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ABSTRACT

Sequences in the regulatory carboxyl terminus of the epidermal growth
factor (EGF) receptor are required for ligand-induced internalization via
a high-affinity saturable endocytic pathway and for receptor down-regu
lation. To investigate the role of down-regulation in attenuating mitogenic
signals, we compared the ability of NR6 cells expressing holo and mutant
down-regulation defective EGF receptors to form tumors in athymic mice.
NR6 cells expressing mutant EGF receptors reproducibly formed rapidly
growing tumors, whereas cells expressing holo EGF receptors had a low
tumorigenic potential. Serial passage of tumors of NR6 cells expressing
mutant EGF receptors resulted in an enhanced rate of tumor formation
that directly correlated with increased expression of mutant receptors.
Tumor growth was inhibited by a competitive antagonist anti-EGF recep
tor monoclonal antibody. Excessive signaling from the cell surface can
result from lack of sequences required for endocytosis and from saturation
of endocytic mechanisms. Non-down-regulating kinase-active EGF recep
tors provide an especially strong growth signal, manifested as rapid tumor
growth in athymic mice.

INTRODUCTION

Neoplastic transformation results from both qualitative and
quantitative changes in proteins that function to control prolif
eration of normal cells. Several oncoproteins have been identi
fied in which mutations have deleted regulatory constraints
resulting in constitutive increases in activity. Such mutations
have been identified in retroviral oncogenes such as \-src (1), v-
erbB (2), and \-ras (3); similar mutations occur in oncogenes
isolated from human tumors such as mutant ras proteins (4).
Quantitative increases in protein expression also result in trans
formation. In human tumors amplification of protooncogenes
and resultant overexpression of encoded protein are directly
correlated with more aggressive tumor behavior and poorer
patient outcome. Amplification of the n-myc gene, which en
codes a nuclear-localized protein, is associated with a more
aggressive course of neuroblastoma (5). Gene amplification and
overexpression of the EGF4 receptor and of c-erbB2/neu pro

teins are also associated with poorer patient outcome (6, 7).
When human epidermoid carcinoma cells with varying degrees
of EGF receptor gene amplification were injected into athymic
mice, a direct correlation between receptor expression and
tumor growth was noted (8).

Increased n-myc expression results in increased activity of
the nuclear protein. However, EGF receptors are active only
when ligand is bound. Increased expression of cell surface EGF
and related receptors may enhance signaling by mass action
binding of low concentrations of ligands present in the environ-
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ment and act as more sensitive signal transducers (9). Normally,
cell surface receptors undergo ligand-induced receptor internal
ization, down-regulation, and attenuation of signaling. When
receptors are overexpressed, they may overwhelm down-regu
lation mechanisms that efficiently attenuate signaling by nor
mal concentrations of receptors. Ligand-induced internaliza
tion of EGF receptors occurs through a high-affinity saturable
pathway involving coated pits (10). Kinetic analysis indicates
that ligand-induced internalization determines receptor down-
regulation (11). In human epidermoid carcinoma A431 cells
where EGF receptor expression is markedly enhanced (12), the
high-affinity pathway becomes saturated, and impaired receptor
internalization and down-regulation result (13).

We have recently described mutant EGF receptors that are
defective in ligand-induced receptor internalization and down-
regulation (14). To critically test whether defective down-regu
lation contributes to tumor growth, we have measured the
ability of cells expressing these mutant EGF receptors to form
tumors in athymic mice. In contrast to failure of parental NR6
cells (15) and a low ability of NR6 cells expressing holo EGF
receptors to form tumors, NR6 cells expressing c'973 EGF

receptors reproducibly form tumors in athymic mice. Because
these cells express relatively normal concentrations of EGF
receptors, tumor formation appeared to be due to failure of
these receptors to down-regulate and attenuate signaling. Sub
sequent passage in animals resulted in an enhanced rate of
tumor formation coincident with increased expression of mu
tant receptors. Tumor growth was inhibited by treating animals
with a monoclonal antibody which is a competitive antagonist
for EGF binding. These results suggest that overexpression of
growth factor receptors favor tumor growth both by enhancing
mass action binding of activating ligand and by failure to
attenuate signaling by down-regulation of receptors.

MATERIALS AND METHODS

Generation of EGF Receptor-expressing Cells. The wild-type EGF
receptor or a mutant receptor truncated after amino acid 973 (c'973)

was cloned into a Moloney murine leukemia virus-derived mammalian
expression vector in the gag position (16). This vector contains a SV40
early promoter-driven neomycin-phosphotransferase gene in the env
position. The constructs were lipofected (BRL, Gaithersburg, Mary
land) into 1/--2cells, and the packaged viruses were utilized to infect
NR6 cells, a 3T3 derivative which lacks endogenous EGF receptors
(15) at a multiplicity of infection of 0.01. Cells were maintained at
37Â°C,8% CCs, and >60% humidity in minimal essential medium a

supplemented with 10% fetal bovine sera and 10 mM 4-(2-hydroxy-
ethyl)-1 -piperazineethanesulfonic acid (pH 7.3). Stable, polyclonal lines
consisting of ~20 colonies were established and maintained in complete
media supplemented with the neomycin analogue G418 (400 ^g/ml;
Gibco, New York). Expression of EGF receptors was assayed by specific
binding of '"I-EGF to the cells (14). Analysis of receptor distribution
by fluorescence-activated cell scanning revealed a single symmetrical
population of receptor-expressing cells (17). Functioning of the recep
tors was assessed by ligand-induced tyrosine kinase activation, EGF-
dependent incorporation of pHjthymidine into DNA, and cell growth.
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Both cell lines expressed ~105 receptors/cell with similar binding

affinities (18).
Cell Growth in Athymic Mice. The tumorigenicity of cells was tested

using athymic mice of BALB/c background. Cells (5 x IO6) were

suspended in 0.5 ml of serum-free medium and injected s.c. into the
left flank of the mice. Each group consisted of five mice. The length
and width (a and b) of a tumor were measured with a caliper, and size
was calculated as ir/6 x ab1, where a > b.

Treatment with Anti-EGF Receptor Monoclonal Antibody. To test the
effect of treatment with the antagonist anti-EGF receptor monoclonal
antibody 528 IgG (19) on tumorigenicity, 1 mg of 528 IgG was dissolved
in 0.5 ml of phosphate-buffered saline and injected i.p. Mice were
treated twice weekly, which continued for 4 weeks. The control group
was treated with phosphate-buffered saline only.

Production of NR6 c'973 EGF Receptor Cell Derivatives. A tumor
produced from NR6 c'973 EGF receptor cells was removed from the

mouse and minced finely in culture medium. The minced tumor tissue
was suspended in medium, and coarse tissues were allowed to settle to
the bottom of a centrifuge tube. This procedure removed most of the
connective tissue. The supernatant containing small clumps of tumor
cells was centrifuged, plated at serial dilutions, and cultured for 2
weeks. Cultures, which contained colonies of cells with morphological
characteristics of NR6 c'973 EGF receptor cells, were selected, and
those cultures were propagated (1Â°NR6 c'973 EGF receptor). A few

fibroblasts derived from connective tissue were observed in the primary
cultures, but those cells only grew slowly and were overgrown within a
few serial subcultures. A similar procedure was used to derive 2Â°NR6
c'973 EGF receptor cells from a tumor produced by 1Â°cells.

Quantitation of EGF Receptors. Cell surface EGF receptor number
and Ko were measured using '"I-EGF (50-100 /jCi/Mg). Cultured cells
in 12-well plates were washed once with Dulbecco-Vogt modified
Eagle's minimum essential medium/0.1% bovine serum albumin and
incubated for 4 h at 4Â°Cwith Dulbecco-Vogt modified Eagle's minimum

essential medium/bovine serum albumin/50 mivi4-(2-hydroxyethyl)-l-
piperazineethanesulfonic acid (pH 7.4) containing 0.1 nM '25I-EGFand

increasing concentrations of unlabeled EGF. Scatchard analysis was
performed using the Ligand program as modified by McPherson (20).
EGF receptor mass was measured using Western blotting of whole cell
extracts. Cells were lysed with hot Laemmli sample buffer, and EGF
receptors were separated on 7.5% sodium dodecyl sulfate-polyacryl-
amide gels and transferred to nitrocellulose sheets. EGF receptors were
detected by incubation with a rabbit polyclonal antibody directed
against a peptide corresponding to the 13 NVterminal amino acids of
the human EGF receptor and visualized with alkaline phosphatase:anti-
rabbit IgG (21). Immunoblots were quantitated for relative absorbance
using an LKB ultrascan XL densitometer.

Detection of EGF Receptor mRNA. Total cell RNA was isolated from
2 x IO6 cells of each line, subjected to agarose gel size fractionation,

and transferred to nitrocellulose. Detection of EGF receptor-specific
transcripts was accomplished by hybridizing a 32Pend-labeled 25-mer
complementary to coding sequences located between the two cysteine-
rich regions of the ecto domain. Two species of RNA were detected.
The ~4-kilobase band represents the expected transcript which termi
nates at the end of the EGF receptor clone. The ~7-kilobase band likely
represents a 3' extension of the EGF receptor transcript.

DNA Analysis of Cell Line Clonality. DNA was extracted from c'973-

expressing cells and digested with Bgill restriction endonuclease before
agarose gel size fractionation. Southern blotting analysis utilized as a
probe the 2.2-kilobase Clal fragment from the expression vector which
contained the SV40 early promoter and the neomycin phosphotrans-
ferase gene. This probe should detect an internal 1.6-kilobase fragment
representing the 3' tail of the EGF receptor and the 5' half of the
selectable marker. A second fragment should also be detected by the 3'

end of the probe; the size of this fragment will vary in different clones
because the second Bgfll site is in the cell genome. Hybridization to
the internal 1.6-kilobase fragment was used to investigate gene ampli
fication, and additional fragments were analyzed to determine the
complexity of integration sites in the cell genome.

RESULTS

Comparison of Tumor Formation by NR6 Cells Expressing
holo and c'973 EGF Receptors. When 5 x IO6 NR6 cells
expressing wild-type holo EGF receptors (~105 receptors/cell)

were inoculated into athymic mice, tumorigenic potential was
low (Fig. 1). A single animal developed a small tumor around
day 90 following inoculation. A second animal developed a
tumor at day 175, and a total of 4 of 15 animals had small
tumors [0.30 Â±0.24 (SE) cm1] by day 209. None of the 15

animals inoculated with NR6 cells lacking EGF receptors
formed tumors. In contrast, animals inoculated with NR6 cells
expressing an equivalent number of c'973 EGF receptors (~1.2
x IO5 receptors/cell) began to develop tumors around day 30

following inoculation, with 14 of 15 animals developing, by day
60, tumors which progressively grew to large size by day 68
(5.8 Â±4.4 cm3). These results indicate that NR6 cells, which

are not tumorigenic in athymic mice, become strongly tumori
genic when expressing non-down-regulating c'973 EGF recep

tors. Cells expressing holo EGF receptors are only slightly
tumorigenic. These results in athymic mice parallel those seen
using soft agar colony-formation assays (18).

Enhanced Tumorigenicity with Serial Transplantation of NR6
Cells Expressing c'973 EGF Receptors. To evaluate the tumor
igenicity of NR6 cells expressing c'973 EGF receptors, tumors

were removed and placed into cell culture, and cells were then
inoculated back into athymic mice. Because tumors were
formed with a shorter latent period, tumors were again placed
into tissue culture. Fig. 2 shows that, with serial passage in
animals, cells became more tumorigenic. Cells derived from
NR6 c'973 EGF receptor tumors (1Â°)formed tumors with a

shorter lag period of ~22 days versus ~40 days and exhibited a
more rapid rate of growth. Secondary (2Â°)cells exhibited an
even shorter lag time and, like 1Â°cells, grew rapidly. Serial

transplantation in mice thus selected cells with higher degrees
of tumorigenicity.

Correlation between EGF Receptor Expression and Tumor
Formation in Athymic Mice. To investigate the basis of en
hanced tumorigenicity of serially transplanted NR6 c'973 EGF

receptor cells, the EGF receptors were quantitated in initial
pretumor, 1Â°,and 2Â°cells in culture. Scatchard analysis revealed

an increase in the number of cell surface EGF receptors of ~4-
fold in I" and ~16-fold in 2Â°NR6 c'973 EGF receptor-express

ing cells (Fig. 3). The K0 of EGF binding were similar, and
Scatchard analysis revealed only a single affinity-binding com
ponent. Western blotting confirmed an increase in EGF recep-
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Fig. 1. Cumulative tumor formation by NR6 cells expressing holo and mutant
c'973 EGF receptors. Athymic mice were inoculated with 5 X IO6 cells/mouse,

and tumor formation was quantitated. Data represent three separate experiments
of n = 5 for a total of 15 mice in each group.
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60 70

Fig. 2. Rate of tumor growth of cells from successive passage of NR6 c'973
EGF receptor cells. Tumors from mice inoculated with NR6 c'973 EGF receptor
cells were harvested and placed into cell culture (1Â°NR6 c'973 EGF receptor).
Tumors from these mice were harvested and placed back into cell culture (2Â°NR6
c'973 EGF receptor). Initial (Â©),1Â°(A), and 2' (H) NR6 c'973 EGF receptor
cells were inoculated in parallel at 5 x 10' cells/mouse (n = 5 for each group).

Tumor size was quantitated at the indicated times. A second experiment using
initial pretumor NR6 c'973 EGF receptor cells is also shown (O). Points, mean
of n = 5: ears, SEM.

tor mass in 1Â°and 2Â°NR6 c'973 EGF receptor cells compared

to the initial cells (Fig. 3). These results suggest that enhanced
growth of T and 2Â°cells in athymic mice results from increased

EGF receptor expression. Because the milieu in the animals
was likely identical, increased EGF receptor expression presum
ably acts via mass action to enhance responses to the low
concentration of ligand present endogenously.

In tissue culture, pretumor NR6 c'973 EGF receptor cells

are flattened and form a monolayer at confluence (Fig. 4, A and
C). In contrast, 2Â°NR6 c'973 EGF receptor cells are rounded

and refractile at low densities and overgrow and pile up at
confluence in a pattern characteristic of transformed cells (Fig.
4, B and D). As previously described (17) EGF causes rounding
and morphological transformation of pretumor NR6 c'973

EGF receptor cells (Fig. 4E); EGF accentuates the morpholog
ical changes already present in 2Â°NR6 c'973 EGF receptor

cells grown in 10% dialyzed newborn calf serum (Fig. 4F).
Primary NR6 c'973 EGF receptor cells resemble pretumor cells

(data not shown).
Mechanisms for Increased c'973 EGF Receptor Expression.

Because c'973 EGF receptors are resistant to ligand-induced

down-regulation (14, 18), the increased expression observed in
1Â°and 2Â°NR6 c'973 EGF receptor cells was presumed to be

secondary to genetic differences. Fig. 5A shows that increased
EGF receptor expression correlates with increased EGF recep
tor mRNA. Both the 4- and 7-kilobase transcripts increased in
1Â°compared to pretumor cells, while the increase in 2Â°com
pared to 1Â°cells reflected mostly an increase Â¡nthe 7-kilobase

transcript. EGF receptor expression (Fig. 3) correlated with the
total of both transcripts. Immunofluorescence staining and
fluorescence-activated cell scanning revealed that the pretumor
initial NR6 c'973 EGF receptor cells uniformly express EGF

receptors with a symmetrical receptor distribution on flow
cytometry and immunofluorescence ( 17). Because the cells were
derived by viral infection but were polyclonal in origin we
assumed that only a single copy was present per cell but that
these could have different integration patterns in the popula
tion. Fig. 5B shows that multiple integration sites were present
in the pretumor initial NR6 c'973 EGF receptor population.

0.3 r.

B/F

Fig. 3. Quantification of EGF receptors in
cells derived by successive passage of NR6 c'973
EGF receptor cells in athymic mice. '"I-EGF
binding to parental. 1', and 2' NR6 c'973 EGF

receptor cells was measured and analyzed using
the Ligand program. Insert, immunostained
EGF receptors using N13 antibody. Parental =
39,000, 1' = 33,000, and 2* = 18.000 cell equiv

alents of total cell extract/lane.
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B

Control
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Fig. 4. Morphology of initial pretumor and 2Â°NR6 c'973 EGF receptor cells. Cells grown in Dulbecco-Vogt modified Eagle's minimum essential medium
containing 10% dialyzed newborn calf serum were treated without or with 50 nw EGF. A and B, sparse cultures, x 200. C-F, confluent cultures, x 400. P, pretumor.

Primary and secondary lines show simplification of the clonal
complexity but remain with more than one integration site.
Gene amplification was not detected by measuring the amount
of 1.6-kilobase internal fragment. Twice as much DNA from
pretumor cells was loaded to allow visualization of minor bands
and, when corrected, gave an equivalent signal at 1.6 kilobases.
With longer exposure times all of the larger fragments observed
in 1Â°and 2Â°cells are present in pretumor cells (not shown).

Cells expressing increased EGF receptors thus appear to rep
resent a subpopulation selected from the initial population.
Because constructions placed the EGF receptor behind the
murine leukemia virus promoter, increased transcription ap
pears to be due to the environment of the host cell at the site
of integration.

Effect of Antagonist Monoclonal EGF Receptor Antibody on
the Growth of 2Â°NR6 c'973 EGF Receptor Cells in Athymic

Mice. Because tumor formation and growth are directly corre
lated with expression of non-down-regulating EGF receptors
and of their concentration, we investigated whether treatment
with a monoclonal antibody which is a competitive antagonist
for EGF binding could inhibit tumor formation. Fig. 6 shows
that i.p. injection of 528 IgG completely suppressed formation

of tumors by 2Â°NR6 c'973 EGF receptor cells for up to 45

days. In contrast, untreated animals uniformly developed large
tumors, necessitating termination of the experiment on day 27.
These results provide further evidence for an oncogenic effect
of excessive signaling by ligand-activated EGF receptors.

DISCUSSION

Mutational analysis of the EGF receptor has identified se
quences COOH-terminal to the tyrosine kinase domain which
are required for ligand-induced internalization and down-regu
lation of receptors (14). When EGF receptors which lack these
sequences (c'973) were expressed in NR6 cells, sensitivity to

EGF-stimulated mitogenesis was increased 8- to 10-fold com
pared to that observed in NR6 cells which express holo EGF
receptors (18). Increased sensitivity to mitogenic effects of
ligands is a predicted consequence of abrogating the attenuating
mechanism of receptor down-regulation. The observation that
NR6 cells which expressed c'973 EGF receptors were much

more tumorigenic in athymic mice than NR6 cells which ex
pressed holo EGF receptors suggests that the enhanced sensi
tivity to ligand measured in cell culture is also operative in vivo.
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Fig. 5. Northern and Southern analysis of hEGF receptor mRNA and DNA
in pretumor. 1'. and 2Â°NR6 c'973 EGF receptor cells. A, Northern analysis of
total cell RNA using a >2P-labeled oligonucleotide corresponding to sequences in
the ectodomain of the EGF receptor. There was no detectable signal in untrans-
fected NR6 cells. B, Southern analysis of Bgl\\ digests of DNA using a 2.2-
kilobase Cla\ fragment probe from the expression vector. Twice as much DNA
from pretumor cells as from I ' and 2Â°cells was loaded to allow visualization of

weaker bands.

Because no treatments were given that would alter endogenous
concentrations of EGF and related ligands in athymic mice, the
enhanced growth of NR6 cells expressing non-down-regulating
EGF receptors likely resulted from enhanced sensitivity to
endogenous concentrations of ligand. It is possible that en
hanced autocrine production of transforming growth factor Â«
(22) resulting from enhanced signaling by non-down-regulating
EGF receptors occurred. This does not appear to be a major
factor, however, because there was a progressive increase in
c'973 EGF receptor expression upon serial transplantation in

athymic mice. Because increased growth in athymic mice par
alleled the increase in EGF receptor concentration, selection
appeared to be for receptor expression which would increase
sensitivity to endogenous ligand and signal strength rather than
for autocrine production of ligand.

Enhanced tumorigenicity of cells expressing c'973 EGF re

ceptors compared to cells expressing holo EGF receptors may
be due to several mechanisms. The failure of c'973 EGF recep

tors to undergo ligand-induced down-regulation (14) appears
to be a major factor allowing excessive signaling from the cell
surface and a growth advantage (18). Because a major mecha
nism for attenuation is lost, excessive signaling occurs in re
sponse to the ligand. Increased ligand-activated protein tyrosine
kinase activity may also occur due to removal of inhibitory
sequences located in the COOH terminus (21). Partial deletions
of the COOH terminus result in decreased EGF receptor func
tion (23). Such deletions remove the two distal sites of tyrosine
self-phosphorylation. The mechanism for decreased function of
these receptors is not known but could result from interference
with self-phosphorylation, which appears to kinetically activate
the EGF receptor by removing an alternate substrate/competi

tive inhibitor (24). c'973 EGF receptors lack sites of tyrosine

self-phosphorylation and most of the inhibitory COOH termi
nus (21). Increased expression of c'973 EGF receptors occurred

upon serial transplantation and likely contributed to enhanced
signal strength by the time of culturing of cells from the 1"
tumor. Selection for higher concentrations of the c'973 EGF

receptor was noted upon further passaging in animals. As
reported for cells expressing high concentrations of holo EGF
receptors (8), these cells were strongly tumorigenic in athymic
mice. It is difficult to estimate the contribution of loss of
sequences required for down-regulation when receptor concen
trations are extremely high, because saturation of high-affinity
endocytosis occurs and down-regulation of holo receptors is
impaired (10, 11, 13). The ability of the antagonist monoclonal
antibody 528 to block tumor formation by 2Â°NR6 c'973 EGF

receptor cells suggests, however, that excessive signaling by this
receptor remained the primary stimulus for cell growth and
tumor formation.

Selection for increased EGF receptor expression appeared to
be due to increased gene expression rather than gene amplifi
cation. The NR6 cells expressing EGF receptors used in these
studies were generated by retroviral infection and consisted of
a pool of ~20 colonies, which gave a population in which all
cells expressed EGF receptors but with a similar distribution,
as quantitated by flow cytometry (17). Receptor expression
equivalent to that seen in 2Â°tumors was not detectable, by flow

cytometry, in the pretumor population of cells. Southern blot
analysis using an EGF receptor internal fragment indicated that
the number of copies of human EGF receptor genes did not
increase but that the heterogenicity of the population decreased.
Because this resulted in enhanced EGF receptor mRNA and
protein expression, the selected clones presumably had c'973

EGF receptors integrated in the genome in a position which
facilitated transcription. Cells which could further augment

Q)
N

O

E

6-

4-

2-

Tumor formation at day 27

Tumor Tumor
formation (no.) size (cm3)
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Treated
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Fig. 6. Effect of antagonist monoclonal EGF receptor antibody on tumor

growth. Cells derived by culture of second passage tumors (2- NR6 c'973 EGF
receptor cells) were inoculated at 5 x 10* cells/animal. Mice were treated with
528 IgG (I mg/dose) (Â®)or saline (control) (O) beginning at the time of
inoculation and twice weekly. Tumor size was measured as ir/6 x oft2 (a > b).
Points, mean of n = 5; bars. SEM.
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transcription over that dictated by the murine leukemia virus
promoter were selected for their in vivo growth advantage.

Excessive signaling via the protein tyrosine kinase activity of
the EGF receptor is well established for \-erbB, where mutation
removes inhibitory constraints imposed by the ligand-binding
domain (25,26). Quantitative increases in EGF receptor expres
sion due to gene amplification in human tumors and to place
ment behind strong retroviral promoters in experimental sys
tems also result in excessive signaling and oncogenesis (27, 28).
The present studies suggest that interference with the signal
attenuation mechanism of ligand-induced down-regulation also
results in excessive signaling and oncogenesis. Excessive expres
sion of holo EGF receptors may exceed the capacity of the
endocytic system (11, 13); excessive expression of non-down-
regulating receptors provides a particularly strong growth signal
that is manifested as rapid tumor growth in athymic mice.
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