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Ligand-Induced Transformation by a 
Noninternalizing Epidermal Growth Factor Receptor 

growth and morphology could not be evalu- 
ated. 

Expression of the internalization-defec- 
tive mutant on the surface of a nontrans- 

Identification of a mutant epidermal growth factor (EGF) receptor that does not 
undergo downregulation has provided a genetic probe to investigate the role of 
internalization in ligand-induced mitogenesis. Contact-inhibited cells expressing this 
internalization-defective receptor exhibited a normal mitogenic response at significant- 
ly lower ligand concentrations than did cells expressing wild-type receptors. A 
transformed phenotype and anchorage-independent growth were observed at ligand 
concentrations that failed to elicit these responses in cells expressing wild-type 
receptors. These findings imply that activation of the protein tyrosine kinase activity at 
the cell membrane is sufficient for the growth-enhancing effects of EGF. Thus, 
downregulation can serve as an attenuation mechanism, without which transformation 
ensues. 

A CTIVATION OF THE EGF RECEPTOR 

initiates a cascade of cellular events 
(1 ,Z) .  On binding ligand, the intrin- 

sic tyrosine kinase is triggered, and this is 
immediately followed by a rise in cytosolic- 
free calcium concentration and receptor in- 
ternalization, which results in receptor deg- 
radation. Specific gene transcription is stim- 
ulated within minutes. Hours later, DNA 
synthesis and cell division occur. Mutational 
analysis has shown that the tyrosine kinase 
activity is necessary for all subsequent recep- 
tor actions, including internalization (3). 
The relation between these early events and 
the mitogenic response has been unclear. 
Thls has led to suggestions that receptor or 
ligand internalization, or both, may be re- 
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quired for DNA synthesis to occur (4). Cells 
expressing a membrane-bound EGF recep- 
tor ligand, the precursor of transforming 
growth factor a (pro-TGF-a), were capable 
of causing some of the immediate responses 
in neighboring cells (5 ) ,  but effects on DNA 
synthesis are still unknown. 

An EGF receptor that failed to undergo 
ligand-dependent endocytosis would allow 
determination of the function of internaliza- 
tion in initiating cell growth. Serial trunca- 
tions of the COOH-terminus of the EGF 
receptor identified a region that couples 
ligand binding to receptor internalization 
and degradation (6). The COOH-terminal 
213 amino acids of the 1186-amino acid 
EGF receptor contain the inhibitory domain 
(7) and the calpain hinge (8), as well as the 
newly defined internalization region (amino 
acids 973 to 1022). A receptor mutant 
truncated at amino acid 973 (c1973) failed 
to downregulate but had a competent ki- 
nase, with binding of ligand leading to 
increased transcription (6). Because this mu- 
tant was ex~ressed in a transformed cell and 
at supraphysiologic levels, the effects on cell 

formed cell line that does not express endog- 
enous EGF receptors, the NIH 3T3-de- 
rived NR6 cells (9) ,  allowed delineation of 
the link between endocytosis and cell 
growth. NR6 cell lines that presented either 
the wild-type (WT) or the truncated (c1973) 
receptor were derived. Cells were transfect- 
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Fig. 1. Ligand-induced downregulation (A) and 
internalization (B) of EGF receptors. (A) NR6 
cells expressing either the WT ( 0 )  or truncated 
c'973 (a) EGF receptors were treated with 50 
nM EGF for the indicated times at 37°C. Cell 
surface ligand was removed by the acid-stripping 
procedure, and '251-labeled EGF binding was 
measured (21). Results are the means of tripli- 
cates, which differed by <5%. (B) Endocytic rates 
for NR6 cells expressing the WT ( 0 )  or c1973(@) 
EGF receptors. The plot was derived according to 
previously published methods (22). The internal- 
ization incubations were performed at 37°C for 5 
min. The failure of the c'973 receptor to internal- 
ize was confirmed by immunofluorescent studies 
(23). 
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ed with a Moloney murine leukemia virus 
vector containing the receptor constructs in 
the gag position and the gene encoding 
neomycin phosphotransferase in the env po- 
sition (10). Stable, polyclonal lines consist- 
ing of more than 20 colonies each were 
established in Dulbecco's minimum essential 
medium (DMEM), containing 10% fetal 
bovine serum and the neomycin analog 
G418 (400 pglml; Gibco). Scatchard analy- 
ses of both receptors (WT and c1973) re- 
vealed equivalent dissociation constants 
(&) of -0.5 nM, with both cell lines 
binding -100,000 EGF molecules per cell. 
A second series of plyclonal isolates pre- 
sented only about 10,000 receptors per cell. 
In addition, a kinase-negative, internaliza- 
tion-competent receptor that was truncated 
at amino acid 1022 (c11022K-) (7) and a 
receptor done with a frameshift mutation at 
codon 295 (FS) were expressed in NR6 
cells. The cells containing the c11022K- 
mutant presented about 10,000 ligand bind- 
ing sites whereas, as expected, specific ligand 
binding was not detected with the FS mu- 
tant. The FS mutant provided a control for 
selection procedures that were used to iso- 
late the NR6 cell lines, and the c11022K- 
receptor accounts for ligand and receptor 
internalization in the absence of kinase. 
These lines constituted a genetic system in 
which EGF receptor number and properties 
are physiologic. 

The c1973 receptors, expressed in NR6 
cells, failed to internalize, whereas the WT 
receptors underwent downregulation (Fig. 
1A). Even at 120 min, cells expressing the 
truncated receptor presented 98% of the 
basal level of receptors (11). It remained 
possible, however, that rapid recycling of 
the truncated receptor was masking ligand- 
induced internalization. Endocytosis of la- 
beled EGF was therefore evaluated (Fig. 
1B). The endocytic rate constant of the WT 
receptor ( K ,  = 0.13 min-') was consistent 
with that seen for EGF receptors on normal 
human fibroblasts (12). The rate calculated 
for the c1973 receptor was indstinguishable 
from background membrane turnover 
( K ,  = 0.02 min-'). Thus, the mutant re- 
ceptor does not downregulate because it 
fails to internalize. 

Examination of cells presenting either 
WT or c1973 receptors revealed EGF-de- 
pendent increases in cell density, an effect 
seen at both high and low levels of receptor 
expression. EGF-dependent growth was not 
observed with cells expressing either the 
cr1022K- or FS receptors. If receptor 
downregulation and degradation abrogate 
signaling, cells expressing the nonintemaliz- 
ing c1973 receptor would be expected to be 
more sensitive than WT receptors at low 
concentrations of ligand. Dose-response 
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Fig. 2. Ligand-induced mitogenesis. NR6 cells 
expressing the various EGF receptor constructs 
were plated in 20-mm-diameter wells. The cells 
were carried in MEMa, containing 2% fetal bo- 
vine serum and various concentrations of EGF. 
Cells (40,000) were seeded, and after 9 days were 
counted. Values represent means S.D. of tripli- 
cate wells (when not shown, error bars are smaller 
than the symbols). A representative experiment is 
shown, which was reproduced in two indepen- 
dent trials. NR6 cells expressed (e), the c'973 
EGF receptor; (U), the WT receptors; (W), the 
c11022K- receptors; and (A), the FS receptors. 

studies revealed that the internalization-de- 
fective mutant induced mitogenesis at an 
EGF concentration approximately one- 
eighth that required to stimulate growth 
through the WT receptor (Fig. 2). 

Cells expressing very high numbers of 
EGF receptors (13) and those exposed to 
constant, high concentrations of ligand be- 
come transformed (1, 14). Therefore, it 
might be expected that cells in which the 
mitogenic signal is not attenuated would 
exhibit the transformed phenotype even at 
low ligand concentrations. NR6 cells ex- 
pressing c1973 receptors developed a trans- 

formed phenotype when grown in the pres- 
ence of low concentrations of EGF (Fig. 3). 
The cells became refractile and overgrew the 
monolayer. Cells expressing WT receptors 
did not form the dense foci characteristic of 
transformed cells; however, at higher EGF 
concentrations (100 nM) they overgrew the 
monolayer (1 1). The isolates that carried the 
FS and c11022K- mutants were indistin- 
guishable in the presence or absence of EGF 
(11). The plyclonal cells did not clone in 
soft agar in the absence of EGF (in 5% 
serum), nor in low serum (0.5%) even with 
EGF present (7 nM EGF) (15). However, 
with adequate serum (5%), the receptor 
internalization4efective cells demonstrated 
an increased sensitivity to low concentra- 
tions of ligand; 70% of the cells gave rise to 
macroscopic colonies within 21 days at 7 
nM EGF and 12% at 0.7 nM. Cells contain- 
ing the WT receptor were approximately 
one-tenth as responsive, with only 6.5 and 
0.8% proliferating at the higher and lower 
ligand concentrations, respectively. The 
c11022K- and FS cells failed to grow into 
colonies under any of the conditions. 
Thus, the noninternalizing EGF receptor 

is capable of eliciting ligand-induced mito- 
genesis and transformation. As mitogenesis 
is a late action requiring a certain threshold 
of EGF-receptor activation (1, 13), failure to 
remove activated receptors would be reflect- 
ed as a shift to the left in dose-response 
curves. The cells carrying the internaliza- 
tion-defective receptor differed from cells 
expressing WT receptors mainly in their 
increased sensitivity to low concentrations 

Fig. 3. Morphologic transformation of EGF-treated cells. NR6 cells expressing 100,000 WT or c'973 
receptors per cell were grown as described in Fig. 2. Morphologic changes were noted at 1 nM EGF for 
cells expressing the c'973 receptor but required 10 nM in the case of cells expressing the WT receptor. 
The cells shown were grown at 1 nM EGF. Optical magndication was x400. 
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of ligand, though the receptor dissociation 
constants were indistinguishable. It seems 
highly unlikely that the mitogenic response 
is due to residual receptor internalization 
and intracellular targeting beneath our level 
of detection given the increased sensitivity 
of cells carrying low numbers of this mutant 
to subsaturating ligand concentrations. Al- 
though, theoretically, any receptor mutation 
could alter the kinase specificity, analysis 
with antibodies to phosphotyrosine did not 
reveal significant alterations in substrate 
phosphorylation with the c'973 receptor 
(11). In addition, previous studies suggest 
that an altered kinase activity of the c1973 
mutant, if any, is not biologically relevant 
(6). 

Removal of the entire region COOH- 
terminal to the kinase domain, a 213-amino 
acid truncation, resulted in an enzyme not 
subject to the normal mechanisms of attenu- 
ation. Previous reports have suggested that 
the COOH-terminal sequences of the EGF 
receptor facilitate the &togenic effects of 
receptor activation (16). Elimination of the 
autophosphorylation sites present in the ter- 
minal 69 amino acids does not result in 
enhanced growth. This contrasts with other 
tyrosine kinases in which removal of these 
sites results in activation (1 7). The explana- 
tion for this dfference appears to be that in 
addition to the autocatalytic substrates, 
whlch function as competitive inhibitors 
(18), the EGF receptor tail contains a second 
element responsible for quenching receptor 
signaling, an internalization domain (6). A 
receptor lacking both control elements 
would be expected to maintain ligand-in- 
duced signaling. Cells presenting such a 
receptor should be more sensitive than WT 
cells at low levels of ligand and exhibit the 
transformed phenotype. Our results imply 
that the activation of the tyrosine kinase (3) 
at the plasma membrane is sufficient for cell 
division. As a consequence the membrane- 
bound forms of the pro-EGF (19) and pro- 
TGF-a (20) should be capable of eliciting 
cell growth in neighboring receptor-bearing 
cells. Internalization and degradation of the 
receptor appear to abrogate the long-term 
actions of the EGF receptor. In the absence 
of this attenuation mechanism, low concen- 
trations of ligand would result in uncon- 
trolled proliferation; that is, the transformed 

It may be speculated that muta- 
tions disabling the endocytic pathway for 
growth factor receptors would result in neo- 
plastic transformation. 
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Requirement for Cotolerogenic Gene Products in the 
Clonal Deletion of I-E Reactive T Cells 

T cells that express the T cell receptor Vp5.2 domain react with the class I1 major 
histocompatibility complex (MHC) molecule I-E, and Vp5.2' T cells are deleted in 
mouse strains that express I-E glycoproteins. By examination of genetically defined 
recombinant inbred (RI) mouse strains, it was found that the deletion was dependent 
on the expression of I-E and one of a limited number of non-MHC gene products 
(cotolerogens). The gene encoding one of these cotolerogens maps to chromosome 12 
and is .linked to the endogenous provirus Mtv-9. These observations suggest that the I- 
E-mediated and minor lymphocyte-stimulating antigen (MIS)-mediated deletions of 
a@ T cells from the repertoire are similar; both require the expression of a class I1 
MHC glycoprotein and a second non-MHC gene product. 

T HE MATURATION OF T LYMPHO- cells (1). Several murine T cell receptor 
cytes in the thymus involves two (TCR) Vp gene segments (Vp5.1, Vp5.2, 
selective steps, the positive selection Vpll, and Vp17) encode reactivity with the 

of self-MHGrestricted T cells and the nega- class I1 MHC antigen I-E, and mice express- 
tive selection (deletion) of self-reactive T ing I-E delete the majority of these T cells 

from the peripheral repertoire (2-6). How- 
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