiments.

NCr homozygous nude mice (6—8 weeks old) were pur-
chased from the National Cancer Institute. Cells (1 X 10°)
were suspended in 0.1 ml of PBS and injected intradermally
into the mid-dorsum of each animal. Parental US7MG cells
were injected on one side of individual animals and stably
transfected cell lines were injected on the contralateral side to
make direct comparisons of growth within each animal. PBS
alone was also injected into each animal as an additional
control. Animals were maintained in accordance with the
guidelines of the Committee on Animals of the University of
Pennsylvania and those prepared by the Committee on Care
and Use of Laboratory Animals of the Institute of Laboratory
Animal Resources. Tumor growth was monitored twice weekly
for 10-12 weeks. Tumor size was calculated by measuring
tumor volume (length X width X thickness).

Measurements of DNA Synthesis. DNA synthesis was as-
sessed by incorporation of the thymidine analog 5-bromode-
oxyuridine (BrdUrd) and its detection by indirect immunoflu-
orescence (40). Subconfluent cells (1.25 X 10° per well) were
seeded overnight onto coverslips in 6-well plates in full-growth
media and then grown in serum-free media for 48 hr. Ligand
at the indicated concentrations, 10% serum, or serum-free
media was then added back in media containing BrdUrd for 24
hr. Cells were then fixed in 95% ethanol/5% acetic acid for 15
min at room temperature. Prior to antibody staining, cells were
permeabilized in PBS containing 0.1% Tween for 2 min at
room temperature. BrdUrd incorporation was detected by
staining with a mouse monoclonal anti-BrdUrd antibody (Am-
ersham) followed by a Texas red-coupled anti-mouse antibody
(Amersham). The Texas red-coupled antibody was diluted
1:200 in PBS containing homologous cell extract and 0.1 mg of
BSA per ml. Cells were counted under indirect immunofluo-
rescence after being counterstained with Hoechst 33528 at
1:10,000 in PBS. The percentage of BrdUrd-positive cells was
determined by comparing BrdUrd-positive cells to Hoechst-
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positive cells and counts were confirmed by an independent
observer.

RESULTS

Characteristics of Stably Transfected US87MG Cells Ex-
pressing Kinase-Deficient Neu cDNAs. The presence of EGFr
(M; = 170 kDa) in US87MG cells was determined by flow
cytometric analysis and by metabolic labeling with [3*S]cys-
teine, followed by immunoprecipitation, and SDS/PAGE (Fig.
1). We have developed clonal U87MG-derived cell lines
expressing either the T691stop (subclone U87/T691-1, ex-
pressing the truncated Neu protein containing the oncogenic
rat Neu transmembrane point mutation) or N691stop (sub-
clone U87/N691-B1, expressing the truncated Neu protein
containing the protooncogenic Neu transmembrane region)
form of kinase-deficient Neu. Expression of each ectodomain
form results in a protein with a cytoplasmic domain deletion
of 591 carboxyl-terminal amino acids, which includes the
kinase domain and autophosphorylation sites. Both N691stop
and T691stop Neu ectodomain proteins are capable of forming
heterodimers with EGFr in US7MG cells (data not shown).
The U87/T691-1 and U87/N691-B1 cell lines express maximal
levels of the transgene relative to five other clonal cell lines
expressing either form of truncated Neu we characterized.

Expression of the truncated Neu protein (M, = 115 kDa)
was confirmed by both flow cytometric analysis and metabolic
labeling with [*S]cysteine in both U87/T691-1 and U87/
N691-B1 (Fig. 1). There is no endogenous human p185c-erbB2
as determined by flow cytometric analysis in the US7MG cell
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Fic. 1. Comparison of expression levels of EGFr and truncated
forms of Neu proteins in US7MG human glioblastoma cells after
metabolic labeling. Subconfluent cells (1 X 10° cells per lane) were
labeled with [33S]cysteine for 15 hr. Cells include U87MG parental
human glioblastoma cells and U87MG cell lines transfected with either
the N691stop (U87/N691-B1) or the T691stop form of Neu (U87/
T691-1). Cell lysates were then immunoprecipitated with either anti-
EGFr mAb 225 (lanes 1, 3, and 5); anti-neu mAb 7.16.4 (lanes 2, 4, and
6), which recognizes the Neu ectodomain; anti-PDGF-R polyclonal
antisera (lane 7); or anti-erbB3 mAbD (lane 8). Immune complexes were
resolved and separated by 8% SDS/PAGE. Protein signals represent-
ing EGFr (170 kDa), truncated Neu proteins (either N691stop or
T691stop form, each 115 kDa), PDGF-R (180 and 190 kDa forms), and
human erbB3 were observed after autoradiography (3-day exposure).
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line. Flow cytometric analysis revealed very low levels of erbB3
in these cells, which was beyond the resolution of metabolic
labeling (Fig. 1, lane 8). Flow cytometric analysis revealed that
the level of endogenous EGFr on all subclones of US7TMG
expressing the Neu ectodomain is approximately equal to that
observed in parental U§7MG. Varying the stoichiometry of
the ectodomain-derived Neu peptide did not alter levels of
endogenous EGFr in U87MG cells. Densitometric analysis
after metabolic labeling with [*S]cysteine (Fig. 1) indicated
that the relative ratio of protein precipitated with mAb 7.16.4
to that precipitated by mAb 225 was higher in U87/T691-1
cells than in U87/N691-B1 cells. The higher stoichiometric
ratio of mutant Neu to EGFr in the U87/T691-1 subclone was
supported by flow cytometric analysis.

Phenotypic Characteristics of U87MG-Derived Cell Lines
Expressing the Neu Ectodomain. Abrogation of in vitro pro-
liferation in response to EGF after serum starvation was
observed in U87MG subclones stably transfected with either
the N691stop or T691stop form (Fig. 2). Parental U§7MG cells
exhibited a 64.39% and 51.37% increase in proliferation to 10
ng/ml and 100 ng/ml EGF, respectively (Fig. 2). The U87/
N691-B1 and U87/T691-1 cell lines did not exhibit an increase
in proliferation at these EGF concentrations in this represen-
tative experiment. Transient transfections of either the
N691stop or T691stop form of truncated Neu into US7TMG
cells also resulted in a blunted mitogenic response to EGF and
in a 32-44% reduction in the ability to form morphologically
transformed foci at 2 weeks relative to US7MG cells trans-
fected with pCMV-B. Capacity for growth in low serum in
these clones was also reduced. U87/N691-B1 cell numbers
were reduced 63.2 + 1.31% (mean + SD) and U87/T691-1 cell
numbers were reduced 73 *= 15.2% in three experiments of
growth in reduced serum.

Inhibition of Anchorage-Independent Growth ir Vitro. The
ability of US7MG cells expressing mutant Neu proteins to
form colonies in soft agar was dramatically reduced (Fig. 34).
The transforming efficiency of the U87/T691-1 clonal line was
inhibited 83.7 = 2.6% (mean * SEM) and in U87/N691-B1 by
50 = 8.7% in three independent experiments. A U87TMG-
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FiG. 2. Proliferation in response to EGF as determined by MTT
incorporation. Three thousand cells of each cell line were seeded in a
96-well plate in 10% FBS/DMEM overnight before being starved in
0.05% DMEM for 48 hr. Recombinant EGF at the indicated concen-
trations was then added for 48 hr at which point MTT was added for
4 hr prior to cell lysis. The plates were then incubated at 37°C overnight
before spectrophotometric analysis of viable cell number with an
ELISA reader (ODs7). Data points represent mean and standard
deviation for four samples at each ligand concentration. Similar
experiments were performed on six independent occasions. The
number of cells used was determined to be within the linear range of
this assay.
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Fi6. 3. Growth inhibition of US87MG glioblastoma cells by truncated Neu ectodomains. (4) Anchorage-independent growth assay. Cells
(1,000-3,000 of each cell line) were seeded in soft agar dishes and cultured for 21-28 days. Colonies were then visualized and counted after staining.
Each experiment was performed in triplicate. The mean degree of inhibition and standard error (SEM) observed in three independent experiments
is shown. The U87/Nneu cell line is a control cell line that expresses full-length normal p185neu and exhibits increased transforming efficiency
in vitro in these experiments. (B) Comparison of tumor growth in athymic mice between U87MG and U87MG cells expressing the N691stop form
of Neu (U87/N691-B1) and (C) between U87MG and U87MG cells expressing the T691stop form of Neu (U87/T691-1). 10° cells of each cell
line were injected intradermally on day 0 and tumor volume was recorded weekly. US7MG cells were injected on one side and the transfected cell
line was injected into the contralateral side of the same animal. Data represents the mean and standard deviation (SD) of tumors derived from
each cell line (US7MG, n = 19; U87/N691-B1, n = 9; U87/T691-1, n = 9).

derived cell line expressing full-length, protooncogenic Neu
(U87/Nneu) used as a control was more transformed in these
assays than parental U87MG. The EGFr+/p185c-neu-
expressing line displayed a 27 *+ 15.7% increase in transform-
ing efficiency relative to the parental US7MG. This observa-
tion supports prior experiments in our laboratory indicating a
synergistic role in both normal signaling and transformation
between full-length Neu and EGFr in a fibroblast-derived
context (22, 26).

In Vivo Inhibition of Cell Lines Expressing Either the
N691stop or T691stop Form of the Neu Ectodomain. We
compared growth of the glioblastoma clones after injection
into athymic mice. Both U87/T691-1 and U87/N691-B1 were
inhibited relative to US7MG parental cells, with U87/T691-1
exhibiting a profound degree of inhibition (Fig. 3 B and C). The
U87/T691-1 transfected line did not form appreciable tumors
until 12 weeks after implantation (Fig. 3C), which is beyond the
period of time when some animals injected with parental
U87MG cells had to be sacrificed due to excessive tumor
burden. Many animals survived greater than 100 days with
tumors < 0.5 cm? after subcutaneous inoculation with U87/
T691-1 cells. Additionally, more than 50% of the subcutane-
ous injections with this cell line failed to produce tumors of any
measureable size. These data were reproduced when different
subclones of both U87/N691 and U87/T691 were used in both
the in vitro and in vivo transformation assays. The US7TMG-
derived cell line expressing full-length normal Neu (U87/
Nneu), which exhibited increased tumorigenicity in vitro (Fig.
34), displayed nearly identical growth kinetics to US7MG
parental glioblastoma cells in vivo. This observation was
further corroborated by analysis of in vivo growth of an
additional U87MG subclone expressing full-length p185¢-neu.

Specificity of Inhibition of EGFr Signaling by the Neu
Ectodomain. To address the specificity of inhibition mediated
by the Neu ectodomain, we examined whether the more
inhibited transfected line, U87/T691-1, was capable of re-
sponding in vitro to PDGF. A PDGF-R signaling pathway has
been implicated in glial tumorigenesis (41). A polyclonal
antibody reactive with all dimeric forms of PDGF-R precipi-
tated predominant bands of 180 kDa and 190 kDa in the
US87MG parental line (data not shown) and U87/T691-1 (Fig.
1, lane 7). These bands correspond to PDGF receptors ob-
served in other human glioblastoma cell lines (42-44). The 180

kDa form represents the mature B-type receptor, which others
have precipitated in the U87MG human glioblastoma cell line
(43). We observed more significant proliferation in U87/
T691-1 to PDGF-BB [binds all dimeric forms of the PDGF-R
and binds B receptors with high affinity (43)] than to EGF
(Table 1). We also observed more significant proliferation to
PDGF-BB than to EGF in fibroblasts expressing EGFr,
PDGF-R, and kinase-deficient Neu proteins.

To corroborate this observation with an additional measure,
and to analyze, independently, S-phase events in response to
ligand, we addressed the ability of PDGF-BB to initiate DNA
synthesis in U§7MG parental cells and in U87/T691-1 trans-
fected cells as measured by BrdUrd incorporation (Table 2).
PDGF-BB initiates DNA synthesis to a more significant
degree than EGF in transfected U87/T691-1, and these cells
respond nearly as well as U§7MG to PDGF-BB after serum
starvation. The response of Neu ectodomain-transfected cells
to EGF is significantly blunted relative to nontransfected
glioblastoma cells after serum starvation. These data suggest
that the inhibition produced by the Neu ectodomain is pri-
marily mediated via inhibition of EGFr-mediated signal trans-
duction.

Table 1. Percent increase in proliferation in response to ligand

U87MG (parental) U87/T691-1

Ligand conc.,

ng/ml EGF PDGF-BB EGF PDGF-BB
0 — — — —
0.01 185+06 358*61 65*51 300=*56
0.1 53339 473x92 6845 408x48
1.0 58649 435+51 88=x45 471x74
10.0 645+78 435*x69 37x22 459*39
100 611+62 599+93 90=x54 532x127

Proliferation in response to either EGF or PDGF-BB is shown
between the US7TMG cells and the U87/T691-1 cell line (expressing
the T691stop truncated form of Neu). These data represent a com-
pilation of six independent experiments (the response of U87/T691-1
to EGF represents data from eight separate experiments). Prolifera-
tion in response to ligand was determined by the incorporation of MTT
under conditions described in Materials and Methods. The mean %
increase above baseline (no ligand) = SEM is shown. The measured
proliferation was determined to be over a linear range for this cell line.
conc., concentration.
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Table 2. Percent BrdUrd incorporation
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Serum-free EGF, PDGF-BB, PDGF-BB,

Condition media 10% serum 10 ng/ml 10 ng/ml 50 ng/ml
U8TMG 19.4 =49 90.5 7.8 455+ 0.9 22,7+ 44 36.9 £ 6.8
U87/T691-1 154 = 0.7 83.6 = 0.4 173 +17.0 195 6.2 30.5 4.7

DNA synthesis in response to either EGF or PDGF-BB for U87MG cells and U87/T691-1 cells
(expressing the T691stop truncated form of Neu) is shown. After starvation in serum-free media for 48 hr,
cells were either placed back into serum-free media, 10% FBS DMEM (complete growth media), or ligand
in serum-free media at the indicated concentration for 24 hr. BrdUrd incorporation was determined by
immunohistochemistry and positive cells were counted as described in Materials and Methods. The data
shown are mean * SD for triplicate samples. Similar results were observed in three independent
experiments. The results of this representative experiment were confirmed by an independent observer.

DISCUSSION

The heterodimerization between EGFr and either wild-type or
mutant Neu proteins can be detected even in the absence of
EGF, and is preferred thermodynamically over either form of
homodimerization (33, 34). Recent evidence suggests that
erbB-2 forms heterodimers under physiologic conditions with
EGFr and erbB-3, increasing signaling in response to EGF and
Neu differentiation factor (NDF or heregulin), respectively,
and supporting the important paradigm that full-length Neu/
c-erbB-2 potentiates growth factor signaling in trans (45).

The Neu ectodomain appears to be more effective than
dominant-negative constructs of EGFr in binding to EGFr and
causing trans inhibition of EGFr-mediated signal transduction.
Homodimerization and codimerization between EGFr and
cytoplasmic domain-deleted EGFr have been shown to be
equally efficient but are notably EGF-dependent (30). Expres-
sion of the N691stop Neu mutant leads to elimination of the
high-affinity class of EGFrs, an inhibition of EGF-induced
DNA synthesis, less efficient EGF-induced internalization and
down-regulation of EGFr, and reduced oncogenic potential in
mutant Neu-EGFr coexpressing fibroblasts (33). These obser-
vations provided biochemical evidence that the Neu ectodo-
main is sufficient to associate with the EGFr and modulate
EGFr-dependent phenotypes. Furthermore, the Neu ectodo-
main appears to associate preferentially with EGFr, rather
than with other Neu monomers, again suggesting that kinase-
deficient Neu may more efficiently disable EGFr function than
cytoplasmic domain-deleted EGFr. There is an increase in
tyrosine phosphorylation of EGFr in response to EGF in
U87MG human glioblastoma cells and constitutively active,
ligand-independent EGFr mutants increase the tumorigenicity
of the US7MG cell line, showing that the EGFr signaling
pathway is important for the transformed phenotype in these
cells (7).

Neu ectodomain proteins are capable of forming het-
erodimers with EGFr in US87MG glioblastoma cells. Neu
ectodomains inhibit EGF-induced DNA synthesis (Table 2),
block the in vitro proliferation of EGFr-positive human glio-
blastoma cells to EGF (Fig. 2, Table 1), lower total cell
numbers in culture in reduced serum, reduce the ability of
glioblastoma cells to form morphologically transformed foci
and grow in an anchorage-independent manner in soft agar
(Fig. 34), and reduce the ability of human glioblastoma cells
to form tumors in athymic mice (Fig. 3 B and C).

The ectodomain forms of pl85neu with (T691stop) and
without (N691stop) the transmembrane mutation are both
effective at causing trans inhibition in EGFr-positive US7TMG
human glioblastoma cells. The inhibitory effect is erbB family
specific, while PDGF signaling is intact. U87/T691-1 cells
undergo DNA synthesis and mitosis in response to PDGF-BB
nearly to the same degree as parental US7MG cells over a
range of ligand concentrations (Tables 1 and 2). In US7MG
cells, EGF induces DNA synthesis to a greater degree, and is
more mitogenic, than PDGF (Fig. 2, Tables 1 and 2), which has
been observed by others in glioblastoma cells (46). In US7TMG
cells transfected with T691stop (U87/T691-1), PDGF induced

S-phase events and M-phase events much more efficiently than
EGF (Fig. 2, Tables 1 and 2). These results were corroborated
with U87/N691-B1 and other subclones of US7MG expressing
either N691stop or T691stop. Similar results were seen when
the PDGF-AB form of PDGF was used as a ligand.

Because many of the same Src homology 2- and Src homol-
ogy 3-containing substrates are posttranslationally modified
after both EGFr and PDGF-R phosphorylation, one might
have expected that the mitogenic response to PDGF in cells
expressing Neu ectodomains would be blunted, even if it is
unlikely that the Neu ectodomain can physically associate with
PDGF-R. This was not observed and is in agreement with
previous work from our laboratory, which showed that intra-
cellular substrates were not significantly altered in fibroblasts
as a result of expression of a full-length, kinase-deficient
mutant of Neu (p185K757M, possessing an intact carboxyl
terminus but a mutated ATP-binding site) capable of inhib-
iting the transformed phenotype (47). The PDGF receptor has
been implicated in glial tumorigenesis (41), and dominant—
negative mutants of PDGF-R have been shown to inhibit the
phenotype of rat C6 glioma cells (48). However, it appears as
if an EGFr-dependent signal transduction pathway(s), inde-
pendent of signaling through the PDGF receptor, is important
for the initiation and/or maintenance of the transformed
phenotype of human glioblastoma.

An analysis of other subclones expressing Neu ectodomains
supports a relationship between the expression level of kinase-
deficient Neu and phenotypic modulation in US7MG cells.
The minimum ratio of mutant Neu proteins to EGFr required
to functionally disable EGFr is unknown in this cell type, but
has been observed to be as low as 1:1 in certain fibroblast-
derived lines (33). However, the differential expression of
mutant Neu proteins in U87/T691-1 and U87/N691-B1 cells
(Fig. 1) is unlikely to account fully for the differences in
phenotypic inhibition observed between these two clones. The
T691stop-expressing U87MG subclones, including U87/
T691-1, exhibit an altered morphology, with cells appearing
flat and having a significantly reduced tendency to form foci
in culture. Although both the N691stop and T691stop mutants
physically associate with EGFr, the T691stop Neu mutant has
been observed to homodimerize more efficiently than
N691stop (19, 33), and for this reason has been observed to
form heterodimers with EGFr less efficiently than the
N691stop mutant (X.Q. and M.I.G., unpublished data). The
more significant inhibition of EGFr observed with the
T691stop mutant suggests that this form is more effective in
disabling EGFr in U87MG cells, and may indicate that the
activated receptor complex is composed of oligomers, which
are more efficiently inactivated by T691stop than N691stop.
There is structural evidence to suggest that the activated
ligand-binding domain of EGFr is composed of dimers, trim-
ers, and larger multimers (49).

These studies provide direct evidence for a role of the EGFr
in the maintenance of human malignant glioma. The Neu
ectodomain can assemble efficiently with the EGFr in glio-
blastoma cells, and thereby disrupt EGFr-mediated pheno-
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types in a trans-dominant fashion. Glial tumors are also
notable for alterations in cell-cycle regulatory proteins, in
particular, US7MG cells lack p16 (50). However, these cells are
still inhibited by disabling the erbB family of proteins by
expression of the Neu ectodomain, which is very promising for
the treatment of advanced human disease. We have recently
shown that the T691stop form of Neu is able to form het-
erodimers with the constitutively active, ectodomain deletion
mutant of EGFr found in a subset of high-grade gliomas (1, 2,
7, 9-11). Additionally, T691stop inhibits tumor formation in
vivo of U87MG-derived cells coexpressing endogenous EGFr
and mutant EGFrs (D.M.O. and M.I.G., unpublished data).

Because of the high affinity of the Neu ectodomain for the
EGFr, the importance of this receptor in glial transformation,
the absence of toxicity as a consequence of transfection into
nonproliferating cells, and the specific nature of the inhibition
of EGFr-mediated signal transduction, the Neu ectodomain
appears to be a viable biologic construct for genetic therapies
of human glioblastoma. The T691stop mutant Neu form may
be the preferred form for use in glial-derived human tumors.
Neu ectodomain polypeptides with and without the transmem-
brane mutation may be important in the design of biologic
pharmaceuticals, which disable erbB family oncoproteins. The
use of the Neu ectodomain could theoretically be extended to
other tumor types expressing oncogenic erbB family receptor
tyrosine kinases, including other neural tumors and, poten-
tially, tumors derived from systemic epithelial tissues.
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