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Two Chimeric Receptors of Epidermal Growth Factor Receptor

and c-Ros That Differ in Their Transmembrane Domains
Have Opposite Effects on Cell Growth
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Two chimeric receptors, ER1 and ER2, were constructed. ER1 contains the extracellular and transmembrane
(TM) domains derived from epidermal growth factor receptor and the cytoplasmic domain from c-Ros; ER2 is
identical to ER1 except that its TM domain is derived from c-Ros. Both chimeras can be activated by epidermal
growth factor and are capable of activating or phosphorylating an array of cellular signaling proteins. Both
chimeras promote colony formation in soft agar with about equal efficiency. Surprisingly, ER1 inhibits while
ER2 stimulates cell growth on monolayer culture. Cell cycle analysis revealed that all phases, in particular the
S and G,/M phases, of the cell cycle in ER1 cells were elongated whereas G, phase of ER2 cells was shortened
threefold. Comparison of signaling pathways mediated by the two chimeras revealed several differences.
Several early signaling proteins are activated or phosphorylated to a higher extent in ER1 than in ER2 cells
in response to epidermal growth factor. ER1 is less efficiently internalized and remains tyrosine phosphory-
lated for a longer time than ER2. However, phosphorylation of the 66-kDa Shc protein, activation of mitogen-
activated protein kinase, and induction of c-fos and c-jur occur either to a lesser extent or for a shorter time
in ER1 cells. Cellular protein phosphorylation patterns are also different in ER1 and ER2 cells. In particular,
a 190-kDa Shc-associated protein is tyrosine phosphorylated in ER2 but not in ER1 cells. Our results indicate
that the TM domains have a profound effect on the signal transduction and biological activity of those chimeric
receptors. The results also imply that sustained stimulation of ER1 due to its retarded internalization ap-
parently triggers an inhibitory response that dominantly counteracts the receptor-mediated mitogenic signals.
These two chimeras, expressed at similar levels in the same cell type but having opposite effects on cell growth,

provide an ideal system to study the mechanism by which a protein tyrosine kinase inhibits cell growth.

Receptor protein tyrosine kinase (RPTK) plays an impor-
tant role in regulation of cell growth, differentiation, and me-
tabolism. The binding of a ligand to an RPTK leads to activa-
tion of its kinase activity, resulting in self-phosphorylation and
causing a series of cellular proteins involved in signal trans-
duction to elicit diverse effects (4, 5). Although overwhelming
evidence demonstrates that RPTKS are involved in promoting
cell growth and transformation, they may also inhibit cell
growth and induce differentiation in certain cell types. Epider-
mal growth factor receptor (EGFR) is known to stimulate cell
growth of a number of cell types but inhibit growth of A431
cells upon stimulation (12, 13, 19, 29). Overexpression of in-
sulin or EGF receptors in PC12 cells has been shown to induce
their differentiation rather than proliferation (9, 50). Much
progress has been made in understanding the mechanism by
which an RPTK promotes cell growth, but the mechanism of
growth inhibition and cell differentiation remains largely un-
known.

Chicken c-ros codes for an RPTK of 2,311 amino acids (aa)
sharing homology with sevenless of Drosophila melanogaster
and insulin receptor (IR) family RPTKs (2, 5, 32). Temporally
controlled and epithelially restricted expression of c-ros in sev-
eral organs suggests that it may play some role in epithelium
differentiation during embryogenesis as well as in the physio-
logical function of these mature organs (6, 47, 49). Besides the
spontaneous transduction and activation of its tumorigenic po-
tential in avian sarcoma virus UR2, c-ros was implicated in the
development of human glioblastomas as an elevated level of
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c-ros expression or rearranged c-ros products were found in
most of the established glioblastoma cell lines (3). Further
study of the biochemical and biological properties of c-ros has
been hindered by the difficulty of its expression in mammalian
cell lines (5b) and the lack of knowledge of its putative ligand.

Chimeric receptors have been successfully used to study the
receptors or receptor-like proteins without known ligands. By
using such an approach, several functional chimeras between
different pairs of RPTKs have been created, including IR-Ros,
EGFR-NGFR, EGFR-ErbB2, EGFR-Neu, EGFR-Kit, EGFR-
Ret, EGFR-ELK, EGFR-IR, IR-EGFR, IR-IGFR, IGFR-IR,
and NGFR-Ros (1, 8, 25-28, 36, 40-42, 52). Studies on the
IR-EGFR and IR-IGFR chimeric receptors (26, 40) concluded
that it is the cytoplasmic domain that determines the signaling
specificity. The function of the transmembrane (TM) domains
of RPTKSs has also been assessed by using chimeric receptors.
The chimeric EGFR-p75NSF® receptor with its TM and cyto-
plasmic domains derived from p75™“F® was shown to be able
to induce differentiation of PC12 cells in response to EGF,
whereas the other chimera with the TM domain from EGFR
was unable to do so (52). Our earlier study showed that re-
moval of a 3-aa insertion in the TM domain of v-Ros resulted
in an altered pattern of its substrate interaction and transform-
ing ability (54). Those observations suggest that the TM do-
main may play a significant role in signal transduction other
than merely serving as a membrane anchor.

In this report, we have studied the function of c-Ros in
cultured cells by using chimeric receptors of EGFR and c-Ros.
Our results showed that the two chimeras, ER1 and ER2,
which differ in their TM domains, have similar abilities in
promoting colony formation of the expressing cells in soft agar
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but have opposite effects on cell growth on monolayer culture.
Comparison of signaling pathways mediated by the two chime-
ras has revealed differences that may account for their opposite
effects on cell growth.

MATERIALS AND METHODS

Cells and colony formation assay. NIH 3T3 cells were maintained in Dulbecco
modified Eagle medium with 5% calf serum. The colony formation assay was
performed according to the published method (18). If EGF was included in the
assay, EGF containing soft agar medium (0.5% serum) was overlaid every 5 days
and the control plate was overlaid with soft agar medium only.

Antibodies. Anti-Ros antibody (Ab) 219 (21) and anti-IRS1 Ab (20a) were
made in our laboratory. Antiphosphotyrosine Ab 4G10 and anti-phospholipase
Cy (anti-PLCy) anti-Shc, and anti-EGFR (clone LA 22) Abs were purchased
from Upstate Biotechnology Inc. Anti-ERK-1 (C-16) was from Santa Cruz Bio-
technology. Anti-mitogen-activated protein (MAP) kinase Ab TR-10 was a gift
from Michael Weber. RC-20, a recombinant anti-p-Tyr immunoglobulin G con-
jugated with alkaline phosphatase was purchased from Transduction Laborato-
ries. Goat anti-rabbit immunoglobulin G and rabbit anti-mouse immunoglobulin
G conjugated with alkaline phosphatase were purchased from Boehringer Mann-
heim.

Construction of expression plasmids. Two chimeric receptors, ER1 and ER2,
were constructed. To construct the ER1 expression plasmid (Fig. 1), the plasmid
PZIPER containing the full-length coding sequence of human EGFR (a gift from
M. Shibuya) was digested first with SacI and then partially with NarlI to release
the SacI-Narl fragment (aa —24 to 646). The cytoplasmic domain of c-ros was
generated by PCR from the pECEROS plasmid (5a) by using the following pair
of primers. Primer 1, 5’ CGAAGGCGCCAAAGATGGAAATCCAGA, contains
the sequence of EGFR (italic) and the Narl recognition site (underlined) at its
5’ end followed by the c-ros sequence corresponding to the region immediately
carboxyl to its TM domain (5). Primer 2, 5 CCGGATCCTCTAGACTCTCTT
CTGTCCTCAAACAG, corresponds to the 3’ noncoding region of c-ros and
contains an Xbal site (underlined). The PCR product was first digested with Narl
and Xbal and then ligated together with the SacI-Narl fragment of EGFR to the
pBluescript vector at the Sacl and Xbal sites. The resulting plasmid containing
the extracellular (EC) and TM domain of EGFR and cytoplasmic domain of
c-Ros was confirmed by sequencing the whole PCR region. The chimeric cDNA
was then released from pBluescript and ligated to a mammalian expression
vector, pECE, that contains a simian virus 40 promoter (10). The ER2 that has
the EC domain of c-Ros replaced by the corresponding region of EGFR was
constructed as follows (Fig. 1). A SacI-BstXI fragment (aa —24 to 625) coding for
the EC domain of EGFR was released from pZIPER. A junction fragment
bridging the EC domain of EGFR and the c-ros sequence was generated by PCR
with the following pair of primers: primer 3, 5" CATCGCCACTGGGATGGAT
ATCACTACTGCTATTGTTGCT, contains the sequence of EGFR (italic) in-
cluding the BstXI recognition site (underlined) and the c-Ros sequence corre-
sponding to the TM domain; and primer 4, 5" CTCTGCTTGAGAAGGAAGA
GTGCT, corresponds to c-Ros (aa 1941 to 1949) in the cytoplasmic domain and
includes the Earl recognition site (underlined). The PCR fragment was digested
with BstXI and Earl. An Earl-Notl cDNA fragment corresponding to the 3’
cytoplasmic region of c-Ros, together with the PCR junction fragment and the
EGFR Sacl-BstXI fragment corresponding to its EC domain, was ligated to
pBluescript (SK™) vector at SacI-Notl sites. The resulting plasmid containing the
EGFR-ros fragment was confirmed by sequencing the PCR fragment and junc-
tion regions. The EGFR-ros fragment was then transferred to pECE vector at
Sacl-Xbal sites.

Transfection and selection of cell lines. DNA transfection by calcium phos-
phate was done as described elsewhere (16, 53, 54).

Protein analysis. Protein extraction, subcellular fractionation, immunoprecipi-
tation (IP), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), in vitro kinase assay, phosphatidylinositol (PI) 3-kinase assay, and de-
tection of surface proteins were done according to published procedures (11,
21-23, 30, 53, 54).

EGF binding. Cells were plated in 6- or 10-cm dishes at 1 X 10° to 2 X 10° or
3 X 10° to 4 X 10° cells per dish, respectively. The following day, plates were
placed on ice and washed with cold phosphate-buffered saline (PBS)-bovine
serum albumin (BSA) (1 mg of BSA per ml). Cells were then incubated with 20
ng of '>*I-EGF per ml with varying concentrations and up to 50-fold excess of
cold EGF in 1 ml of PBS-BSA for 2 h at 4°C. At the end of binding, cells were
washed with PBS-BSA three times and then lysed in 0.5 ml of a solution con-
taining 0.2% SDS and 0.2 N NaOH. The total lysates were collected and mea-
sured for radioactivity.

MAP kinase assay. Cell lysates were immunoprecipitated with the TR-10 Ab
washed three times with radio immunoprecipitation assay buffer and once with
the MAP kinase assay buffer (10 mM Tris-HCI [pH 7.5], 10 mM magnesium
acetate), resuspended in 20 pl of the same assay buffer, and then mixed with 20
wl of myelin basic protein (2 mg/ml). The reaction was started by the addition of
20 wl of 3% hot mix (5 pCi of [y->*P]ATP per reaction mixture, 150 uM ATP,
30 mM magnesium acetate, 30 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid] [pH 7.5]) and incubated at 30°C for 30 min. The reaction
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FIG. 1. Construction of ER1 and ER2 chimeras. Structures of EGFR, c-Ros,
and chimeras ER1 and ER2 are shown. ER1 has the EC and TM domains of
EGFR (aa —24 to 646) fused to the cytoplasmic domain of c-Ros (aa 1891 to
2311) whereas ER2 has the EC domain of c-Ros replaced by that of EGFR (aa
—24 to 625).

was stopped by addition of SDS-PAGE sample buffer, and the mixture was
boiled for 5 min. The sample was centrifuged at 16,000 X g briefly, and the
supernatant was loaded onto an SDS-15% polyacrylamide gel and then electro-
phoresed and autoradiographed.

Flow cytometry analysis. Cells were trypsinized, resuspended in PBS, and fixed
with ethanol at a final concentration of 70% by adding ethanol dropwise while
vortexing. Cells were then kept at 4°C. Before flow cytometry analysis, cells were
pelleted by centrifugation at 600 X g for 10 min and digested with RNase A (2
mg/ml) in 250 pl of PBS for at least 30 min at 37°C and then stained with
propidium iodide staining solution (10X stock solution containing 0.5 mg of
propidium iodide per ml, 10 mg of sodium citrate per ml, and 1% Triton X-100)
for 30 min at room temperature.

RNA slot blot analysis. Total RNA was extracted from cells by using RNA-
ZOL B reagent according to the manufacturer’s protocol (TEL-TEST, Inc.).
RNA slot blot was prepared by using a Minifold II apparatus according to the
manufacturer’s instructions (Schleicher & Schuell). Prehybridization and hybrid-
ization were carried out in a solution containing 50% formamide, 6X SSC (1X
SSCis 0.15 M NaCl plus 0.015 M sodium citrate), 5X Denhardt’s solution, 0.5%
SDS, and 100 pg of salmon sperm DNA per ml (and an appropriate amount of
32P-labeled ¢cDNA probes in the case of hybridization) at 42°C for 2 h and
overnight, respectively. Filters were washed in 0.1X SSC-0.2% SDS at 62°C for
30 min. cDNA probes were labeled with a random priming kit (New England
Biolabs). Human c-jun cDNA and rat c-fos cDNA were gifts from Irwin Gelman
and Selina Chen-Kiang, respectively.

RESULTS

Construction and expression of chimeric EGFR-Ros recep-
tors. Two EGFR-Ros chimeras which differ only in their TM
domains were constructed (Fig. 1). One of them, named ER1,
has the entire EC and TM domains of EGFR, including 2 aa
residues carboxyl terminal to the TM domain (aa residues —24
to 646 of EGFR) fused to c-Ros at the cytoplasmic border of
its TM domain (aa residues 1891 to 2311) (5). The other one,
ER2, has the entire EC domain (aa residues —24 to 625) of
EGEFR joined at the EC border of the TM domain of c-Ros (aa
residues 1872 to 2311). The chimeras are placed under the
control of the simian virus 40 promoter in a mammalian ex-
pression vector, pECE. To establish stable expression cell
lines, pER1 or pER2, together with a pSV2-Neo plasmid con-
taining the geneticin resistance gene, was transfected into NIH
3T3 cells. After selection with geneticin, the resistant colonies
were picked, amplified, and analyzed for ER1 and ER2 expres-
sion by Western blotting (immunoblotting) with anti-Ros Ab.
A broad band with an apparent molecular mass of about 160
kDa was detected (data not shown).

The chimera protein expression levels of independent ER1
and ER2 clones were compared and found to have similar
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FIG. 2. Expression, subcellular localization, and EGF binding of ER1 and ER2 chimeras. (A) Expression levels and subcellular localization of ER1 and ER2
receptors. Top panel, equivalent amounts (500 wg) of total cell extracts from control 3T3 cells as well as cells of independent ER1 (no. 2, 4, and 8) and ER2 (no. 51,
55, and 69) clones were immunoprecipitated, separated by SDS-PAGE, and blotted with anti-Ros Ab. Middle panel, cell extracts from one confluent 10-cm dish each
of ER1 and ER?2 cells were fractionated into S100 and P100 fractions and analyzed similarly as the top panel. Numbers to the left of the top and middle panels indicate
molecular mass in kilodaltons. Bottom panel, the intact cells were labeled with sulfo-N-hydroxysulfosuccinimide-LC-biotin and extracted as described before (53). The
extracts were immunoprecipitated with anti-Ros Ab. Duplicate aliquots were analyzed by SDS-PAGE, blotted, and detected with alkaline phosphatase-coupled avidin
(left panel) or anti-Ros Ab (right panel). (B) EGF binding of ER1 and ER2 chimeric receptors. Duplicate 6-cm dishes or 10-cm dishes of ER1 (clones 2 and 8) and
ER?2 (clones 57 and 69) cells were used for EGF binding analysis as described in Materials and Methods. A total of 10° cpm of '**I-EGF (3 X 10* cpm/pmol) was used
per dish. Cold EGF at 3-, 10-, and 50-fold concentrations of the >’ I-EGF was premixed and added to the binding assays. The basal level of 110 cpm bound to the
equivalent number of control 3T3 cells was subtracted from the values for ER1 and ER2 cells. (C) Scatchard plot of the data shown in panel B. Symbols for panels
B and C: circles, ER1 clone 2; triangles, ER1 clone 8; diamonds, ER2 clone 57; X’s, ER2 clone 69.

abundances (Fig. 2A). The subcellular distribution of the fu-
sion receptors was examined by fractionation of the cellular
extracts and cell surface protein labeling. The results show that
independent ER1 and ER2 clones express similar levels of the
160-kDa chimeric receptors which associate mostly with the
P100 membrane fraction and could be detected on the cell
surface at comparable abundances among the clones (Fig. 2A).

EGF binding and Kkinetics of chimera activation. The bind-
ing of EGF to ER1 and ER2 was analyzed by using '*’I-labeled
EGF. Independent clones of ER1 and ER2 showed that they
had similar binding kinetics for EGF although the absolute
capacity of binding varied somewhat among clones (Fig. 2B).
From the Scatchard plot, the number of EGF binding sites was
estimated to be 0.88 X 10° per cell for both ER1 and ER2
clones. Under similar conditions in parallel experiments, the
number of EGF binding sites for A431 cells was determined to
be 3.3 X 10° per cell (data not shown). This result agrees with
the similar abundance and surface localization of the ER1 and
ER?2 receptors described above. The Scatchard plot revealed
that the binding proceeded in biphase kinetics. However, the
affinity appeared to be similar among the clones. The reason
for the biphase kinetics is not clear, but it may imply that some

chimeric receptors may exist as high-affinity forms, such as
dimers, on the cell surface.

Both chimeras could be activated in as rapidly as 30 s by
EGF, and the activity increased proportionally to the dosage of
EGF as shown by in vitro kinase assay and intracellular ty-
rosine phosphorylation (Fig. 3). The physical amount of the
receptors remained constant during the course of the stimula-
tion. Maximal stimulation of the receptor kinase activity was
reached with 50 ng of EGF per ml, which is a severalfold molar
excess over the binding sites of ER1 and ER2 cells used in the
experiment. After stimulation at the saturation concentration
for more than 10 min, in vitro kinase activities of both chimeras
started to decrease, presumably because of increased phos-
phorylation of the major autophosphorylation sites intracellu-
larly, thereby precluding their in vitro phosphorylation.

Both chimeras induce colony formation, but ER1 inhibits
whereas ER2 stimulates cell growth on monolayer culture.
Two independent clones each from ER1 and ER2 cells were
analyzed for their colony-forming abilities. The result showed
that both chimeras induced colony formation with about equal
efficiency in an EGF-dependent manner, although ER2 had a
higher basal level activity (Table 1 and Fig. 4). No significant
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FIG. 3. Kinetics of chimera activation. ER1 and ER2 cells were serum
starved overnight and treated either with different amounts of EGF as indicated
for 10 min or for different times with 100 ng of EGF per ml. Cells were then
lysed, and 0.8 mg of protein from each sample was used for IP with anti-Ros Ab.
Half of the immunoprecipitates were used for Western blotting with RC-20 to
detect in vivo phosphorylation. The remaining immunoprecipitates were used for
in vitro kinase assay and Western blotting with anti-Ros Ab. Numbers at left
indicate molecular mass in kilodaltons.

difference in the size and time of appearance of colonies was
observed between ER1 and ER2 clones.

Growth rates of the chimera-expressing cells were deter-
mined in the presence or absence of EGF. To our surprise, the
two chimeras have opposite effects on cell growth in response
to EGF. ER1 inhibits whereas ER2 stimulates cell growth. The
opposite effects were not due to clonal variation as all three
independent ER1 clones were growth inhibited in response to
EGF, whereas all three ER2 clones were stimulated upon EGF
treatment (Fig. 5A). The opposite effects on cell growth could
be detected when cells were treated with EGF at a concentra-
tion as low as 0.25 ng/ml, and the effect was dosage dependent
(Fig. 5B). Neither increase of serum concentration (Fig. 5B)
nor the addition of IGF-1 (data not shown) could overcome
the inhibitory effect. The medium harvested from ER2 culture
after 2 days of incubation with EGF could not rescue the
EGF-mediated inhibition of ER1 cells. Conversely, similarly
conditioned medium from ERI1 culture had no effect on ER2
cells (data not shown). The growth inhibition of ER1 is some-
what paradoxical in light of its colony-promoting ability. The
ER1 and ER2 cells were tested for anchorage-independent
growth in the medium containing 1.3% methylcellulose in the
presence or absence of EGF. Under such conditions, EGF

TABLE 1. Colony formation assay”

No. of colonies formed

Clone
+ EGF — EGF
ER1-2 1,396 8
ERI1-8 1,316 8
ER2-51 1,964 208
ER2-69 1,872 480
3T3-1 82 10
3T3-2 72 8

“The experiment is described in the legend to Fig. 3.
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FIG. 4. Colony formation assay. Two individual clones each of ER1 and ER2
cells and control NIH 3T3 cells were seeded in soft agar at 10° cells per 60-mm
dish in the presence or absence of 10 ng of EGF per ml. Every 5 days, the cells
were overlaid with soft agar medium containing either 0.5% serum or 0.5%
serum plus 10 ng of EGF per ml. Colonies were counted and pictures were taken
after 20 days of incubation. Clones ER1-2, ER2-69, and 3T3-1 are shown.

stimulated growth of both ER1 and ER2 cells (data not
shown). This is consistent with the colony-promoting activity of
both chimeras. This result also indicates that ER1-mediated
growth inhibition appears to be cell adhesion dependent.

Morphology of the chimera-expressing cells changed dra-
matically in response to EGF treatment. Upon addition of
EGF, ER1 and ER2 cells were transformed into more elon-
gated shapes and had a tendency to aggregate into clusters of
cells. However, the ER1 cells had proportionally more giant
cells (Fig. 6), implying failure of those cells to undergo proper
cell division.

Cell detachment of the chimera-expressing lines in the pres-
ence or absence of EGF was monitored by counting cells in the
medium. No obvious difference was noticed before and after
EGF treatment (data not shown), indicating that growth inhi-
bition was not due to increased detachment of ER1 cells in the
presence of EGF. DNA fragmentation, a hallmark of apopto-
sis, was analyzed by gel electrophoresis of genomic DNA ex-
tracted from the chimera-expressing cells treated with EGF for
2 days. No DNA fragmentation was observed in either ER1- or
ER2-expressing lines (data not shown), indicating that apopto-
sis was not responsible for the growth inhibition of ER1 cells.

Cell phases are elongated in ER1 cells whereas G, phase is
shortened in ER2 cells in response to EGF. To explore the
mechanism of opposite effects on cell growth by the two chi-
meras, we analyzed, by flow cytometry, cell cycle distribution of
the chimera-expressing cells in response to EGF. The result
showed that ER1 cells had a slightly reduced proportion of
cells in G, phase and a slightly increased proportion of cells in
S and G,/M phases in response to EGF (Table 2). In the case
of ER2, the proportion of cells in G, phase was decreased by
30% but increased two- to threefold in S and G,/M phases. The
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FIG. 5. Growth rate of chimera-expressing cells. (A) Cells were grown in medium containing either 0.5% serum or 0.5% serum plus 10 ng of EGF per ml. Cell
numbers were counted every other day. Three individual clones each of ER1 (no. 2, 4, and 8) and ER2 (no. 51, 55, and 69) cells and a control NIH 3T3 clone were
analyzed. Day 0 is defined as when EGF treatment started. Mean values of duplicate experiments are expressed as ratios over the control without EGF treatment. (B)
Cells were incubated in medium supplemented with either 5% (upper panel) or 0.5% (lower panel) calf serum plus different amounts of EGF as indicated. Cell numbers

at day 3 are shown.

doubling times of ER1 cells were determined to be 60 h with-
out EGF and 91 h with EGF treatment. By contrast, EGF
treatment of ER2 cells shortened their doubling times from 77
to 38 h. From the cell cycle data in Table 2 and the doubling
times, the duration of each phase of the cell cycle was calcu-
lated (Table 3). All phases of the cell cycle were elongated
after EGF treatment in ER1 cells, especially S and G,/M
phases, which were approximately doubled. By contrast, the
duration of G, phase was reduced by threefold in ER2 cells
after EGF treatment whereas those of S and G,/M phases
remained essentially the same.

ER1 is less efficiently internalized and remains phosphory-
lated for a longer time than ER2 after EGF treatment. The two
chimera-expressing lines were analyzed for internalization of
chimera receptors after EGF treatment for various times. The
result showed that ER1 was much less efficiently internalized
than ER2 (Fig. 7A). After 2 h of treatment with EGF, about
50% of ERT1 still remained on the cell surface as detected by
labeling of intact cell surface proteins, while most of the ER2
was internalized at this point. Both chimeras, however, were
not degraded upon EGF treatment as detected by Western
blotting (Fig. 7A, lower panel).

The phosphorylation states of chimeras after EGF stimula-
tion for 10 min followed by its withdrawal for various times
were analyzed. The result showed that ER1 remained tyrosine
phosphorylated for a longer time than ER2 after EGF with-
drawal (Fig. 7B). Half of ER1 remained phosphorylated after
EGF withdrawal for 2 h, whereas half of ER2 was dephospho-
rylated within 30 min, implying that dephosphorylation of chi-
meras may occur mainly in the cytoplasm after they are inter-
nalized.

FIG. 6. Morphology of ER1 and ER2 cells in response to EGF treatment.
Cells were starved in 0.5% serum overnight and then treated with EGF at 10
ng/ml or left without treatment. Pictures were taken 3 days after treatment with
EGF.



1514 XIONG ET AL.

TABLE 2. Cell cycle distribution®
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TABLE 3. Duration of each cell phase”

% of cells in phase:

Treatment
Celltype  \iith EGF G, S G/M
ER1 - 66.6 = 2.5 19.0 £ 1.0 142 £2.7
+ 56.1 £23 213 %23 223 +42
ER2 - 81.7 = 0.1 120x0 6.6 =04
+ 56.9 = 0.4 26.0£0 173 0.1

“ ER1 and ER2 cells were seeded at 200,000 cells per 6-cm dish. Cells were
incubated in medium containing 0.5% serum for 2 days and then treated with
EGF at 50 ng/ml for 2 days or left untreated. Cells were counted, and flow
cytometry results were analyzed. The means and standard deviations from three
independent experiments are shown.

Signal transduction by the two chimeras. To understand the
molecular mechanism underlying the biological effects of the
chimeras, signaling pathways mediated by the chimeras were
studied.

IRS1 is an important signaling component of IR family
RPTKSs (48). Upon phosphorylation, IRS1 functions as an
adaptor for SH2 domain-containing proteins, including PI3
kinase and Grb2 (46). Our results showed that IRS1 was phos-
phorylated in both chimera-expressing cell lines, and to a
higher extent in ER1 cells, upon EGF treatment (Fig. 8A).

PLCy breaks down lipid to generate diacylglycerol and ino-
sitol triphosphate, which are involved in protein kinase C ac-
tivation and calcium mobilization, respectively (3, 51). PLCy
was also phosphorylated in chimera-expressing cells, and also
to a higher degree in ER1 cells, in response to EGF treatment
(Fig. 8B).

PI3 kinase is involved in mitogenic signaling for many
RPTKs (3, 51). The chimera- and IRS1-associated PI3 kinase
activity was examined. As shown in Fig. 8C and D, EGF pro-
moted association of PI3 kinase with chimeric receptors and
IRS1. Much higher IRS1-associated than chimera receptor-
associated PI3 kinase activity was detected. Again, a higher
degree of activation, particularly the IRS1-associated PI3 ki-
nase activity, was observed in ER1 cells. A two- to three-
fold and three- to fourfold increase of IRS1- and Ros-associ-
ated PI3 kinase, respectively, was detected upon EGF stimu-
lation.

Activation of MAP kinase, a downstream signaling molecule
of the Ras pathway (4), was compared between the two chi-
mera-expressing lines. In both lines, both p42 and p44 species
of MAP kinase were phosphorylated in response to EGF as
evidenced by mobility upshift in SDS-PAGE (Fig. 9B), and
MAP kinase activity increased in response to EGF treatment
(Fig. 9A). Quantitative analysis revealed that the MAP kinase
activity increased 4.1- and 3.7-fold for ER1 and ER2 cells,
respectively, upon EGF stimulation, whereas no significant
increase was observed for control 3T3 cells. The duration of
MAP kinase activation was also examined (Fig. 9C). In ER1
cells, about 50% of MAP kinase was shifted down after EGF
withdrawal for 30 min to 1 h whereas it took 1 to 2 h for ER2
cells to do so. We also examined nuclear translocation of
MAPK in response to EGF treatment by immunostaining with
an anti-MAP kinase serum. The result showed that MAP ki-
nase was translocated to the nucleus in both chimera-express-
ing cell lines after EGF treatment for as little as 5 min and
remained in the nucleus for at least 1 h (data not shown). Our
results showed that IRS1, PLCy, and PI3 kinase are either
phosphorylated or activated to a higher extent in ER1 cells.
These results agree with the prolonged activation of ER1 on
the cell surface described above. However, the sustained acti-
vation of ER1 on the cell surface did not prolong the MAP

Treatment Cel! Time (h) in each phase:
Cell type with EGF dpublmg
time (h) G, S G,/M
ER1 - 60+x3 401=*15 85+0.6 114=x16
+ 91+8 51.0*x21 203*x21 194=*=39
ER2 - 774 629 *=0.1 51=0 92*03
+ 38+x7 216 +0.1 6.6 £0 9.9 * 0.1

¢ Calculated from cell cycle distribution (Table 2) and cell doubling times.

kinase activation; instead, it appears to have shortened the
duration of its activation.

Cellular protein phosphorylation patterns are different be-
tween the two chimera-expressing lines upon EGF stimulation.
Potential cellular substrates of ER1 and ER2 were analyzed by
Western blotting with RC-20. The result showed that the over-
all tyrosine phosphorylation patterns were similar in both chi-
mera-expressing cell lines in response to EGF treatment (Fig.
10A). However, several proteins were differentially phosphor-
ylated. For example, a protein at about 190 kDa appeared to
be preferentially phosphorylated in ER2 cells, whereas the
opposite was true for two proteins of less than 43 kDa. At
present, we do not know the significance of those differences.
Nevertheless, they may suggest that different signaling path-
ways are triggered by the two chimeras despite their identical
cytoplasmic domains.

The 66-kDa Shc and a 190-kDa protein are phosphorylated
to a lesser extent in ER1 cells. Shc consists of three species of
protein with apparent molecular masses of 46, 52, and 66 kDa
(34). We noticed that the 66-kDa species of Shc was phosphor-
ylated to a lesser extent in ER1 cells, whereas the 46- and
52-kDa Shc proteins were equally phosphorylated in both chi-
mera-expressing cell lines in response to EGF (Fig. 10B). In-
terestingly, a 190-kDa protein could be detected in the anti-Shc
immunocomplex after EGF treatment in ER2 but not in ER1
cells. Further experiments suggested that this 190-kDa protein
was not the chimera itself or IRS1 (data not shown). Differ-
ential phosphorylation of the 66-kDa Shc and 190-kDa protein
provides other evidence that the two chimeras have different
signaling specificities.

Induction of c-jun and c-fos by the two chimeras. Induction
of cjun and c-fos was analyzed in chimera-expressing cells

A B ER1 ER2
ER 1 ER2

o o9 a9
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FIG. 7. Internalization and tyrosine phosphorylation of ER1 and ER2 upon
EGF treatment. (A) ER1 and ER2 cells were serum starved overnight and
treated with EGF for the indicated times. Cells were labeled with biotin, labeling
being followed by IP with anti-Ros Ab and Western blotting with avidin conju-
gated with alkaline phosphatase (upper panel) or anti-Ros Ab (lower panel). (B)
ER1 and ER2 cells were stimulated with 100 ng of EGF per ml for 10 min. Then,
EGF was washed away and cells were incubated with serum-free medium for the
indicated times before they were lysed and immunoprecipitated with anti-Ros Ab
and then Western blotted with RC-20 (upper panel) or anti-Ros Ab (lower
panel).
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FIG. 8. Tyrosine phosphorylation of IRS1 and PLCy and activation of PI3 kinase. Cells were serum starved overnight and stimulated with 100 ng of EGF per ml
for 10 min or not treated. (A and B) To detect tyrosine phosphorylation, lysates were immunoprecipitated with either anti-IRS1 (A) or anti-PLCy (B) Ab, followed
by SDS-7.5% PAGE and Western blotting with RC-20 (A and B, upper panels), anti-IRS1 (A, lower panel), or anti-PLCy (B, lower panel). (C) For PI3 kinase assay, cells
were lysed with 1% Nonidet P-40 buffer and immunoprecipitated with either anti-IRS1 or anti-Ros Ab. The IRS1- or chimera-associated PI3 kinase activity was measured as
described in Materials and Methods. (D) The histogram represents the quantitative analysis of the signals shown in panel C and another experiment not shown here.

after EGF treatment for different times (Fig. 11). Both c-jun
and c-fos were induced in ER1 and ER2 cells. However, the
induction of c-fos was much less prominent in ER1 cells than
that in ER2 cells, and the induction of c-jun in ER2 cells lasted
longer than that in ER1 cells. The kinetics of c-jun induction
correlates with the duration of MAP kinase activation shown
above. No kinetic difference of c-fos induction was observed
between the two chimera-expressing lines. However, the inter-
val between two time points in this experiment might be too far
apart to reveal the difference since c-fos has a very short half-
life.

DISCUSSION

Our data showed that the two EGFR-Ros chimeras differing
in their TM domains have opposite effects on cell growth on
monolayer culture despite their similar transforming abilities.
Our results for ER2 are in agreement with a previous study on
the NGFR-Ros chimera receptor (42). However, our data
demonstrate that the TM domain has a profound effect on the
signaling specificity and function of an RPTK, corroborating
our previous study of a TM domain mutant of ros (54).

A similar growth-inhibitory effect of other RPTKs has been
observed. Activation of EGFR promotes cell growth in a num-
ber of cell types (15). However, the addition of EGF to A431
and other tumor cell lines overexpressing EGFR resulted in
remarkable growth inhibition without any effect on their trans-
formed morphology (12, 13, 19, 20). Hepatocellular carcinoma
cells are also growth inhibited upon treatment with hepatocyte
growth factor (45).

Multiple possibilities may account for the opposite growth
effects of ER1 and ER2. It could be that the genetic differences
between ER1 and ER2 clones render ER1 cells susceptible to
EGF-mediated inhibition. However, similar behavior of inde-
pendent clones argues strongly against this possibility. Al-
though some early signaling proteins are activated to a higher
extent in ER1 cells, it is still possible that ER1 fails to activate
a critical signaling component(s) required for cell growth such
as the 66-kDa Shc and the 190-kDa protein. In addition, acti-
vation of MAP kinase and induction of early responsive genes
are either to a lesser extent or for a shorter time in ER1 cells.

However, failure to activate a signaling component(s) may only
render cells unresponsive but not growth inhibited. Further-
more, the fact that increase of serum concentration and the
addition of IGF-1 fail to rescue the inhibitory effect suggests

ER1 ER2 3T3
EGF + -+ - + -

MBP —

ER1 ER2
MIN 0 10 30 60 120 0 10 30 60 120
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FIG. 9. Activation of MAP kinase. Serum-starved cells were treated with 100
ng of EGF per ml for 10 min before cells were lysed with radioimmunoprecipi-
tation assay buffer containing 0.1% SDS. (A) Activation of MAP kinase by the
chimeras. For MAP kinase assay, lysates were immunoprecipitated with TR-10
Ab and MAP kinase activity assay was done as described in Materials and
Methods. Labeled myelin basic proteins (MBP) were visualized by SDS-15%
PAGE, followed by autoradiography. (B) Mobility shift of MAP kinase. Twenty
micrograms of total cell lysates was loaded onto an SDS-10% polyacrylamide gel
(bisacrylamide/acrylamide ratio equals 1:77) and Western blotted with anti-
ERK-1 Ab. (C) Duration of MAP kinase phosphorylation. Cells were stimulated
with 100 ng of EGF per ml for 10 min and then washed with serum-free medium
to remove EGF. Cells were then incubated in serum-free medium for different
times before lysis for Western blotting. Quantitative analysis of the signals of
MAP kinase assay shown here indicated that the increases of activity for ER1,
ER2, and 3T3 cells are 4.1-, 3.7-, and 1.1-fold, respectively.
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FIG. 10. (A) Cellular protein tyrosine phosphorylation. Cells were serum
starved overnight and treated with 100 ng of EGF per ml for 10 min. Cells were
lysed, and equal amounts of protein were used for IP with antiphosphotyrosine
monoclonal Ab 4G10, followed by SDS-PAGE and blotting with RC-20. (B) Shc
phosphorylation. Cell lysates were immunoprecipitated with anti-Shc Ab and
then subjected to SDS-PAGE and Western blotting with either RC-20 (upper
panel) or anti-She (lower panel). Numbers at the left of each panel indicate
molecular mass in kilodaltons.

that an inhibitory signal triggered by ER1 dominantly counter-
acts the positive effect. This inhibitory signal appears to require
adhesion of cells to culture dishes since growth inhibition was
not observed when cells were grown in methylcellulose me-
dium and both chimeras promote colony formation in agar
medium equally well.

Variants derived from EGFR-overexpressing squamous cell
carcinoma lines that are resistant to EGF-mediated cell growth
inhibition either lose their amplified EGFR gene or are capa-
ble of internalizing the cell surface receptors more efficiently
(19). Those observations, together with our data, suggest that
overstimulation of an RPTK may be responsible for the inhib-
itory effect. Consistent with this model, the ER1 cells that are
growth inhibited by EGF exhibit less efficient receptor inter-
nalization, allowing the receptor to remain activated for a
longer duration on the cell surface. In addition, several early
signaling proteins of RPTKs, including IRS1, PLCy, and PI3
kinase, are activated to a greater extent in ER1 cells. With the
wealth of information about growth-stimulatory function of
those signaling components, it is unlikely that overstimulation
of an RPTK per se is directly responsible for the growth-
inhibitory effect. The identity of a specific signaling mole-
cule(s) mediating the growth arrest or cell-differentiating func-

ER1 ER2 3T3
MIN 038,‘?‘_5038;.?3033.2.2

C-FOS ii ‘1‘1 t i’ : § .4 i .
LU B N O A O

FIG. 11. Induction of c-fos and c-jun after EGF treatment. ER1, ER2, and
3T3 control cells were serum starved overnight and stimulated with 50 ng of EGF
per ml for the indicated times. Then total RNA was extracted and analyzed for
c-fos and c-jun by slot blot hybridization with rat c-fos, human c-jun, and mouse
actin cDNA probes.
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FIG. 12. Schematic diagram of signaling pathways mediated by ER1 and
ER2. After EGF binding, ER2, which is internalized efficiently, sends positive
signals for cell growth. ER1, which is less efficiently internalized, triggers an
inhibitory signal that counteracts the positive signals.

tion of RPTKs remains rather provisional and needs to be
explored. Alternatively, receptor stimulation requires rapid
down regulation as a physiological response to an activated
RPTK. The retarded internalization of ER1 disrupts this nor-
mal physiological response and may somehow triggers an in-
hibitory signal(s) to counteract the overstimulated receptor.
When reaching a threshold, the inhibitory component eventu-
ally overrides the positive signals elicited by ER1 activation
and results in growth inhibition (Fig. 12). The inhibition signal
apparently does not act on the proximal signaling events since
several immediate substrates are highly activated or phosphor-
ylated in ER1 cells. It is tempting to speculate that the putative
inhibitory signal(s) initiates via interaction of a cell surface
molecule(s) with those on the substratum because cell adhe-
sion appears to be required for the observed growth-inhibitory
phenomenon.

The current model of cell cycle control holds that transitions
between different cell cycle states are regulated at checkpoints
(20, 35, 44). One of the most important checkpoints is START
(also known as the restriction point in mammalian cells) in late
G,. Cells are sensitive to a variety of external signals including
growth factors until they reach the restriction point late in G,
after which they can complete division cycle even if only sup-
plied with factors supporting their viability (37). Consistent
with this notion, EGF treatment of ER2 cells greatly shortens
the G, phase, leaving the S and G,/M phases essentially un-
changed. However, EGF-mediated growth inhibition of ER1
cells affects all phases of the cell cycle, particularly the S and
G,/M phases. The appearance of giant cells also suggests that
normal mitosis may be blocked. In addition, G, phase appears
to be affected to some extent also. Interestingly, it was reported
that all phases of the cell cycle were elongated in mouse em-
bryo fibroblasts carrying a null mutation of IGFR in compar-
ison with normal mouse embryo fibroblasts (43).

Comparison of signaling pathways mediated by the two chi-
meras revealed several differences. They are as follows. (i)
ER1 is prolonged in tyrosine phosphorylation and delayed in
internalization, and several early signaling proteins are acti-
vated to a greater extent in cells that express it. (ii) Activation
of ER1 and ER2 leads to distinct cellular protein tyrosine
phosphorylation patterns. (iii) The phosphorylation of the 66-
kDa Shc and a 190-kDa protein is much reduced or lacking in
ER1 cells upon EGF stimulation. (iv) Activation of MAP ki-
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nase and induction of c-jun and c-fos are either to a lesser
extent or for a shorter time in ER1 cells. However, MAP
kinase is rapidly translocated to the nucleus in both ER1 and
ER?2 cells (data not shown). These observations suggest that
the two chimeras have different signaling specificities despite
their identical cytoplasmic domains. The difference could be
attributed only to the TM and its immediate neighboring se-
quences (often the TM domain is not precisely defined). The
internalization signal of ER1 may be disrupted by fusion of the
TM domain of EGFR with the cytoplasmic domain of c-Ros.
In support of this notion, the TM and subtransmembrane do-
mains of a number of RPTKs have been reported to be im-
portant for their internalization (1, 7, 14, 17, 24, 31, 33, 38, 39).
Since ER1 is less efficiently internalized, it remains activated
on the cell surface for a longer time and thus has a longer time
to interact with its immediate substrates. This could account
for the greater extent of phosphorylation or activation of IRS1,
PI3 kinase, PLCy, and some unidentified proteins in ER1 cells.
However, this cannot explain why the 66-kDa Shc is less phos-
phorylated and the duration of MAP kinase is shorter in ER1
cells. It is possible that activation of MAP kinase and Shc and
induction of c-fos and c-jun are counteracted by an inhibitory
pathway triggered by ER1 as mentioned above. Alternatively,
substitution of the TM domain of c-Ros with that of EGFR
may have disrupted the structural integrity of Ros, and as a
consequence, the conformation of the cytoplasmic domain of
ER1 is different from that of ER2, leading to distinct substrate
interactions and signaling specificities. This changed specificity
may contribute to the inhibitory effect.

Inhibition of cell growth by activation of an RPTK has been
well documented, but little is known about the mechanism.
The present study showed that the two chimeras expressing at
similar levels in the same cell type have opposite effects on cell
growth but similar transforming abilities. Therefore, the two
chimera-expressing lines provide an ideal system to further
dissect the mechanisms by which an RPTK inhibits or stimu-
lates cell growth. The differential phosphorylation of several
cellular proteins including the 66-kDa Shc and a 190-kDa pro-
tein may provide a clue towards the understanding of the
opposite effects on cell growth induced by the two chimeras.
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