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Activation of the Ras proto-oncogene contributes in general to mitogenic activation of cells.
We show here that epidermal growth factor (EGF) stimulates Ras GTP formation very ef-

ficiently in a variety of cell lines expressing endogenous EGF receptors only. Maximal activation
of the receptor converts up to 65 % of cellular p21ras from the GDP form into the active GTP-
bound state. This efficient activation occurs also in cultured primary human fibroblasts. Maximal
insulin-induced Ras GTP formation is less but in cells overexpressing the insulin receptor a similar
high response of Ras GTP formation is observed after insulin stimulation.

Not only the efficiency but also the kinetics by which the EGF and insulin receptors stimulate
Ras GTP formation are quite distinct. In the Rat-l-derived cell line, H13IR2000, overexpressing
both p21Ha-ras and the insulin receptor, the activated insulin receptor generates approximately 1
mol Ras GTP/mol activated insulin receptor. The activated EGF receptor amplifies the signal,
resulting in the activation of approximately 40 mol p21 ras/mol receptor.

Moreover, EGF-stimulated generation of Ras GTP is transient with a maximum after 2 min of
hormone stimulation and diminishes to near basal levels within 1 h whereas the insulin-induced Ras

GTP levels are maximal at 5 10 min and decline only slowly to half-maximal in 1 h.
Desensitization of the EGF pathway by prolonged EGF stimulation, prevents subsequent stimu-

lation of Ras GTP formation by newly added EGF but not by insulin. Vice versa, in cells preincu-
bated with insulin for 1 h, EGF stimulates Ras GTP formation to near maximal values. These
observations indicate that desensitization by prolonged hormone incubation does not involve inacti-
vation of common signaling intermediates but rather components, specific for each pathway, like
the particular receptors. The rapid down regulation of EGF receptors compared to insulin receptors
corroborate this possibility.

The observed high potency of EGF receptors to generate Ras GTP may explain the, in general,
stronger mitogenic activity of EGF compared to insulin.

In human tumors, one of the genes which is found fre-
quently to be mutated is the proto-oncogene ras. It encodes
a small protein of 21 kDa (p2lras) belonging to a large fam-
ily of Ras-like proteins [1]. Members of this family have
been found throughout the eukaryotic kingdom. Ras proteins
participate in very different processes like mitogenic re-
sponses, maturation, differentiation and mating signals [2
7]. The p21 ras protein has guanine nucleotide binding
properties. When GDP is bound, p2lras is inactive and when
GDP is exchanged for GTP the protein is activated. Mu-
tations which keep p21ras stabilized in the active GTP-bound
state are often tumorigenic [8, 9].

The cycling of wild-type p2lras molecules between the
active GTP-bound form and the inactive GDP-bound form
seems to involve several processes. p2lras has an intrinsic
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low GTPase activity and thus can reverse its active state into
the inactive one. However, cellular proteins have been identi-
fied, p120-GAP [10-12] and NF1-GAP [13-16], which en-
hance this GTPase activity at least 1000-fold in vitro. Thus
they are likely candidates to regulate the hydrolysis of
p2lras-bound GTP in vivo [17, 18]. Also, in cells, proteins
are present which enhance the rate of exchange of GDP for
GTP on isolated p2lras, thus forming active p2lras [19
23]. The activity of these different processes determines the
final equilibrium state of the cellular p2lras pool [24].

In situ, the activation of p2lras is stimulated by a variety
of activated tyrosine kinase receptors, such as those for insu-
lin, epidermal growth factor, platelet-derived growth factor
and neuronal growth factor [25-28]. These different recep-
tors are often present on the same cell where they can interact
with proteins having src homology region 2 (SH2) domains
like phospholipase-Cy, phosphatidylinositol 3-kinase, and
p120-GAP [29]. The association constants for interaction of
these SH2-domain-containing proteins with various tyrosine-
phosphorylated receptors show substantial differences and
this may affect activation of more downstream signaling in-
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termediates like p2lras, and account for the different spectra
of biological responses elicited by these hormones [30]. Re-
ceptors for EGF and insulin show marked differences in their
ability to associate with SH2-domain-containing proteins,
e.g. phospholipase-Cy has been found to interact strongly
with the EGF receptor and not detectably with the insulin
receptor [29]. Also, the spectra of cellular responses of insu-
lin and EGF are different, insulin being particularly potent in
inducing metabolic responses [31].

Previously, we showed that each mole of autophosphory-
lated insulin receptor generates approximately one mole Ras

GTP in insulin receptor overexpressing A14 and IR800
cells and that Ras GTP seems not to be involved in insulin-
stimulated metabolic signaling in these NIH3T3- and CHO9-
derived cell lines [32]. Since EGF is known to be more po-
tent in stimulating mitogenic responses than insulin, we com-
pare in this paper the efficiency of EGF- and insulin-me-
diated Ras GTP formation in a number of cell lines, includ-
ing primary human skin fibroblasts. To facilitate quantifi-
cation of Ras GTP formation, by insulin and EGF, the Rat-
1-derived cell line H13IR2000 was constructed which over-
expresses wild-type Ha-ras and insulin receptors. This cell
line expresses physiological EGF receptor numbers.

EXPERIMENTAL PROCEDURES

Materials

All chemicals used were analytical grade. Tissue culture
media, sera, G418 and methotrexate were from Gibco. Vector
containing wild-type insulin receptor cDNA was kindly pro-
vided by Dr. A. Ullrich. Phosphate-free, Dulbecco's modified
Eagle medium and bovine insulin were from Sigma. Bovine
serum albumin (RIA grade, insulin-free) was from United
States Biochemical Corporation. Control monoclonal anti-
body KT3 [anti-(simian virus-40) large T], rabbit polyclonal
antibody anti-(rat IgG) and the anti-p2lras monoclonal anti-
body, Y13-259, were kindly provided by Dr. A. Zantema.
["P]Orthophosphate (carrier-free) and '251-labeled EGF and
insulin were from Amersham. Poly(ethyleneimine)-cellulose
F plates were purchased from Merck and protein-G Se-
pharose 4 fast-flow beads were from Pharmacia.

NaCl/P, is composed of 137 mM NaC1, 3 mM KC1,
8 mM Na.21-1PO4, 1.5 mM KH2PO4, 0.5 mM MgC12 and
0.7 mM CaC12.

Cell lines

Primary human skin fibroblasts were grown from a fore-
arm skin biopsy of volunteer M. The Hras13 cell line is Rat-
1-derived and overexpresses wild-type Ha-ras [33]. R1HER
cells overexpress the receptor for epidermal growth factor
[34]. All cell lines were cultured in Dulbecco's modified Ea-
gle medium with 9% fetal calf serum ('the medium').

Cell lines overexpressing insulin receptors were con-
structed by transfecting NIH3T3 and Hras13 cells with a
plasmid containing the human wild-type insulin receptor
cDNA [35] under control of the simian virus 40 early promo-
tor. The vector contained also a neomycin-resistance gene for
selection and a dihydrofolate reductase gene for amplifi-
cation. Transfection of NIH3T3 cells yielded the A14 cell
line and transfection of Hras13 cells yielded the H13IR2000
cell line. The cell lines were maintained in the medium (dia-
lysed against NaCl/P;) plus 25 nM methotrexate.

Table 1. Properties of cell lines used in this study. EGF and insu-
lin binding sites were quantitated by Scatchard analysis except for
the value taken from Moran et al. [34]. The numbers of p2lras are
according to Downward et al. [33]; n.d., not determined.

Cell lines EGF
receptors

Insulin
receptors

p2lras
molecules

cell-'

Primary M
fibroblasts 30 000 1 500 n.d.

NIH3T3-A14 110 000 700 000 n.d.
Rat-1 11 000 30 000 27 000
Hras13 10 000 29 000 2600 000
H131R2000 40 000 750 000 2600 000
R1HER 250 000 [34] 30 000 27 000

The characteristics of the various cell lines are listed in
Table 1. Quantitation of epidermal growth factor and insulin
binding sites in cell lines was by Scatchard analysis of hor-
mone binding data.

Cell labeling and analysis of guanine nucleotides bound
to p2lras

The procedures were essentially as described [25].
Experiments were performed at least twice, two replicates
per experiment. Cells were incubated with 0.5% fetal calf
serum for 16 h, subsequently labeled for 3 h with [32P]ortho-
phosphate (0.1-0.2 mCi/m1) and stimulated with EGF and/
or insulin. The cell cultures were rapidly washed and lysed
in buffer containing 1% Triton X-114. After phase separa-
tion, by means of a short temperature shift of 0°C to 37°C
[36], the detergent phase was diluted 10-fold with lysis buffer
without Triton X-114 but containing 0.5% sodium deoxy-
cholate and 0.005 % SDS. In addition, NaC1 was added to
500 mM and the detergent phase was used to determine
p2lras-bound GTP and GDP.

The diluted Triton X-114 detergent phase was precleared
for 15 min with protein-GSepharose beads coupled to rab-
bit anti-(rat IgG) and further processed according to Burge-
ring et al. [25]. In short, the supernatant was incubated for
1 h with the anti-p2lras monoclonal antibody Y13-259 or
the control monoclonal antibody KT3 coupled to protein-G
Sepharose beads. The immunoprecipitates were collected and
washed. GTP and GDP were eluted and separated on poly-
(ethyleneimine)-cellulose F plates. GTP and GDP spots were
visualized by autoradiography and the radioactivity in GTP
and GDP was quantitated by liquid scintillation counting.
The values were corrected by substraction of background va-
lues obtained with the control antibody KT3 [25].

Down regulation of receptors

H13IR2000 cells were grown in 1.6-cm wells to conflu-
ency and cultured in the medium containing only 0.5% fetal
calf serum for 19 h. Subsequently they were incubated with
0.1 RM EGF or 1 WVI insulin at 37°C. After the indicated
time periods, the cells were washed three times with NaC1/
P, (4°C). Receptor-bound hormone was released by incubat-
ing the cells for 2 min with 0.5 M NaC1, 0.2 M NaOAc
(pH 4.5) on melting ice, this acid wash was repeated for an-
other 30 s [37]. The cells were washed twice with NaCl/P,
and once with binding buffer (NaCl/P1, pH 7.8, 1 % bovine
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Fig. 1. Hormone-stimulated Ras GTP formation in a variety of
cell lines. A panel of cell lines, listed in Table 1, was serum-starved,
labeled with ["P]orthophosphate and subsequently incubated for
5 min with either 0.1 pM EGF (E) or 11.IM insulin (I) or neither
( ). p21 ras molecules were immunoprecipitated from the cell lys-
ates and the bound nucleotides were analyzed by thin-layer chroma-
tography and visualized by autoradiography. The radioactivity in the
nucleotides was determined and the percentage of GTP was calcu-
lated (ORI = origin). Results for each cell line represent individual
experiments.

serum albumin). These pretreated cells were incubated for
2 h at 4°C with '"I-labeled EGF (1 nM, 173 Ci/mmol) and
'21-labeled insulin (10 nM, 9.9 Ci/mmol) respectively. After
washing the cells three times with NaCl/P they were solubil-
ized in 0.1 M NaOH, 0.1% SDS and bound radioactivity was
quantitated by liquid scintillation counting. Aspecific binding
of '"I-labeled hormone was determined by incubating the
cells with a 100-fold molar excess of unlabeled hormone.
These values were substracted yielding specific binding valu-
es.

RESULTS

EGF stimulates Ras GTP formation

A panel of cells (Table 1) were serum-starved for 16 h,
incubated with [32P]orthophosphate for 3-4 h and stimulated
for 5 min with 1 pM insulin or 0.1 pM EGF respectively.
p21 ras was extracted from the cell lysates by immunoprecip-
nation with anti-Ras monoclonal antibody Y13-259 which
stabilizes the nucleotide binding. Bound nucleotides were
eluted, separated by thin-layer chromatography and vis-
ualized by autoradiography (Fig. 1). GTP and GDP spots
were scraped from the plates and incorporated 32P was meas-
ured in a liquid scintillation counter.

All cell lines which express only endogenous EGF recep-
tors, show a marked increase in Ras . GTP levels upon EGF
treatment. Also human (M) primary fibroblasts, grown from
a forearm skin biopt, responded to EGF treatment by activat-
ing up to 50% of the Ras molecules.

We found previously that, upon increasing the number
of insulin receptors in cells, the insulin-induced Ras GTP
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Fig. 2. Hormone-dependent Ras GTP levels in p2lras and insu-
lin receptor overexpressing cells. H131R2000 cells, expressing ap-
proximately 2600000 p21 ras molecules and 750000 insulin recep-
tors, were serum-starved and labeled with [32P]orthophosphate. Cells
were stimulated for 5 min with the indicated concentrations of EGF
(A...A) or insulin ( II). The percentage of Ras GTP forma-
tion is converted into the number of Ras GTP molecules/cell using
the amount of p2lras/cell as listed in Table 1. This number is plotted
against the hormone concentration used. The experiment was per-
formed in duplicate, two replicates/experiment (SD < 10%).

response increased in parallel [32]. It was, therefore, remark-
able to note that in the HER14 cells, overexpressing EGF
receptors, no significant increase in Ras . GTP formation was
induced by EGF [25]. To investigate whether this loss of
response is due to the overexpression of EGF receptors, a
Rat-1-derived cell line, R1HER, was used having 2.5 X 105
EGF receptors. Compared to Rat-1 cells, the overexpression
of the EGF receptor abolishes EGF-induced Ras . GTP for-
mation as it does in HER14 cells [25] (Fig. 1). Thus it seems
that, contrary to the situation with insulin receptors, over-
expression of EGF receptor decreases the EGF-induced level
of Ras GTP.

EGF is more potent in p2lras activation than insulin
In Rat-1 cells, expressing only endogenous receptors for

EGF and insulin, hardly any Ras GTP formation is observed
after insulin stimulation (Fig. 1), whereas high Ras GTP
levels are obtained by EGF stimulation. To faculitate quanti-
fication of Ras . GTP formation by Insulin and EGF in re-
lation to the number of hormone receptors, cells overexpress-
ing insulin receptors were constructed, using the Rat-1-de-
rived cell line Hras13 as parental cell line, which has an
increased expression of wild-type Ha-ras. Due to the high
expression of p21ras in this line, quantification of Ras . GTP
can be performed at much lower levels of ["P]orthophos-
phate labeling. The resulting H13IR2000 cells were used to
compare EGF- and insulin-mediated Ras . GTP generation.

After ['2P]orthophosphate labeling, the cells were stimu-
lated for 5 min with different concentrations of EGF and in-
sulin respectively. The amount of activated p21ras molecules
was plotted against the hormone concentrations (Fig. 2). The
H13IR2000 cells are tenfold more sensitive towards EGF
stimulation than to insulin and the EGF-induced maximum
level of Ras GTP is about twofold higher compared to insu-
lin stimulation.

Most of the 7.5 X 105 insulin receptors present/
H13IR2000 cell become stimulated by 0.1 I.LM insulin [32]
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Fig. 3. Hormone-induced Ras GTP levels in H131R2000 cells
are time-dependent. H13IR2000 cells were serum-starved and lab-
eled with [3211orthophosphate. Subsequently they were stimulated
with either 0.1 pM EGF (A) or 1 tiM insulin () during the indi-
cated periods of time. The percentage of activated p21ras was calcu-
lated and the mean values (SD <10%) were plotted against the
different time points.

and these activate about 8 X 105 p21 ras molecules. Thus,
stimulated insulin receptor molecules activate p21 ras mol-
ecules in a near one-to-one fashion. EGF activates up to
16 x 105 p2lras molecules although there are 'only' 4 x 104
EGF receptors present/H13IR2000 cell. Thus, the obser-
vation of one EGF receptor activating at least 40 p2lras mol-
ecules indicates an amplifying process between the EGF re-
ceptor and Ras GTP formation.

Time dependency for EGF- and insulin-mediated
Ras GTP formation in H131R2000 cells

labe led H13IR2000 cells were
stimulated with 0.1 AM EGF or 1 giVI insulin for various time
intervals and the level of Ras GTP was determined. Fig. 3
shows these data.

EGF stimulates Ras . GTP formation maximally within
2 min whereas insulin activation is slower, with the maxi-
mum at 10 min incubation, despite the tenfold higher insulin
concentration. Besides this fast onset of the EGF-induced
response, the reponse declines rapidly and reaches near basal
levels after 1 h. Insulin-induced Ras GTP levels persist for
longer periods of time and decline slowly.

After 60 min of incubation with EGF, Ras GTP levels
have returned to basal levels (Figs 3 and 4). Subsequent incu-
bation for 5 min with newly added EGF had no effect on Ras

GTP whereas addition of insulin at the 60-min time point
restored the percentage of Ras GTP formed to a value seen
with insulin alone. Insulin-pretreated cells also did not acti-
vate more p21 ras when incubated additionally with insulin
but still responded to EGF giving the Ras GTP level seen
after a 5-min EGF-incubation only (Fig. 4). Thus, the de-
crease of the Ras GTP level, after prolonged hormone expo-
sure, is not a consequence of hormone degradation but rather
an effect of desensitization of signaling intermediates
specific for each hormone-activated pathway.

Stimulation with EGF and insulin together did not show
any synergism. Incubation for 5 min resulted in Ras GTP
levels also seen with EGF alone whereas incubation for
60 min gave Ras GTP levels similar to that seen with insu-
lin alone. This is in agreement with a desensitization of the
EGF-mediated signaling pathway at the 60-min time point,
leaving the insulin pathway intact.
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Fig. 4. Desensitization of hormone-induced Ras GTP formation.
H13IR2000 cells were treated as described in the legend of Fig. 3.
Cells were kept unstimulated () or treated for 5 min or 60 min
with 0.1 [I.M EGF (E) or 1 lIM insulin (I), as indicated; , no hor-
mone. Also, cells were pretreated for 60 min with EGF and sub-
sequently stimulated for another 5 min with EGF or insulin. Simi-
larly, cells were pretreated for 60 min with insulin and subsequently
stimulated with insulin or EGF for 5 min. Finally, a group cells were
stimulated for 5 or 60 min with both hormones simultaneously in a
cocktail (E+I). The percentages of Ras GTP were calculated from
two independent experiments, two replicates/experiment; the SD is
indicated.
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Fig. 5. Time-dependent down regulation of EGF and insulin re-
ceptors in H131R2000 cells. Serum-starved cells were incubated
with either 0.1 p.M EGF (A---A) or 1 j.tM insulin (0-0) for
various periods of time. Receptors remaining at the cell surface were
freed from bound hormone by an acid wash and subsequently the
cells were incubated with ',labeled hormone for 2 h. The bound
radioactivity was determined and expressed as percentage of maxi-
mum radioactivity bound without down regulation. The individual
values per time point are indicated.

Down regulation of receptors for insulin and EGF in
H131R2000 cells

To examine whether down regulation of EGF receptors
may account for the observed desensitization of EGF-in-
duced Ras . GTP formation, H13IR2000 cells were used to
measure the rate of down regulation of the EGF and insulin
receptors. Since cells are serum-starved for measuring Ras
GTP levels, we pretreated the H13IR2000 cells in the same
way before measuring hormone-induced receptor down regu-
lation.

The insulin receptor hardly becomes down regulated
when the cells are incubated with 1 12M insulin. Treatment
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with 0.1 p.M EGF for 5 min reduces the cell membrane bind-
ing sites by 50% whereas after 10 min almost all of the EGF
receptors have been removed from the cell surface.

The down regulation of EGF receptors on the cell surface
precedes the decrease in Ras GTP level in the cell (Fig. 3).

DISCUSSION

The present study shows that EGF converts most of the
cellular p2lras into the active GTP-bound form. Efficient,
EGF-mediated, stimulation of Ras GTP formation seems to
depend on the cell type used, since other groups, using differ-
ent cell types [26, 27, 38], observe that only a small fraction
of cellular p2lras was converted into the GTP state.

When Ras GTP formation in the EGF-stimulated par-
ental Rat-1 cell line is compared to the Hras13 cell line,
which overexpresses p21Ha-ras 100-fold, a similar high ratio
of p2lras-bound GTP/GDP can be obtained. This indicates
that in the Rat-1 cells, the EGF receptor, or linked signaling
intermediates, are not limiting for Ras GTP formation. They
are even able to generate 50-100-fold more Ras - GTP mol-
ecules/cell, within the same period of time, when Ras levels
are increased. This situation is in contrast to insulin-mediated
Ras GTP formation. Both in the Rat-1 and Hras13 cell lines
insulin stimulation does not give rise to a significant increase
in the Ras GTP levels.

To facilitate comparison of the kinetics of EGF-receptor-
and insulin-receptor-mediated Ras GTP formation, we cre-
ated a Hras13-derived cell line, H13IR2000, which overex-
presses both p21 ras and the insulin receptor. When
H13IR2000 cell are stimulated with insulin the absolute
number of Ras GTP molecules indeed increases compared
to the Hras13 or Rat-1 cell line. However, despite the 20-
fold higher number of insulin receptors, compared to EGF
receptors, these H13IR2000 cells are more sensitive to EGF
stimulation, the EC50 for EGF being at an approximately ten-
fold lower concentration than insulin. Moreover, the lower
number of EGF receptors yield a maximal Ras GTP level
almost twice as high as obtained by insulin stimulation.

The actual number of EGF receptors/cell is approxi-
mately 4 X 104 and the number of p2lras molecules is
26 X 105 of which maximally 60% becomes activated upon
EGF treatment. From these values we calculated that at least
40 p2lras molecules become activated by one EGF receptor,
on average, thus amplifying the incoming EGF signal.

The 7.5 X 105 insulin receptors present per H13IR2000
cell are almost completely activated when the cells are incu-
bated for 5 min with 0.1 04 insulin. These receptors yield
approximately 8 X 105 Ras GTP molecules, i.e. an ef-
ficiency of approximately 1 mol Ras GTP/mol activated
receptor. The same 1 : 1 efficiency is seen also in insulin-
receptor-overexpressing cell lines, NIH-A14 and CHO-
IR800, having normal p2lras expression levels [32], indicat-
ing that elevated p2lras levels do not change the efficiency
of the p21ras activation process. These data show that in the
H13IR2000 cell line, as in the Hras13 cells, the EGF receptor
is potent in activating p2lras and that a 100-fold overexpres-
sion of p2lras does not result in a situation where the EGF
receptor or signaling intermediates become markedly limit-
ing. A different situation is seen with insulin receptors where
the receptor number is limiting for yielding high Ras GTP
levels.

Another difference between insulin- and EGF-mediated
Ras GTP formation is the rapid decrease in EGF-induced
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Ras GTP levels compared to insulin. A 1-h incubation with
EGF yields almost basal Ras GTP levels. To investigate
whether the cause of the declined Ras GTP levels originates
from hormone degradation, we stimulated the cells after 1 h
additionally with EGF. No rise in Ras GTP levels was de-
tected. These pretreated cells, however, still responded opti-
mally to stimulations with insulin. Thus the hormone does
not become limiting but rather the receptor or signaling inter-
mediates specific for the EGF receptor. In view of the obser-
vation that EGF incubation rapidly decreases the number of
cell surface receptors to almost zero values and in view of
the return of Ras GTP to basal levels, it seems likely that
down regulation of the EGF receptor causes EGF-induced
desensitization of Ras GTP formation. The disappearance
of EGF receptors from the cell surface precedes slightly the
decrease in Ras GTP levels. This agrees with a situation
where the presence of activated EGF receptors on the cell
surface is required for Ras GTP generation. The insulin
receptor is hardly down regulated in H13IR2000 cells, in
agreement with the persistent activation of p2lras by insulin.

It is remarkable that overexpression of EGF receptors
causes a decrease in Ras GTP levels, at least after a 5-min
stimulation with EGF. Whether this decrease results from a
change in the kinetics of Ras GTP formation with a maxi-
mum at another time point, or indeed is a decreased response
in Ras GTP levels, is currently under investigation.

The observed differences in efficiency and kinetics be-
tween EGF- and insulin-mediated Ras GTP formation may
relate to different signaling pathways between the receptor
and p2lras or to differences in the kinetics of receptor auto-
phosphorylation and dephosphorylation. The mechanism by
which EGF or insulin generates Ras GTP is unknown but
recent (unpublished) experiments by Medema et al. suggest
that these hormones act by enhancing the rate of GTP bind-
ing rather than by decreasing the GTPase activity of p2lras
in cells.

In summary, the results show that the EGF receptor is a
much more potent p2lras activator than the insulin receptor.
The differences in the efficiency and duration of the Ras
GTP formation, may be linked to the distinct responses elic-
ited by both hormones, like the observed higher mitogenic
response of cells when incubated with EGF compared to in-
sulin.
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