@ Pergamon

Biochemical Pharmacology, Vol. 48, No. 3, pp. 505-515, 1994.
Copyright © 1994 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

0006-2952/94 $7.00 + 0.00

0006-2952(94)E0183-L

ACTIVATION OF THE MITOGEN-ACTIVATED PROTEIN
KINASE CASCADE BY TYRPHOSTIN (RG 50864)

WENCESLAS K. AGBOTOUNOU, SIMONE MOUSSET, SOPHIE PIPERNO, MICHEL PIERRE,*
ALAIN JACOQUEMIN-SABLON and JOSIANE PIERRET

UA 0147 CNRS, Institut Gustave Roussy, 94800 Villejuif; and *U96 INSERM, Hopital du Kremlin-
Bicétre, 94280 Kremlin-Bicetre, France

(Received 27 October 1993; accepted 12 April 1994)

Abstract—Tyrphostins are synthetic compounds which have been described as in vitro inhibitors of
epidermal growth factor (EGF)-receptor tyrosine kinase activity. In NTH3T3 cells, stimulation of EGF-
receptor tyrosine kinase leads to an increase of intracellular protein phosphorylations, among them the
phosphorylation of mitogen-activated protein (MAP) kinase and the $6 kinases p90™* and p70S6K.
Phosphorylation of these proteins, either on tyrosine or serine/threonine residues or on both residues
increases their protein kinase activity. Unexpectedly, treatment of NTH3T3 cells with both tyrphostin
(RG 50864) and EGF results in an increase in the level of tyrosine phosphorylation of the MAP kinase.
During this treatment, we also observed an increase in MAP kinase and $6 kinase p90"* activities.
Tyrphostin treatment diminishes the level of c-fos mRNA but has no effect on c-myc mRNA expression
nor on S6 kinase p70S6K activity. Mitogenic signalling induced by EGF in NIH3T3 cells was blocked
by tyrphostin, suggesting that the target(s) for this event may be elements downstream from the MAP
kinase or independent of this signal transduction.
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EGF-receptor

Peptide growth factors elicit a burst of intracellular
protein phosphorylations in cells, most of which
occur on serine and threonine residues. Because
tyrosine-specific growth factor receptor kinases
initiate these phosphorylation events, they must
regulate serine/threonine-specific protein kinases
and phosphatases.

All receptor tyrosine kinases (RTKs)# studied so
far phosphorylate themselves (autophosphorylation)
in response to ligand binding. Several experiments
in the past have highlighted an important function
of autophosphorylation: individual phosphotyrosine
residues of receptors appear to serve as highly
selective binding sites specific to cytoplasmic
signalling molecules. These signalling molecules
mediate the pleiotropic responses of cells to growth
factors [1].

Mitogen-activated protein (MAP) kinases, also
called extracellular signal-regulated kinases (ERKs)
[2] are serine/threonine protein kinases that are
activated in response to a wide variety of stimuli.
Activation of MAP kinases has been observed during
growth factor stimulation, differentiation, secretion
and insulin stimulation of glycogen synthesis [3].
MAP kinases therefore appear to be a central

t Corresponding author. Tel. (33)1 45 59 64 49; FAX
(33)1 46 78 41 20.

1 Abbreviations: BSA, bovine serum albumin;
EGF, epidermal growth factor; SDS, sodium dodecyl
sulfate; EGTA, ethyleneglycol-bis-g-aminoethyl ether)-
N,N,N',N'-tetraacetic acid; MAP kinase, mitogen-acti-
vated protein kinase; ERK, extracellular regulated kinase;
PMSF, phenyl methane sulfonyl fiuoride; RTK, receptor
protein tyrosine kinase.

component of many different signal transduction
pathways. The activation of MAP kinases has
two consequences: the direct phosphorylation of
substrates, such as transcription factors c-myc, c-jun
and p62T°F [4-7], and the activation of other kinases,
such as S6 kinase p90™* [8, 9] and MAP K AP kinase
2 [10].

Two distinct families of growth factor-regulated
S6 protein kinases have been identified as functioning
in these signalling processes: the rsk-encoded 85—
92 kDa S6 kinases referred to as p90™* [11, 12] and
the 70 kDa and 85 kDa S6 kinases [13, 14] referred
to as p70S6K. Although both families of S6 kinases
are activated rapidly after addition of growth factors
to quiescent cells, several studies indicate that the
activities of p90™c and p70S6K [15-17] can be
regulated by distinct pathways. The upstream
participants in the signalling pathway leading to the
activation of RSK are now being identified. However,
little is known about the effectors participating in
the regulation of 70 kDa and 85 kDa S6 kinases [19]
and the physiological role of this signalling pathway.

The subsequent characterization and purification
of a MAP kinase (MAP KK or MEK), that activates
MAP kinase by concomittant phosphorylation on
threonine and tyrosine and is itself regulated by
serine/threonine phosphorylation [20-24], provided
an additional member of the link between the RTK
and the MAP kinase.

In vivo expression of oncogenically activated
forms of the raf serine/threonine protein kinase
results in the activation of MAP kinase ERK2 in
Swiss 3T3 fibroblasts and in Cos-1 cells [25],
suggesting that raf is upstream of the MAP kinase.
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In vitro raf is also able to activate the MAP KK
[25]. Recent studies demonstrate that c-ras can
mediate signal transduction from RTK to the MAP
kinases, S6 kinases p90~f and c-raf [26,27].
Downstream of this event, the nuclear and
cytoplasmic localisation of MAP kinases and S6
kinases p90™* [28] and their temporal regulation
[29, 30] are consistent with the possibility that these
activated protein kinases can transmit growth-
modulatoryinformationin the nucleus and participate
in the regulation of immediate early gene expression.

Protein tyrosine kinase inhibitors acting on ligand-
activated growth factor receptors and on a number
of oncogene products have been described (for
review see Refs 31-34). Among these inhibitors, the
most extensively studied are genistein, erbstatin and
tyrphostins. Genistein, an ATP binding site
competitor, inhibits EGF-RTK both in vitro and in
vivo [35]. It also behaves as an S6 kinase [36] and
DNA topoisomerase II [37] inhibitor. Erbstatin
inhibits EGF-RTK activity both in vitro [38] and in
intact cells [39] and also inhibits pp60"*™ tyrosine
kinase activity when added to Rous sarcoma virus
infected cells [38]. Tyrphostins are synthetic
compounds described for their inhibitory activity on
the EGF-dependent proliferation of keratinocytes,
Ad31/clone 15 and HERI14 cells [40-42]. The
antiproliferative actions of some tyrphostins are
correlated with inhibition of EGF-R tyrosine kinase
activity in intact cells and also in vitro. Some
tyrphostins also block EGF-induced PLC y phos-
phorylation, Ca?* release in living cells [43] and
phosphoinositide production [44]. Based on the
information provided above, certain tyrphostins
affect the EGF signal transduction systems
[41, 43,44]. The effect on intact cells requires a
relatively long period of incubation and it was
suggested by Faaland and coworkers that the
inhibitory effect of tyrphostins on EGF-RTK activity
could be an indirect mechanism [45].

In the present work, we have investigated the
simultaneous treatment of NIH3T3 cells by EGF
and one of the tyrphostins (RG 50864) on some
early events observed in the EGF transduction signal
and particularly on the different kinase activities,
the activity of which is increased by the fixation of
EGF to its receE)tor. We show that MAP kinase and
S6 kinase p90™* activities are enhanced in the cells
treated by tyrphostin and EGF as compared to the
EGEF treated cells. Under the same conditions the
S6 kinase p70S6K activity is not modified. Tyrphostin
inhibits other events downstream from the MAP
kinase leading to an antiproliferative effect in these
cells.

MATERIALS AND METHODS
Materials and antibodies

Mouse EGF was purchased from Sigma (France).
MAP kinase substrate peptide, S6 kinase substrate
peptide, anti-mouse rsk kinase (rsk III) polyclonal
and anti-P tyrosine monoclonal antibodies were from
UBI (Lake Placid, U.S.A.) and mouse-anti MAP
kinase (ERK 1 + 2) monoclonal antibody was from
Zymed (San Francisco, U.S.A.). Ribosomal 40 S
subunits were purified from rat liver as described

[36].
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Tyrphostin (RG 50864) was synthesized as
described by Yaish et al. [40] and its physical
characteristics (mass spectroscopy, NMR) were
identical to a genuine sample.

Cell culture and preparation of extracts

NIH3T3 fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum. Cells were usually seeded
at a density of 2 X 10 cells/15 cm diameter dish and
left to grow for 3 days. The medium was then
replaced with DMEM containing 0.1% fetal calf
serum. After 48 hr, quiescent cells were either
treated or not with EGF (12 ng/mL) in the presence
of different concentrations of tyrphostin at different
incubation times. After varying lengths of time at
37°, cells were rinsed twice with 5mL of ice-cold
phosphate-buffered saline and once with ice-cold
buffer A (80 mM S-glycerophosphate, 15 mM MgCl,,
20 mM EGTA Na,). Cells were scraped into 0.3 mL/
dish of ice-cold buffer A containing 1 mM Na;VO,,
10 pg/mL leupeptin, 10 pg/mL aprotinin and 1 mM
PMSF homogenized with a tissue homogenizer, and
then centrifuged at 100,000 g for 30 min at 4° and
stored at —80°.

Purification of the MAP kinase

Cells were prepared as previously described except
that cell lysis was accomplished in 50mM g
glycerophosphate  (pH7.2), 100uM  sodium
vanadate, 2mM MgCl,, 1mM Na;EDTA, 0.5%
Triton X-100, 10 ug/mL aprotinin and 1mM
dithiothreitol. The cell lysates were centrifuged for
Smin in a microcentrifuge to remove insoluble cell
components. The supernatants were normalised for
proteins and 0.5 mL was loaded onto a 0.2mL Q
Sepharose column equilibrated in 50mM g
glycerophosphate  (pH7.2), 100uM  sodium
vanadate, 1 mM EGTA and dithiothreitol (buffer
A). After rinsing the column once with 2mL of
buffer A and a second time with 2 mL of buffer A
containing 0.2 M NaCl, the MAP kinase was eluted
with 0.5mL buffer A containing 0.4 M NaCl.
Fractions (0.5 mL each) were collected and 12.5 uL
of the fractions assayed using the MAP kinase assay.

Kinase assays

Assay for MAP kinase. Cytosolic extracts (12.5 uL)
were mixed with 4.2 ul. substrate (MAP kinase
substrate peptide, final concentration = 1 mM) and
the phosphorylation was initiated by adding
83ul. of assay buffer containing 75mM S
glycerophosphate, 6 uM KI peptide, 30 mM MgCl,,
0.15mM Na;VO,, 1.5mM dithiothreitol, 3.7 mM
EGTANa, and 0.3 mM ATP (0.5 uCi of [y-?P]ATP,
specific activity ~3000 Ci/mmot). Reactions were
carried out for 10 min at 30° and terminated by
spotting aliquots (20 uL) onto P-81 phosphocellulose
filter paper squares (Whatman) which were washed
several times with 175mM phosphoric acid.
Phosphate incorporation levels, measured in the
absence of substrate, were substracted from values
obtained in the presence of substrate to correct for
non-specific phosphorylation.

Assay for 56 kinase p90k. Cell-free lysate (50 ug
of protein) prepared as described above, was
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incubated with 5 ug anti-rsk III on ice for 1hr and
then absorbed onto protein A Sepharose (Sigma).
The immunocomplexes were washed twice with
buffer B (1% Nonidet P-40, 0.5% deoxycholate,
0.1 MNaCl, 10 mM Tris-HCl,pH 7.2, 1 mM EDTA,
1mM Na;VO,, 2mM dithiothreitol, 40 pg/mL
PMSF), twice with buffer C (buffer B containing
1M NaCl), and once with ST (150 mM NaCl, 50 mM
Tris-HCl pH 7.2). Following the final wash, the
immunocomplexes were suspended in 20 pL of
1.5 x p90~k reaction buffer minus ATP and substrate.
The reaction was started by the addition of 10 uL of
ATP and substrate. The final reaction concentrations
were 20 mM Hepes-KOH pH 7.2, 10 mM MgCl,,
50uM ATP (20uCi of [y-*P]JATP), 3mM 2-
mercaptoethanol, 0.1 mg of bovine serum albumin
per mL and 0.75 mM of S6 kinase peptide. The
reaction was allowed to proceed for 15min at
30° (linear assay conditions) and terminated by
centrifugation at 15,000 g for 15 min at 4°. Aliquots
(20 uL) were spotted on P-81 phosphocellulose
papers and proceeded as described above.

Assay for 6 kinase p70S6K. S6 kinase p70S6K
was measured in the cellular extracts by using the
40 S ribosomal subunit as previously described [36].
Under this condition less than 5% of the S6 kinase
p70S6K activity corresponds to the p90™*.

Immunoblot and immunoprecipitation analysis

Cell-free lysates were preparedin buffer containing
1% Nonidet P-40, 50 mM Tris-HCl, pH 7.6, 2 mM
EDTA, 100 mM NaCl, 1 mM Na;VO,, 1 mM PMSF,
20 ug/mL aprotinin and 20 ug/mL leupeptin (buffer
C), clarified by centrifugation at 15,000 g for 15 min
at 4°. Protein concentrations were determined using
bicinchoninic acid reagent (Pierce).

Polypeptides were resolved by SDS-10% poly-
acrylamide gel electrophoresis (4 hr at 30 mA) and
then transferred electrophoretically to nitrocellulose
membranes (BAS-85 Schieicher et Schuell) in the
transfer buffer (192 mM glycine, 25 mM Tris base)
using a Bio-Rad semi-dry blotter (4 mA/cm?, 2 hr
at 4°).

Following blocking in TBS containing 0.05%
Tween 20 and 5% of fat-free dried milk, the
membrane was incubated overnight at 4° in blocking
buffer containing antiserum to MAP kinase (1:4000
dilution, Zymed) or antiserum to phosphotyrosine
(1:2000, UBI). Membranes were washed three times
in blocking buffer (10 min) and further incubated in
the same buffer containing a second antibody
conjugated with horseradish peroxidase. The specific
interaction was visualised with the enhanced
chemiluminescence procedure (Amersham).

For immunoprecipitation, 450 ug of cellular
extracts in 600 uL of buffer C were incubated with
RK2 1/1000 [46] or with mAb # sc 154 (Santa Cruz)
1/1000 at 4° for 2hr. Immunocomplexes were
recovered by the addition of 10% (v/v) protein A
Sepharose (Sigma). The beads were washed three
times in buffer C and proteins were analysed as
previously described.

EGF-receptor tyrosine kinase assay

A431 cells (ATCC #CRL 1555) were grown in
DMEM supplemented with 5% fetal calf serum. The

cells, collected by centrifugation at 1200 rpm at 4°,
were homogenized (20 strokes) in 20 mM Hepes-
KOH pH 7.2, 2.5 mM MgCl,, 1 mM PMSF, 10 ug/
mL pepstatin, 10 ug/mL aprotinin, 10 ug/mL
leupeptin, 1 mM benzamidin and 2 ug/mL Soybean
Trypsin Inhibitor. The homogenate was centrifuged
at 2500 g for Smin at 4°. The supernatant was
centrifuged at 23,000 g for 30 min. The pellet was
used as membrane fraction.

For the in vitro kinase assay, the reaction mixture
contained 25 yg of membrane fraction in 20 mM
Hepes-KOH pH7.4, 0.1mM MnCl,, 75ug/mL
BSA, 0.1mM Na3;VO, with or without prior
incubation for 10min with EGF (1.2 ug/mL).
Phosphorylation in the presence or absence of
tyrphostin was initiated by adding 15 uM ATP (5 uCi
of [y-**P]ATP). Reaction was carried out for 10 min
at 0° and terminated by the addition of 3 X sample
buffer (0.375M Tris—=HCI pH 8.8, 6% SDS, 30%
glycerol and 3% 2-mercaptoethanol). Phos-
phorylated polypeptides were then resolved by SDS
gel electrophoresis followed by autoradiography.
The level of %P incorporated into EGF receptor was
determined by densitometric scanning of the
autoradiogram.

Preparation of RNA and northern-blot analysis

Cells were seeded at 10° cells per 15 cm diameter
dish. Three days later, cell growth was arrested by
48 hr serum deprivation. Cells were then exposed to
increasing drug concentration just prior to EGF
addition, or treated with a unique dose of tyrphostin
for different times of EGF (12ng/mL) treatment.
The preparation of RNA was carried out as
previously described [36]. The different probes were
obtained from Dr F. Dautry (Institut Gustave
Roussy, Villejuif) and proceeded as described [47].

Cell proliferation

NIH3TS3 fibroblasts were seeded at 1.6 x 10* cells
per well of a 96-well plate and grown for 2 days in
DMEM supplemented with 10% fetal calf serum.
Cells were cultured for another 2 days in DMEM
with0.1% fetal calf serum. They were then stimulated
with 12 ng/mL of EGF or 10% fetal calf serum in
the presence of different concentrations of tyrphostin
for different lengths of time. After treatment, cells
were pulse labelled with [*H]thymidine (0.1 uCi per
well) for 1hr, rinsed twice with PBS, and then
trypsinized. Cells were harvested using a cell
harvester (Skatron Instruments, Norway) and the
incorporated radioactivity was determined by
scintillation counting.

Alternatively, cells plated at 4 X 103 cells per well
in a 24-well plate in DMEM with 10% fetal calf
serum were allowed to attach for 24hr and
then incubated with increasing concentrations of
tyrphostin. Cells grown in the same medium were
then counted at 24 hr intervals.

RESULTS
Effect of tyrphostin (RG 50864) on the level of EGF-
stimulated tyrosine phosphorylation

We have examined the effect of a brief treatment
by tyrphostin on the level of tyrosine phosphorylation
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Fig. 1. Effect of tyrphostin on the level of tyrosine
phosphorylation in the proteins of NIH3T3 cells. Quiescent
NIH3T3 cells were treated either with or without EGF in
the presence or absence of tyrphostin (100 uM) for 5 min.
Cell lysates were prepared in buffer containing 1% NP40
as described in Materials and Methods. Polypeptides were
resolved by SDS-10% polyacrylamide gel electrophoresis.
After blotting, the membrane was incubated either with
antibodies to phosphotyrosine (1:2000) (A) or with
antibody directed to MAP kinase (1:4000) (B). The
specific interaction was visualized with the enhanced
chemiluminescence procedure (Amersham).

Tyrphostin = — + - +
EGF - - + +
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induced by EGF in NIH3T3 cells by western blot
analysis using anti-phosphotyrosine antibodies. As
shown in Fig. 1A, treatment of cells with 12 ng/mL
of EGF for 5 minled to anincrease in phosphorylation
of some proteins, especially a 42 kDa protein (4.5-
fold) and proteins of 54kDa and 70kDa, which
appear as new bands in the EGF-treated cells.
Immunoblotting with an anti-MAP kinase antibody
identified the 42 kDa protein as a MAP kinase (Fig.
1B). An increase of tyrosine phosphorylation in a
protein of 120 kDa corresponding to the ras GTPase-
activating protein was also observed.

Treatment of quiescent cells with 100uM of
tyrphostin did not modify the phosphorylation level
of the proteins which are phosphorylated in the
absence of EGF stimulation (Fig. 1), except for a
slight increase in 120 kDa and 60 kDa proteins.

When growth arrested NIH3T3 cells were
stimulated by EGF in the presence of 100 uM of
tyrphostin we observed a modification of the tyrosine
phosphorylation of the 42kDa MAP kinase (2.5
fold stimulation as compared to the level in the EGF
treated cells) (Fig. 1). No modification in the level
of phosphotyrosine in other protein bands was
observed when the cells were treated simultaneously
by EGF and tyrphostin. Longer exposure time (6 or
24 hr) with tyrphostin along the EGF did not result
in any modification in the tyrosine phosphorylation
level in the different proteins except for a group of
proteins of 120 kDa, where we observed a slight
decrease in the tyrosine phosphorylation level in a
6 hr treatment (data not shown).

In order to further ensure that the 42kDa
corresponds to the MAP kinase, we immu-
noprecipitated the MAP kinase from cellular extracts
with an antibody directed to the C-terminal part of
ERK2. As shown in Fig. 2A, when immu-
noprecipitated MAP kinase was blotted with an anti-
P-tyr, we observe the same increase in the
MAP kinase tyrosine phosphorylation. In contrast,
immunoprecipitation of the EGF-receptor by RK2
antibody and further blotting with anti-P-tyr antibody
showed no modification in the phosphotyrosine in

Fig. 2. Tyrosine phosphorylation of MAP kinase and EGF receptor in NIH3T3 cells. NIH3T3 cells

stimulated or not stimulated by EGF in the presence or absence of 100 uM tyrphostin for 5 min were

lysed and proteins immunoprecipitated with anti-MAP kinase mAb# scl154 (A) or with anti-EGF

receptor RK2 (B). Immunoprecipitates were separated by gel electrophoresis, transferred to

nitrocellulose and immunoblotted either with anti P-tyr (A, B upper part) or with mAb #sc154 (A,
bottom part) or with RK2 (B, bottom part).
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Fig. 3. Effect of tyrphostin on the EGF receptor tyrosine
kinase activity. In vitro, autophosphorylation of EGF-
receptor tyrosine kinase was determined as described in
Materials and Methods in the presence of different
concentrations of tyrphostin. After separation of phos-
phorylated proteins by SDS-polyacrylamide gel elec-
trophoresis, autoradiography was performed. The quanti-
fication of *P into EGF receptor was done by densitometric
scanning of the autoradiogram.

the EGF-receptor occurred during the tyrphostin
treatment.

As we observed an unexpected effect of tyrphostin
on the tyrosine phosphorylation level in the MAP
kinase and did not observe any modification in EGF-
RTK phosphorylation in vivo, we therefore verified
that tyrphostin was able to inhibit the EGF-RTK in
an in vitro assay as was previously described [40].
As shown in Fig. 3, tyrphostin inhibited the EGF-
RTK; the remaining activity of the kinase activity
in the presence of 50 and 100 uM of tyrphostin was
16 and 6%, respectively.
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It has previously been shown that phosphorylation
of the MAP kinase, which occurs on both tyrosine
and threonine residues in response to growth factors,
led to an increase in MAP kinase activity. Since we
observed (in tyrphostin and EGF simultaneous
treated cells) an increase in the MAP kinase
phosphorylation level, we examined whether MAP
kinase activity was also increased under the same
conditions. We also examined the effect of this
treatment on the S6 kinase activity, p90™, which is
activated by MAP kinase.

Tyrphostin activates MAP kinase activity and S6
kinase activity p90* but has no effect on the S6
kinase p70S6K

MAP kinase activation was measured by in vitro
kinase assays on the MAP kinase substrate peptide
corresponding to amino acids 93 to 98 of the myelin
basic protein. In NIH3T3 cells treatment with EGF
led to a 5.3-fold increase in MAP kinase activity as
compared to the non-stimulated cells. Treatment of
the cells with EGF for 5min in the presence of
100 uM of tyrphostin resulted in a further increase
of MAP kinase activity. MAP kinase was partially
purified by chromatography through Q Sepharose.
The fractionation of MAP kinase through this
support revealed a peak of activity eluted at 0.4 M
NaCl and which corresponded to the 42 kDa MAP
kinase polypeptide (data not shown). Table 1 shows
that MAP kinase is indeed activated 7.4-fold in
EGF-treated cells and 27-fold in EGF and tyrphostin
treated cells as compared to the non-stimulated cells
or tyrphostin-treated cells. These results are in
agreement with the above observation showing
that tyrphostin increased the level of tyrosine
phosphorylationin the MAP kinase protein. Maximal
activity of MAP kinases occurred within 5 min of
stimulation by EGF and then rapidly decreased [17].
No modification in this time course activation of
MAP kinase was observed in the cells treated with
EGF and tyrphostin as compared to the EGF-treated
cells (data not shown).

Table 1. Tyrphostin enhances the MAP kinase activity and the S6 kinase p90™* activity
stimulated by EGF and not the S6 kinase p70S6K activity

Quiescent EGF-treated EGF- and tyrphostin-
cells cells treated cells
MAP kinase 49=*9 370 = 12 1375 £ 25
cpm incorporated
in MAPK peptide
/ug of protein
poo0rsk 352+8 709 + 11 1197 + 61
cpm incorporated
into S6 peptide
/ug of protein
p70 S6K 56+2 154 £ 6 179 = 10

cpm incorporated
into ribosomal protein S6
/ug of protein

Quiescent NIH3T3 cells were treated for 5 min (MAP kinase and S6 kinase p90™) or for
60 min (S6 kinase p70 S6K) with EGF in the presence or absence of 100 uM tyrphostin.
Lysates were prepared and assayed for the different enzyme activities as described in

Materials and Methods.
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Fig. 4. Modification of MAP kinase activity by tyrphostin,

genistein and chelerythrine. Quiescent NIH3T3 cells were

treated for Smin with EGF in the presence of 100 uM

tyrphostin (T), 15 uM genistein (G) or 25 uM chelerythrine

(C). MAP kinase activity was measured as described in
Materials and Methods.

EGF-stimulated MAP kinase was used to examine
the in vitro effect of tyrphostin on this enzymatic
activity. In contrast to the in vivo effect of the
tyrphostin, only a slight decrease of kinase activity
was observed at 100 uM. This result suggested that
the increase in MAP kinase activity must be a result
of an effect of the tyrphostin on one or several steps
of the transduction signal leading to the increase in
MAP kinase activity and not to a direct effect of the
tyrphostin on MAP kinase activity.

Other protein kinase inhibitors, genistein [35] and
chelerythrine [48], were ineffective in MAP Kkinase
activity stimulated by EGF in NIH3T3 cells (Fig. 4).
These results reinforce the idea that the mechanism
of action of tyrphostin is unique.

It has been described that, in vitro, MAP
kinase phosphorylates and substantially restores the
enzymatic activity of Xenopus p90=* S6 kinase which
has been deactivated with protein phosphatase 2A
or 1 [8]. Activation of p90™¢ S6 kinase by MAP
kinase has also been demonstrated by Price and co-
workers [49].

Time (min) 0 20 40 60 20 40 60
Tyrphostin - - - - 4+ o+ o+
EGF - + 4+ + 4+ 4+ o+
¢~ fos mRNA ﬂ* -
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To determine if the increase in the tyrosine
phosphorylation of MAP kinase leading to an
enhanced enzyme activity in EGF- and tyrphostin-
treated cells (Fig. 1 and Table 1) promotes an
increase in S6 kinase p90™* activity, we have
measured S6 kinase p90©* activity by immune
complex kinase assay. AsshowninTable 1, treatment
of cells with EGF results in a two-fold increase of
S6 kinase p90k activity. Treatment with EGF in the
presence of 100 uM tyrphostin resulted in an increase
in p90™* S6 kinase activity by a factor of 3.2 as
compared to the basal value. As was observed with
the MAP kinase, no modification in S6 kinase p90™¥
activity was observed when the cells were treated
only with tyrphostin (data not shown). These results
show that the increase in MAP kinase activity is
associated with an increase in p90™% S6 kinase
activity.

Within minutes of addition of EGF to quiescent
NIH3T3 celis, there was also an enhancement of S6
kinase p70S6K activity [16]. The effect of tyrphostin
was investigated on this EGF-stimulated S6 kinase.
As shown in Table 1, S6 kinase activity increased in
the presence of EGF as compared to untreated cells
and no modification in this enzyme activity was
observed in the tyrphostin- and EGF-treated cells,
but tyrphostin did not promote an additional effect.

Effect of tyrphostin on the expression of c-fos and c-
myc mRNA after EGF stimulation

Treatment of quiescent NIH3T3 cells by EGF
increases the expression of early genes and this
expression requires the tyrosine kinase activity of
EGF-R. The protooncogene c-fos is one of these
early genes [50]. Critical to this response is the
serum-response element which forms in vivo a
ternary complex with the transcription factors ¥67SRF
and p62TF [51]. One of these factors (p62TCF) is
phosphorylated by the MAP kinase in vitro and this
phosphorylation results in an enhanced ternary
complex formation [52]. If phosphorylation of p62T¢F
by MAP kinase and the consequent enhancement of
ternary complex formation are part of the signal
cascade leading to a rapid induction of c-fos
expression, enhanced c-fos expression might be
detectable in tyrphostin- and EGF-treated NIH3T3
cells as compared to the EGF-treated cells.

To address this question, we examined the effect
of 100 uM tyrphostin treatment on the EGF induced

0 40 60 90 20 40 60 90
T S R
- 4+ o+ o+ o+ o+ o+

L e %J‘ e ¢ - myc mRNA

e e 28

Fig. 5. Effect of tyrphostin on the c-fos and ¢-myc mRNA stimulated by EGF. Total RNA was isolated

from quiescent cells stimulated with EGF for different lapses of time in the presence or absence of

tyrphostin (100 uM). After agarose gel electrophoresis and transfer to Nylon membrane, the blot was
sequentially probed with c-fos RNA probe, c-myc RNA probe and 28S oligonucleotide probe.
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Fig. 6. Effect of tyrphostin on the onset of DNA. synthesis in NTH3T3 cells. Cells were plated in the
microtitration plates and allowed to grow for 2 days. At approximately 50% confluence, medium was
changed to low serum (0.1%) for 2 additional days and then stimulated with EGF (12 ng/mL) (part
A) {A) or with 10% FCS (part B) (A) with the addition of different concentrations of tyrphostin [{@)
10 M, (B 30 M, (@) 100 uM]. Cells were pulsed for 1hr with PHjthymidine and harvested at
different intervals of time to determine the incorporation of isotope into the DNA of the growing cells.

c-fos expression. Treatment for increasing times
showed that the maximal enhancement by EGF of
c-fos mRNA was observed after a 20 min stimulation
(Fig. 5). A treatment of quiescent ceils with EGF
and tyrphostin for 20 min reduced the level of c-fos
mRNA. To quantify the inhibitory effect, we
compared the level of the c-fos mRNA to the level
of the 288 RNA probe used to normalize the gels
by densitometric tracing {data not shown). Under
these conditions, the level of ¢-fos mRNA was
reduced by 25% and, after a 40 min treatment, the
same c-fos mRNA level as in the control cells was
observed (Fig. 5).

Experiments performed to examine the effect of
tyrphostin on the level of c-myc mRNA showed that
tyrphostin along with EGF did not modify the level
of c-myc mRNA (Fig. 5}.

Effect of tyrphostin on late events observed in the
EGF-stimulated cells

A late event leading to cell multiplication after
treatment of the cells with EGF is the stimulation
of DNA synthesis. We then examined whether this
event is modified by tyrphostin treatment in NIH3T3.

Changes in DNA synthesis were monitored
following serum or EGF addition in the presence of
increasing concentrations of tyrphostin to quiescent
cells with 1 hr pulses of [*H]thymidine. The inhibition
of EGF or serum-stimulated DNA synthesis
increased with the concentration of tyrphostin (Fig.
6). No modification in the delay in the entry into S
phase was observed in the drug-treated cells as
compared to the non-treated cells. A complete
inhibition of DNA synthesis was observed at 100 uM.

In addition, the effect of tyrphostin on cell growth
was determined by cell counts. A 72 hr treatment

with tyrphostin (RG 50864} at 100 M reduced the
rate of serum-stimulated cell proliferation by 40%
(Fig. 7).

DISCUSSION

Tyrphostins are a family of protein tyrosine
kinase blockers that selectively inhibit receptor
autophosphorylation [41]. Some of these compounds
can inhibit receptor and non-receptor tyrosine
kinases [53]. In several cell types expressing a high
level of EGF-R, the antiproliferative action of
tyrphostin has been correlated to EGF-R kinase
activity inhibition in situ {40-42). In cells expressing
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Fig. 7. Effect of tyrphostin on cell growth, Cells were
grown in the absence of (A) or the presence of different
concentrations of tyrphostin (O) 10 M, (00) 20 uM, (A)
50uM and () 100 uM for different times. All values
represent mean values of three cell counts for each time.
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human EGF-receptor, tyrphostins block some post-
receptor effects of growth factors, such as EGF-
induced PLC-y phosphorylation, the association
between PLC-y and EGF-R, EGF-induced Ca®**
release and EGF-induced DNA synthesis {43]. This
effect was only observed after a 18 hr pretreatment
of the cells with the drug. It has been suggested by
Faaland et al. that the tyrphostin effect could be an
indirect effect, not directly related to the inhibition
of the tyrosine kinase activity of the EGF-receptor
[45].

In this work, we have analysed the effect of one
of the tyrphostins (RG50864) on the MAP kinase
activated by EGF, when both the drug and the
growth factor were added simultaneously and for a
short period of time. We examined the effect of this
treatment on MAP kinase activity, S6 kinase p90k
and p70S6K activities and on the stimulation of c-
fos and c-myc transcription observed in the NTH3T3
cells in response to EGF.

First, we have shown that treatment of the cells
by tyrphostin and EGF enhances MAP kinase
tyrosine phosphorylation as compared to the EGF-
treated cells without affecting the EGF-RTK. MAP
kinase is activated by a dual phosphorylation on
threonine and on tyrosine. The enhancement of
tyrosine phosphorylation observed in the MAP
kinase in the cells treated by tyrphostin and EGF
also leads to an increase in MAP kinase activity.
This enhancement is 7.4-fold the level observed in
the EGF-stimulated cells and 27-fold the level of
unstimulated cells. This effect requires that the signal
transduction be mediated by the activation of the
EGF-receptor, since it is not observed in the cells
treated only by tyrphostin. Treatment of the cells
with other PTK inhibitors such as genistein or
chelerythrine in the presence of EGF did not result
in a significant modification in MAP kinase activity.
These results reinforce the idea that this stimulating
effect on the MAP kinase activity and phos-
phorylation is specific to tyrphostin. In vifre no
modification in MAP kinase activity is promoted by
tyrphostin. These results strongly suggest that
tyrphostin acts at one particular step between the
EGF receptor and the MAP kinase. MAP kinase is
activated by phosphorylation on tyrosine and
threonine and this activation can be reversed by
dephosphorylation either by tyrosine (PTPase) or
serine/threonine (PP2A) phosphatases [54, 55]. In
vivo, it has been shown that okadaic acid, an
inhibitor of PP2A, stimulates MAP kinase activity
[56]. An inhibitory effect of tyrphostin on these
phosphatases could result in an enhancement of
MAP kinase activity. It will be of interest to examine
whether there are protein phosphatases, whose
activity could be modified by the tyrphostin
treatment. A recent report shows that in PC12 cells,
exposure to tyrphostin AG 879 alone causes a 50%
increase in MAP kinase activity [57], while direct
addition of AG 879 to the lysate has no effect on
MAP kinase activity {57]. In addition, preincubation
with AG 879 for 10min completely blocks the
stimulation of the MAP kinase caused by NGF,
whereas it has no effect on the stimulation of this
enzyme caused by EGF [57]. Discrimination among
tyrosine kinases and eventually tyrosine phosphatases
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could be observed with tyrphostins and may help to
dissect the precise signalling that leads to the
mitogenic effects of growth factors in fibroblasts.

Second, in addition to the increase in activation
of MAP kinase, we also observed an increase in S6
kinase p90™% activity by cell treatment with
tyrphostin. With a 100 uM tyrphostin treatment,
we observed a 2.5-fold stimulation of MAP kinase
and a 1.6-fold stimulation of $6 kinase p90~k.
In vitro, studies have shown that S6 kinase p90™¢
could be directly regulated by serine/threonine
phosphorylation/dephosphorylation. Activation of
S6 kinase p90™* by MAP kinase in vitro is associated
with threonine phosphorylation of the S6 kinase [8].
In vivo S6 kinase contains both phosphoserine and
phosphothreonine [58]. The phosphopeptide map of
S6 kinase p90~* radiolabelled in vivo is more complex
than that of the same $6 kinase radiolabelled in vitro
with MAP kinase. Additional S6 kinase(s) stimulated
by growth factors may account for the in vivo
phosphorylation pattern of S6 kinase p90™~. The fact
that other S6 kinase(s) could participate in the
activation of $6 kinase p90'* can explain why we
cannot observe the same level of activation between
MAP kinase and S6 kinase in the tyrphostin treated
cells.

Third, tyrphostin has no effect on the activation
of S6 kinase p70S6K activity mediated by EGF.
Previous studies have shown that both S6 kinases
p90=* and p70S6K are differentially regulated
[6, 29, 59] and that serum stimulation of Hel.a cells
provides evidence that §6 kinase p90™* and p70S6K
lie on distinct signalling pathways [29] whereas S6
kinase p90®* and the MAP kinase lie on the same
signalling pathway [8,17]. Corroborating these
observations are studies showing the differential
activation of MAP kinase activity and S6 kinase
p7086K activity in insulin-treated 373 cells and the
inability of MAP kinase to activate S6 kinase p70S6K
in vitro [16]. Protein synthesis inhibitors such as
cycloheximide and puromycin stimulate S6 kinase
p70S6K activity but not S6 kinase p90™k or MAP
kinase activities [17]. The macrolide rapamycin
blocks the phosphorylation and activation of 56
kinase p70S6K but not the S$6 kinase p90™ in a
variety of animal ceils [60]. In this report, we provide
additional evidence that S6 kinase p70S6K lieson a
distinct growth factor activated signalling pathway
with MAP kinase and S6 kinase p90rk.

Fourth, we have shown that c-fos mRNA
expression is reduced in EGF- and tyrphostin-treated
cells as compared to EGF-stimulated cells (25%
reduction). The tyrphostin treatment has no effect
on the increase in c-myc mRNA observed in EGF-
treated cells. The inhibition of c-fos transcription
cannot be explained by the stimulation of the MAP
kinase promoted by tyrphostin. It has been shown
that stimulation of c-fos transcription occurs by
fixation of several factors at the serum response
element (SRE), the major ones being p67°%F and
p62TCF [61]. In vitro, it has been shown that p62™F
is phosphorylated by the MAP kinase and that
phosphorylation results in enhanced ternary complex
implicating the SRE [51]. In addition p42 MAP
kinase has been shown to phosphorylate serine 63
of bacterial c-jun in vitro [62-64]. In vivo, it is
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difficult to identify which kind of protein kinase is
the c-jun NH,; terminal protein kinase. Although a
variety of pharmacological agents, including PMA,
cycloheximide, AlF, and okadaic acid stimulated c-
jun phosphorylation, cycloheximide and okadaic acid
had no effect on p42 MAP kinase phosphorylation,
suggesting that MAP kinase activation was not
necessary for c-jun phosphorylation in vivo [64].
Moreover, it has been shown very recently that
transcription factor p91 contains an SH2 domain and
is activated rapidly by tyrosine phosphorylation
stimulated by EGF receptor. p91 is a necessary
component of an EGF-induced DNA-binding factor
that recognizes the SIE (c-sis inducible element) in
the c-fos gene promotor. EGF also uses a direct
signalling pathway to control nuclear transcriptional
events [65].

In conclusion, our results suggest that in NIH3T3
cells the tyrphostin (RG 50864) does not inhibit the
EGF-RTK, since some of the early events are either
enhanced (MAP kinase and S6 kinase p90"*) or
inhibited (c-fos mRNA expression) or not modified
(86 kinase p70S6K and c-myc mRNA expression).
A late event (DNA synthesis) is inhibited. These
different effects on the EGF-stimulated events show
that this tyrphostin can have several targets in the
cells. The effect on the MAP kinase could be
compatible with an inhibitory effect on phospha-
tase(s), whereas the inhibitory effect on the c-fos
mRNA transcription would involve target(s) located
downstream or independent of the MAP kinase.
This latter effect could lead to the inhibition of DNA
synthesis and to the anti-proliferative effect of the
tyrphostin.
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