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Epidermal Growth Factor Receptor Cytoplasmic Domain Mutations
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The transforming gene product of avian erythroblastosis virus, v-erbB, is derived from the epidermal growth
factor (EGF) receptor but has lost its extracellular ligand-binding domain and was mutated in its cytoplasmic
portion, which is thought to be responsible for biological signal generation. We have repaired the deletion of
extracellular EGF-binding sequences and investigated the functional consequences of cytoplasmic erbB
mutations. Within the resulting EGF receptors, the autophosphorylation activities of the cytoplasmic domains
of v-erbB-H and v-erbB-ES4 were fully ligand dependent in intact cells. However, the mitogenic and
transforming signaling activities of an EGF receptor carrying v-erbB-ES4 (but not v-erbB-H) cytoplasmic
sequences remained ligand independent, whereas those of a receptor with a v-erbB-H cytoplasmic domain were
regulated by EGF or transforming growth factor a. Thus, structural alterations in the cytoplasmic domain of
growth factor receptor tyrosine kinases may induce constitutive signaling activity without autophosphorylation.
These findings provide new insight into the mechanism of receptor-mediated signal transduction and suggest a

novel alternative for subversion of cellular control mechanisms and proto-oncogene activation.

The genomes of acutely transforming avian erythroblasto-
sis viruses (AEV) contain derivatives of a normal cellular
gene that are directly responsible for the erythroleukemias
and fibrosarcomas induced in infected chicks (13, 33). This
retroviral transforming gene, termed v-erbB, encodes a
membrane-associated tyrosine kinase that originated by re-
combination of chicken epidermal growth factor (EGF)
receptor (CER) sequences with the viral genome (11, 22, 30).
When compared with EGF receptor, the erbB proteins of all
currently characterized AEV strains have lost most of their
amino-terminal, extracellular ligand-binding domain, which
is thought to result in constitutive activation of its cytoplas-
mic tyrosine kinase activity (6, 9, 25, 34). Furthermore,
during or after the recombination event, other structural
alterations that include cytoplasmic C-terminal truncations,
internal deletions, and point mutations were introduced into
the virus-acquired CER sequences which differ among AEV
strains (6, 9, 12, 25, 34, 35). These alterations are likely to be
responsible for the characteristic properties of distinct virus
isolates with respect to pathogenic potential in vivo and
transforming activity in cultured cells (3, 12, 25). Therefore,
naturally selected v-erbB variants represent an excellent
system with which to evaluate the structural basis for altered
biochemical properties and biological signaling activities of
growth factor receptor derivatives involved in a variety of
distinct neoplastic phenotypes.
We have previously shown that erbB ligand responsive-

ness can be restored by precise reattachment of human EGF
receptor (HER) extracellular sequences to repair the amino-
terminal deletion. This type of HER-erbB chimeric protein
exhibited EGF-responsive functions at the surface of trans-
fected Rat-1 fibroblasts (26). Here, we have extended this
approach to compare the biological signaling activities of the
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cytoplasmic domains of two distinct, well-characterized
v-erbB oncogene products: v-erbB-H and v-erbB-ES4. Par-
allel analyses of the signaling characteristics of the chimeric
receptors have revealed pronounced differences between
erbB-H and -ES4 cytoplasmic domains on the growth of
transfected cells and the potential to transform mouse NIH
3T3 fibroblasts. Whereas both erbB-H and erbB-ES4 auto-
phosphorylation activities become ligand dependent after
reattachment of HER extracellular sequences, the normal
and transforming signals mediated by the HER-erbB-ES4
chimera remain largely EGF independent, in contrast to
HER-erbB-H. This demonstrates that structural alterations
within the cytoplasmic domain can induce a partially acti-
vated EGF receptor in the absence of its ligand.

MATERIALS AND METHODS

Reagents. Receptor-grade EGF, human transferrin, and
human insulin were obtained from Collaborative Research,
Inc. Growth factor bovine serum albumin (BSA) diluent
was from Schwartz/Mann. 125I-EGF (100 ,uCi/,ug), L-[35S]
methionine (1,000 Ci/mmol), [methyl-3H]thymidine (84 Ci/
mmol), and [-y-32P]ATP (5,000 Ci/mmol) were from Amer-
sham Corp. Protein A-Sepharose was from Pharmacia, Inc.
All cell culture reagents including Geneticin (G418 sulfate),
were from GIBCO Laboratories. BSA, phenylmethylsulfo-
nyl fluoride, and aprotinin were from Sigma Chemical Co.;
En3Hance and Aquasol scintillation cocktail were from
Dupont, NEN Research Products. Purified tissue culture
agar was from Difco Laboratories.

Receptor expression plasmids. The expression vector CVN
and the HERc expression construct have been described
previously (16, 26). Chimeric receptor expression constructs
with HER extracellular and transmembrane domains and
normal or mutated (v-erbB) cytoplasmic sequences were
generated by using either of the AhaII or DrallI restriction
sites within the 100% conserved amino acid sequence of the
juxtamembrane domain (19, 22, 30, 34). HER-CER (1,190
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amino acids) expression vector was generated by ligating
PvuI-NarI (3,292 base pairs [bp]) and SaII-PvuI (6,155 bp)
fragments from the HERc expression construct to an AhaII-
Sall (1,747 bp) fragment from pc-erbBNX (23). HER-erbB-H
(1,160 amino acids) consists of PvuI-DraIII (3,381 bp) and
EcoRV-PvuI (6,164 bp) HERc expression construct frag-
ments and v-erbB-H sequences (DraIlI-filled-in KpnI; 2,618
bp) from a pUC18 subclone (SmaI site) of a 1.7-kilobase-pair
filled ApaI-XmnI fragment from pAE7.7 (kindly provided by
B. Vennstrom). The entire v-erbB-H fragment used in this
construct was sequenced and found to contain only two
amino acid sequence differences at positions 699 and 705 of
CER (19, 22) in addition to the C-terminal 34-amino-acid
deletion. The HER-erbB-ES4 expression construct coding
for a 1,096-amino-acid chimeric receptor was derived from
ligation of PvuI-NarI (3,292 bp) and EcoRV-PvuI (6,164 bp)
HERc vector fragments and a 1,378-bp AhaII-XmnI v-
erbB-ES4 fragment of pAE11 (provided by B. Vennstrom).
To construct CVN/HER-CERACT (1,160 amino acids,

including 4 from the AEV env gene), a 1,772-bp MstII-Sstl
fragment from CVN/HER-CER was joined with a 229-bp
SstI-SstII fragment from CVN/HER-erbB-H and a 9,078-bp
SstII-MstII fragment from CVN/HER-CER. Similarly, the
CVN/HER-erbB-H+CT construct was generated by joining
a 9,486-bp SstII-DraII fragment from CVN/HERc with a
1,091-bp DraIII-Dralll fragment from CVN/HER-erbB-H
and a 647-bp DraIII-SstII fragment from CVN/HER-CER
and encodes an 1,190-amino-acid chimeric receptor precur-
sor with two point mutations in the ATP-binding site.

Cell culture. An NIH 3T3 fibroblast subclone (CL7; kindly
provided by C. Sherr) was used for all transfection experi-
ments. The cells were cultured in Dulbecco modified Eagle
medium (DMEM) containing 1 g of glucose per liter, 10%
fetal bovine serum (FCS), 2 mM L-glutamine, and antibiot-
ics. Stable lines were cultured in this medium plus 400 ng of
G418 sulfate per ml. Cells were passaged once a week at 1:10
dilution and used for 10 passages.

Generation of transfected cell lines. NIH 3T3 cells (2 x 105
cells per 35-mm dish) were transfected by the calcium
phosphate coprecipitation method (14, 31), using 5 ,ug of
high-molecular-weight NIH 3T3 DNA and 100 ng of control
(CVN) or receptor expression plasmid. The following day,
cells from each dish were split into two 10-cm dishes with
DMEM containing 10% FCS and 400 ,ug of G418 sulfate per
ml. Medium was changed every week. Cells were amplified
by selection in DMEM containing 10% dialyzed FCS and 250
nM methotrexate. Medium was changed every week. Cells
were cloned at this level and screened for expression by
[35S]methionine labeling and immunoprecipitation with an
HER-specific monoclonal antibody (MAb 108.1).

Immunoprecipitation and gel electrophoresis. Subconfluent
stably transfected cell lines were grown in 6-cm culture
dishes. The cells were washed twice with phosphate-
buffered saline (PBS). A 3-ml sample of methionine-free
medium prepared from a minimal essential medium select
amine kit (GIBCO) was added, and the incubation continued
for 18 h with 300-,uCi of [35S]methionine. "S-labeled cell
monolayers were washed twice with PBS and solubilized in
500 ,ul of 1% Triton X-100 buffer as described by Kris et al.
(17). The 500-,ul sample was incubated with an excess of
HER-specific MAb 108.1 antiserum for 2 h at 4°C. Then 60 ,ul
of protein A-Sepharose slurry (1:1 in distilled H20) was
added for 1 h at 4°C. Immunoprecipitates were washed five
times in 20 mM HEPES (pH 7.5)-150 mM NaCl-10% glyc-
erol-0.1% Triton X-100. The pellet was then suspended in 30
,ul of 2 x sodium dodecyl sulfate (SDS)-gel sample buffer.

Samples were boiled for 5 min, centrifuged, and analyzed on
8% SDS-polyacrylamide gels (18). Gels were fixed for 1 h in
10% acetic acid-10% trichloroacetic acid-30% methanol,
incubated for 1 h in En3Hance (Dupont), precipitated for 1 h
in H20, and dried under vacuum at 60°C.

',5I-EGF binding experiments. Subconfluent, stably trans-
fected cells were plated in 2.2-cm, 12-well culture dishes at 2
x 105 cells per well. The following day, the wells were
washed twice with PBS-0.2% BSA and incubated with 1 ml
of serum-free cell culture medium containing 0.2% BSA and
50 mM HEPES (pH 7.5) for 2 h at 4°C in the presence of
125I-EGF and various concentrations of unlabeled EGF.
Nonbound radioactivity was removed by three washes with
cold PBS-BSA, and cells were lysed in 1 N NaOH. The
radioactivity of the lysates was determined in a gamma
counter. The computer program SCATPLOT (R. Vandlen,
unpublished data) was used to analyze the data and deter-
mine receptor number and Kd values for high- and low-
affinity binding sites (not shown).

Receptor autophosphorylation. Confluent cell monolayers
in six-well dishes were placed in DMEM with 0.5% FCS 24
h before induction with EGF at 500 ng/ml for 30 min at 37°C.
After rinsing with PBS, cells were lysed in 200 ,d of SDS
sample buffer, sonicated for 10 s, boiled for 10 min, and
analyzed by SDS-polyacrylamide gel electrophoresis (7%).
Proteins were electrophoretically transferred to nitrocellu-
lose and subsequently incubated with an antiphosphoty-
rosine antibody. 125I-protein A was then used to detect
immunocomplexes (4).

Characterization of cell growth. To determine the extent of
DNA synthesis stimulation by various concentrations of
receptor-grade EGF, confluent cell monolayers in 24-well
culture dishes were starved for 24 h in medium containing
0.5% FCS. At 18 h after growth factor addition, cells were
labeled with 0.5 ,uCi of [methyl-3H]thymidine. Subsequently
cells were washed three times with PBS, followed by pre-
cipitation and washing with 5% trichloroacetic acid for 30
min at 4°C. The precipitate was then washed twice with PBS
and solubilized in 500 RI1 of 0.2 N NaOH. After addition of 10
ml of Aquasol (Dupont), the incorporated radioactivity was
determined in a scintillation counter.
For growth rate determinations, cells were plated at 2 x

104 in 35-mm culture dishes in DMEM and 10% FCS or in
DMEM and 0.5% FCS with or without EGF (10 ng/ml). Cells
were counted each day in a Coulter Counter. EGF was
added again at day 4.
To examine cell growth under serum-free conditions, 4 x

104 NIH 3T3 cells, mock-transfected control NIH 3T3 cells,
and cells expressing each construct were plated in 35-mm
gelatin-coated tissue culture dishes in DMEM with 10%
FCS. The following day, the cells were washed with 10 ml of
PBS, and medium was changed to serum-free DMEM in the
presence of either transferrin (10 p,g/ml), transferrin and
insulin (1 .Lg/ml), transferrin and EGF (10 ng/ml), or trans-
ferrin, insulin, and EGF in a DMEM-0.5% BSA diluent. Cell
numbers were determined after 6 days by using a Coulter
Counter.

Transformation assays. To examine the ability of trans-
fected cells to form colonies in soft agar, 105 cells were

plated in a 6-cm dish in the presence or absence of 50 ng of
EGF per ml in a top layer of 3 ml ofDMEM containing 10%
FCS and 0.2% agar. The bottom layer (4 ml) contained
DMEM, 10% FCS, and 0.4% agar with or without EGF.
Visible colonies were scored after 21 days.
To measure the potential of various receptor expression

plasmids to form foci in NIH 3T3 monolayers, 2 x 105 cells
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FIG. 1. Structures of EGF receptor chimeras. Plasmids were constructed as described in the text. The transmembrane domains and
specific point mutations, as well as the chimeric makeup of each construct, are indicated. A indicates internal deletions of one (A1034) and
21 (A1042-1062) amino acids in the HER-erbB-ES4 sequence. Positions of HERc tyrosine phosphorylation sites at positions 1068, 1148, and
1173 are indicated by asterisks, and corresponding tyrosine residues in CER are marked. HER-erbB-H and HER-CERACT constructs encode
four retroviral env protein amino acids at their C termini in addition to the 1,155 HER-CER amino acids. Amino acid numbering is based on
CER sequence (19). The actual coding sequences of chimeric constructs are three amino acids shorter because of differences in HER versus
CER extracellular sequences and 22 residues shorter in HER-erbB-ES4 as a result of internal deletions. Sequence analysis of clones used in
our experiments did not confirm the differences reported for v-erbB-H (34) and v-erbB-ES4 (6) at positions 1091 and 716, respectively, of
CER; the v-erbB-H DNA used in these experiments contained a mutation at position 699 (Phe for Ser), in contrast to the sequence reported
by Yamamoto et al. (34).

(NIH 3T3 CL7) were plated in 35-mm dishes. The medium
was changed the following day, and 4 h later the cells were
transfected by calcium phosphate coprecipitation (14) with 5
,ug of NIH 3T3 high-molecular-weight carrier DNA and 100
ng of a control (pCVN) expression construct, a v-fms
expression construct, or the human EGF chimeric receptor
expression plasmids. In parallel, cells were cotransfected
with 100 ng of a tumor growth factor a (TGF-a) expression
plasmid (27). The following day, cells from each dish were
split into three 6-cm dishes with DMEM containing 5% FCS.
Medium was changed every 3 to 4 days, and foci were scored
on day 21. Visible foci were isolated on day 14 and grown in
DMEM-10% FCS plus 400 ,ug of G418 sulfate per ml.
Neomycin-selected stable foci lines were subsequently
screened for expression of their EGF chimeric receptor
plasmid as well as for TGF-ot production.

RESULTS

Construction of chimeric expression vectors. Ligand bind-
ing to the ectodomain of receptor tyrosine kinases leads to
activation of an intracellular tyrosine kinase activity and
generation of a signal that is thought to be specified by the
cytoplasmic domain (35). Structural alterations in this do-
main would be expected to alter or abolish this signal or,
alternatively, to subvert intrinsic molecular control mecha-
nisms. While v-erbB oncogene products share the same
554-amino-acid amino-terminal deletion, they differ in their
cytoplasmic sequence alterations (Fig. 1; 6, 12, 25, 34). In
addition to C-terminal deletions of 34 and 72 amino acids in

v-erbB-H and v-erbB-ES4, respectively, these oncogene
products exhibit characteristic point mutations and internal
sequence deletions. The only cytoplasmic sequence altera-
tion shared between v-erbB-H and v-erbB-ES4, Phe-669, is
located within the ATP-binding site consensus sequence
(GXGXXG) between the first two glycine residues. Further
mutations are found in both oncogene products near this
location (Ile-705 in erbB-H; Thr-718 in erbB-ES4) and down-
stream in the erbB-ES4 sequence (Fig. 1).
To focus on the various mutations in erbB and their

effects on biochemical properties and biological activities,
we eliminated the influence of the amino-terminal deletion
by repairing it with intact HER ligand-binding sequences.
Figure 1 shows schematically the structural differences
between wild-type CER cytoplasmic sequences (19, 22) and
those of v-erbB-H and v-erbB-ES4 and the design of the
EGF receptor constructs used. CER and v-erbB cytoplasmic
sequences were fused to HER sequences by using either
DraIII or ApaI restriction endonuclease cleavage sites that
are conserved between the two receptor genes. These sites
are located in a region that encodes juxtamembrane domain
sequences and is identical in HER and CER. v-erbB-H,
v-erbB-ES4, and CER sequences were fused with HER
sequences to yield the chimeric receptors, HER-erbB-H,
HER-erbB-ES4, and HER-CER. Two additional expression
vectors were constructed in which the C termini of v-erbB-H
and CER were exchanged. The portions exchanged include
the CER tyrosine residue (Tyr-1179) that corresponds to
Tyr-1173, the major HER autophosphorylation site (10)
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TABLE 1. Receptor number per cell in transfected
NIH 3T3 cell linesa

Cell line Receptors/cell

CVN-transfected 3T3................ 2.0 x 104
HER-c CL1 ................ 4.3 x 10w
HER-c CL2 ................ 1.2 x 106
HER-CER CL1 ................ 2.8 x l0
HER-CER CL2 ................ 1.2 x l0
HER-erbB-H CL2................ 4.7 x 105
HER-erbB-H CL3................ 8.0 x105
HER-CERACT CL4 ................ 5.4 x 105
HER-CER CL5 ................ 4.7 x 105
HER-erbB-H+CT CL1 .... ............ 8.5 x 105
HER-erbB-H+CT CL3 .... ............ 8.7 x 105
HER-erbB-ES4 CL1................ 1.2 x 105
HER-erbB-ES4 CL5................ 1.6 x 105

a Receptor numbers were determined as described in Materials and Meth-
ods by using '25I-EGF and correlated well with relative quantities estimated
by metabolic labeling of cells with [35S]methionine and subsequent immuno-
precipitation with an HER-specific antibody. In contrast to the cell lines
transfected with HER constructs, the CVN-transfected 3T3 lines expressed
only mouse EGF receptor.

(HER-erbB-H+CT), and allowed us to examine the signifi-
cance of the two erbB-H point mutations within the ATP-
binding domain (at positions 699 [Phe versus Ser] and 705
[Ile versus Val) and the C-terminal deletion itself (HER-
CERACT). All chimeric receptor constructs were inserted
into a simian virus 40-based expression vector that included
simian virus 40 early promoter-controlled genes for neomy-
cin (G418) resistance and dihydrofolate reductase, which
allowed amplification of plasmid sequences in transfected
cells under methotrexate selection (8, 16, 29). Mouse NIH
3T3 fibroblasts containing about 2 x 104 endogenous EGF
receptors were transfected and amplified by standard proce-
dures. At least two independently established, stable cell
lines were used for each assay and yielded analogous results.

Biosynthesis of ligand binding-competent chimeric recep-
tors. We first examined whether transfected NIH 3T3 cells
correctly synthesized and processed the various chimeric
receptors and transported the properly folded molecules to
the cell surface. All transfected cell lines produced a protein
of about 170 kilodaltons that was immunoprecipitated by
MAb 108 (not shown), a HER ectodomain-specific antibody
(15); the CVN control that expresses only mouse EGF
receptors showed no protein of this mobility. Expected
minor size differences between HER-CER and its truncated
derivatives, HER-CERACT, HER-erbB-H, and HER-erbB-
ES4 were detected but were not very pronounced on the 8%
acrylamide SDS gels used for this analysis (not shown).
Ligand binding analyses using '25I-EGF showed that all

transfected cell lines exhibited substantially increased EGF
surface binding. Scatchard analysis of the binding data
revealed that all receptor chimeras formed high- and low-
affinity binding sites, with distribution and Kd values similar
to those of the HERc control (not shown; 24). Expression
levels of surface-localized, ligand binding-competent recep-
tors ranged between 1.2 x 105 and 1.2 x 106 per cell (Table
1).
EGF-stimulated autophosphorylation of chimeric receptors.

Ligand binding to the extracellular domain of the EGF
receptor triggers rapid phosphorylation of several tyrosine
residues, three of which are located within the EGF receptor
C-terminal tail region (10). Kinase activity is essential for
most receptor functions (5, 15, 20) and can be detected in
detergent lysates as well as in intact cells. We tested whether
HER-erbB chimeras demonstrated EGF-dependent auto-
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FIG. 2. Receptor autophosphorylation in intact cells. Serum-
starved confluent monolayers were incubated for 30 min with (+) or
without (-) EGF. After electrophoresis on 8% SDS polyacrylamide
gels and transfer to nitrocellulose, bands were detected with anti-
phosphotyrosine antibody 5E2 and 125I-protein A. In vivo autophos-
phorylation of HER-CERACT and HER-erbB-H+CT was fully
ligand dependent (not shown). CVN is a vector-transfected control
cell line. Sizes of molecular weight markers are indicated in kilodal-
tons on the right.

phosphorylation to determine whether fusion of the HER
ectodomain to the cytoplasmic domain of erbB oncogene
products was sufficient to reinstate this important signaling
control. Furthermore, it was possible that the response of
distinct chimeras to ligand stimulation would provide clues
to their distinct biological signaling properties.
EGF strongly stimulated the phosphorylation of all chi-

meric proteins both in vitro and in vivo. Under in vitro
conditions, all chimeric receptors and the HERc control
exhibited an EGF-inducible autophosphorylation activity
(not shown). The basal activity detected in vitro for all
receptor constructs was virtually undetectable in intact cells
(see below) and was likely a consequence of the experimen-
tal protocol used. To examine directly the tyrosine phos-
phorylation state of the receptors in intact cells, we carried
out immunoblot analyses of cell lysates both before and after
ligand exposure, using an antiphosphotyrosine monoclonal
antibody. Both HER-erbB chimera and control receptors
displayed a very strong induction of autophosphorylation
upon EGF addition (Fig. 2). Similar results were obtained for
the HER-erbB-H+CT and HER-CERACT constructs (data
not shown). Together, these results demonstrate that the
human EGF-binding domain controls the autophosphoryla-
tion activity of normal and mutated CER cytoplasmic do-
mains, including the erbB-H and erbB-ES4 oncogene ki-
nases, in the chimeric receptor constructs.
Growth characteristics of transfected NIH 3T3 cells. The

mitogenic response of mammalian cells is thought to be
strictly controlled by signals that are generated upon inter-
action of growth factors with specific cell surface receptors
(35). Subversion of this control at any stage of signal
transmission may lead to aberrant behavior of cells in culture
and possibly tumorigenesis in vivo. To further ascertain the
signaling differences between various v-erbB isolates, we
investigated the growth requirements and transformed state
of the chimera-transfected cell lines.
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FIG. 3. (A and B) Mitogenic response of transfected NIH 3T3 fibroblasts. (A) HERc CL2 (0), HER-CER CL1 (C]), HER-CERACT CL5
(U), and CVN control (A). (B) HER-erbB-H CL3 (E), HER-erbB-H+CT CL1 (U), HER-erbB-ES4 CL1 (0), HER-erbB-ES4 CL5 (0), and
CVN control (A). Confluent cell monolayers in 24-well dishes were brought to quiescence for 24 h in medium containing 0.5% FCS.
Stimulation of DNA synthesis by various concentrations of receptor-grade EGF was monitored 18 h after growth factor addition by 4-h
pulse-labeling with 0.5 ,uCi of (methyl-[3H])thymidine. Cells were then washed three times with PBS, and soluble radioactivity was extracted
with 1 ml of 5% trichloroacetic acid for 30 min at 4°C. Cells were washed twice with PBS and solubilized in 500 ,u of 0.2 N NaOH, and
incorporated radioactivity was determined. The absence of an EGF response for CVN-transfected NIH 3T3 cells (A) despite the presence
of EGF receptors has been observed in several independently isolated cell lines and cannot be explained at this point. (C and D) Growth of
the following EGF receptor wild-type and mutant lines in low serum: HERc CL1 (U), HER-CER CL1 (El), HER-CERACT CL4 (A),
HER-erbB-H CL2 (0), HER-erbB-H+CT CL1 (V), HER-erbB-ES4 CL1 (V), HER-erbB-ES4 CL5 (A), CVN control (0), and NIH 3T3 CL7
(x). Cells were plated at 2 x 104 in 35-mm dishes in DMEM and 0.5% FCS with or without 10 ng of EGF per ml. Cells were counted each
day in a Coulter Counter. EGF was added again at day 4.

Figures 3A and B show the effect of EGF on [3H]
thymidine incorporation into DNA of serum-starved, con-
fluent cell monolayers. Control plasmid (CVN)-transfected
NIH 3T3 cells showed no mitogenic response to EGF, yet
this growth factor stimulated [3H]thymidine incorporation
into all of the other transfected cell lines. However, whereas
HERc, HER-CER, HER-CERACT, HER-erbB-H, and
HER-erbB-H+CT lines were each dependent on EGF stim-
ulation and displayed similar dose-response profiles (Fig. 3A
and B), HER-erbB-ES4-expressing lines appeared to be
EGF independent. These cells could not be grown to quies-
cence and responded only marginally to increasing EGF
concentrations (Fig. 3B).
A similar result was obtained when cells were grown

either in medium containing only low (0.5%) FCS concen-
trations or in the presence of 2 nM EGF (Fig. 3C and D). A
total of 2 x 104 cells were seeded per 6-cm dish, and the
growth rates of the various cell lines were determined by cell
counting. As would be expected for normal cells, HERc-,
HER-CER-, and HER-erbB-H+CT-expressing cells, as well
as nontransfected and CVN-transfected NIH 3T3 controls,
did not grow significantly with only 0.5% FCS present (Fig.
3C). Addition of EGF induced two to three rounds of mitosis
in HERc-, HER-CER-, and HER-erbB-H+CT-expressing
cells over a period of 7 days (Fig. 3D). HER-erbB-H and
HER-CERACT chimera-expressing lines went through
about one round of cell division without EGF and were

significantly stimulated by EGF. However, a completely
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TABLE 2. Colony formation in soft agar

No. of coloniesa
Cell line

-EGF +EGF

NIH 3T3 CL7 <10 17
CVN 0 2
HERc CL1 0 496
HER-CER CL1 0 800
HER-CERACT CL5 0 904
HER-erbB-H CL2 0 316
HER-erbB-H CL3 <10 332
HER-erbB-H+CT CL1 0 286
HER-erbB-H+CT CL3 0 440
HER-erbB-ES4 CL1 20 246
HER-erbB-ES4 CL5 220 432
HER-erbB-ES4 117 336 480

a Colonies were counted after 21 days. Numbers represent averages of two
expenments.

different behavior was observed for HER-erbB-ES4 cells. In
the absence of EGF, these cells displayed a dramatic growth
rate (Fig. 3C), and addition of growth factor actually re-
tarded cell growth (Fig. 3D), a characteristic that was
consistently observed with three independent HER-erbB-
ES4-expressing cell lines. Under these low-serum condi-
tions, HER-erbB-ES4 cells exhibited a typical transformed
morphology even in the absence of EGF. Acquisition of this
morphological phenotype by all the other cell lines required
the addition of growth factor (not shown).

Transforming activity of EGF receptor chimeras. The prop-
erty of contact inhibition and the ability of normally at-
tached, growing cells to form colonies in soft agar are two
commonly used criteria to assess the transformed state of a
cell. To examine whether the transforming potential of
v-erbB oncogene sequences was retained in the HER
ectodomain fusions and to test whether this activity had
become ligand dependent, we subjected all chimeric EGF
receptor mutant lines and the corresponding expression

TABLE 3. NIH 3T3 focus formationa

No. of foci/,Lg of DNA
Construct

-TGF-a +TGF-a

v-fmis 2,430 2,160
pCVN 0 0
HERc 0 720
HER-CER 0 1,170
HER-CERACT 0 1,260
HER-erbB-H 0 1,680
HER-erbB-H+CT 0 1,740
HER-erbB-ES4 900 930

a Subconfluent NIH 3T3 monolayers were transfected with expression
plasmids for v-fms, control (HERc), and chimeric receptors or expression
vector alone (CVN). In parallel, cells were cotransfected with a TGF-a
expression construct (+TGF-a). Foci were scored after 21 days in culture.

constructs to soft agar and focus formation assays, respec-
tively (Table 2 and 3; Fig. 4).

In contrast to the NIH 3T3 and CVN control cell lines, all
transfected cell lines formed significant numbers of colonies
in soft agar in the presence of EGF, including cells express-
ing wild-type HER (HERc) and the chimeric control plasmid
HER-CER (Table 2). In EGF-free soft agar, however, only
HER-erbB-ES4 lines formed colonies (CLI did so rather
weakly but reproducibly). Colony formation by all three
HER-erbB-ES4 lines was reproducibly enhanced in the
presence of EGF (Table 2).

Similarly, in cotransfection experiments with a TGF-a
expression construct (27), transformed phenotype was in-
duced in the stringent focus formation assay for all receptor
expression plasmids (Fig. 4). However, whereas HERc,
HER-CER, HER-CERACT, HER-erbB-H, and HER-erbB-
H+CT plasmids induced foci only in conjunction with the
TGF-a expression plasmid, the HER-erbB-ES4 expression
vector was active in mediating this effect even without
TGF-a (not shown), similar to the v-fms positive control
(Table 3). Interestingly, foci induced by cotransfection of

v-fms CVN HER-c HER-CER

a.-P.a d -',

HER-CERACT HER-9rbB-H HER-erbB-H+CT HER-erbB-ES4

FIG. 4. NIH 3T3 focus formation. Subconfluent NIH 3T3 monolayers were transfected with expression plasmids. In parallel, cells were
cotransfected with a TGF-ot expression construct. After 21 days in culture, cell foci were stained with crystal violet. Only the TGF-a
cotransfection results are shown. No foci were detected in TGF-a controls except for HER-erbB-ES4 and v-fms. Several foci of each
transfection experiment were picked and found to express both receptor and TGF-ax proteins (data not shown).
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HER-erbB-ES4 with TGF-oc plasmids developed faster and
could be scored after 2 weeks, whereas TGF-o.-independent
foci were evident 1 week later. Focus formation efficiency in
this assay was similar for all constructs; HER-erbB-H and
HER-erbB-H+CT were consistently the most efficient,
whereas HER-erbB-ES4 scored the lowest of all chimeric
receptor constructs (Table 3).

DISCUSSION
We constructed a set of chimeric EGF receptors consist-

ing of identical ligand-binding and transmembrane sequences
combined with cytoplasmic sequences of either cellular or
retroviral origin to investigate the significance of structural
alterations on the mitogenic and transforming activities and
the biochemical properties of these proteins. After introduc-
tion into mouse fibroblasts, all of the EGF receptor chimeras
were synthesized and transported to the cell surface, where
they formed high- and low-affinity binding sites for EGF and
TGF-ox with properties comparable to those of the HER
control (24). Apparently, the extensive sequence differences
found between HER and CER cytoplasmic sequences (19,
30) had little or no influence on ligand-binding characteris-
tics. Most of the sequence divergence between the EGF
receptors of these two evolutionarily distant species is found
in the carboxy-terminal-most tail region (33.5% divergence),
whereas juxtamembrane and tyrosine kinase core regions
are highly conserved (only two and seven differences, re-
spectively; 4 and 2% divergence; 19). In addition, these
differences in receptor primary structure did not alter the
normal biochemical characteristics or mitogenic and trans-
forming signaling potential, as demonstrated by a compari-
son of HERc and HER-CER expressed in NIH 3T3 cells.
These findings suggest that cellular components within
mouse fibroblasts are sufficiently conserved in structure
among human, chicken, and mouse cells to interact directly
with these foreign receptors and mediate cellular responses.
The chimeric molecules, HER-CERACT, HER-erbB-H,

HER-erbB-H+CT, and HER-erbB-ES4, contained mutated
CER cytoplasmic domains that led to the generation of
altered receptor signals and, consequently, altered cellular
responses. In addition to previously identified truncations
and deletions within the C-terminal tail regions of erbB-H
(34-amino-acid truncation) and erbB-ES4 (72-amino-acid
truncation; 1- and 22-amino-acid deletions), several point
mutations have been identified in the tyrosine kinase core
regions of these receptor-derived oncogene products (6, 19,
22, 34). All of the point mutations in erbB-H and -ES4
sequences are in positions that are conserved between
normal CER and HER, and even in the related but distinct
HER2/neu receptor homolog (7). This suggests an important
role for these residues in the overall conformation of this
receptor domain and perhaps also in the control and defini-
tion of receptor signals.

In the assay systems used, the C-terminal erbB-H trunca-
tion had only a slight enhancing effect, whereas the ATP-
binding site point mutations at positions 699 and 705 ap-
peared to have a more significantly stimulating effect, as
evidenced in the most stringent focus formation assay (Table
3), in which HER-erbB-H and HER-erbB-H+CT were re-
producibly more active than HER-CERACT. Although the
erbB-H C-terminal truncation that includes a potential CER
autophosphorylation site had a slight enhancing effect in
several growth and transformation assays, it appears that
point mutations in the tyrosine kinase domain can have even
more dramatic effects on receptor-mediated proliferation
and transformation signals.

The most surprising aspect of our findings was the dra-
matic difference between the erbB-ES4 mutations compared
with erbB-H sequences or variants thereof. At first, it
appeared that faithful reconstitution of a ligand-binding
function, and thus elimination of the extracellular domain
deletion, resulted in fully ligand-responsive chimeric recep-
tors. Autophosphorylation experiments in detergent lysates
of transfected cells indicated that all receptors showed
various degrees of basal activity in vitro, and in intact cells,
basal autophosphorylation was either barely detectable or
not detected for HER-erbB-H and HER-erbB-ES4. In all
cases of autophosphorylation, induction was more than
10-fold in vivo.
Although all chimeric constructs showed EGF-inducible

kinase activity, the structural alterations in the erbB-ES4
cytoplasmic domain generated proliferation signals that
could not be controlled by a human EGF-binding domain. In
contrast to the HER-erbB-H receptor, expression of the
HER-erbB-ES4 receptor consistently rendered cells ligand
independent in proliferation and transformation assays.
When compared with the ligand-induced cell responses
mediated by the other receptors, the EGF-independent
proliferation signals generated by HER-erbB-ES4 were more
effective under serum-free or low-serum conditions, whereas
thymidine incorporation was constitutive and did not reach
the maximal values of EGF-stimulated, [3H]thymidine incor-
poration in other cell lines. Whether the lower HER-erbB-
ES4 effects in this assay correlate with the lower expression
levels of the two lines tested is not known with certainty.
Nevertheless, ligand activation and autophosphorylation of
HER-erbB-ES4 appear to modulate the receptor signal, as
evidenced by suppressed growth of expressing cells under
low-serum conditions and an enhanced rate of focus forma-
tion in monolayers.
These findings add a novel alternative to the currently

known possibilities of growth factor receptor activation in
mitogenesis and transformation. Most relevant for our stud-
ies on the biological effects of erbB mutations is a compari-
son with the tumorigenic neu and v-fms genes (1, 2, 21, 28,
32). While a single point mutation in the transmembrane
domain of the nelu oncogene product and point mutations in
the extracellular ligand binding domain of v-fms activate
cytoplasmic signaling functions independent of ligand, the
same effect is achieved by erbB-ES4 cytoplasmic domain
alterations. Most importantly, in contrast to neli andfms, we
have shown that these cytoplasmic domain mutations can
render the EGF receptor active in the absence of ligand
without autophosphorylation.
An intriguing interpretation of our findings is that struc-

tural alterations in the EGF receptor cytoplasmic domain
direct this protein to assume the same conformation that the
EGF receptor acquires upon ligand-activated autophospho-
rylation; this conformation would represent an active state.
Such an incompletely phosphorylated yet constitutively ac-
tive kinase would be expected to catalyze the phosphoryla-
tion of the same repertoire of cellular substrates that is
normally phosphorylated in response to ligand stimulation.
According to this model, receptor autophosphorylation
would play a role in the allosteric transition of an inactive
receptor cytoplasmic domain into an active conformation.
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