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ABSTRACT. Tyrphostins are synthetic compounds that have been described as in vitro inhibitors of epidermal
growth factor receptor (EGF-R) tyrosine kinase activity. The inhibitory effect of tyrphostins in intact cells has
been shown only after prolonged treatment. However, these compounds appear to be readily incorporated, which
suggests that tyrphostin acts indirectly on EGF-R. We studied the effects of a tyrphostin derivative, RG 50864,
without preincubation in intact epithelial cells. We selected two human cell lines differing in degree of expres-
sion of the p185°™®B? protein, which is closely related to EGF-R. We showed that tyrphostin (RG 50864) had
no effect on EGF-dependent EGF-R tyrosine phosphorylation in the parental cell line. On the contrary, it
prolonged the EGF-dependent EGF-R and p185*B2(Y"E) tyrosine phosphorylation in p185PB2VE)_expressing
cells. Because tyrphostin has been shown to be an inhibitor of p185°™®? and EGF-R in vitro, this finding
indicates that the tyrphostin effect on p185°82V"®) and EGF-R was the result of an indirect mechanism in
transfected cells. Tyrphostin treatment alone led to the activation of mitogen-activated protein (MAP) kinase
kinase or MAP kinase or extracellular signal-regulated kinase kinase (MEK), suggesting that one of the tyr-
phostin targets was upstream of MEK1. MAP kinase, however, was not activated after tyrphostin treatment. This
finding indicates that tyrphostin had another target in intact cells because MEK1 activation by tyrphostin alone
did not correlate with MAP kinase activation. In the two cell lines, tyrphostin modified the time course of
EGF-dependent MEK and MAP kinase activation. We conclude that whereas tyrphostins were designed to
inhibit EGF-R tyrosine kinase activity, under our conditions EGF-R is not a physiological target for tyrphostin,
nor is one of its related protein tyrosine kinases, p185°52V"E). On the contrary, our results show that tyrphostin
targets are multiple, leading to complex effects on receptor signaling in these epithelial cells. Copyright © 1997
Elsevier Science Inc. BIOCHEM PHARMACOL 53;3:287-298, 1997.
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Many receptor tyrosine kinases are often overexpressed in related c-erbB2 gene is amplified in human breast and ovar-
tumor cells. EGF-R§ is overexpressed in many human tu- ian cancers. This overexpression is linked with a poor prog-
mors of epithelial and neuroepithelial origin [1]. In most nosis [4-6].

cases, this amplification is accompanied by enhanced ex- The c-erbB2 overexpression leads to transformation of

pression of the ligand, TGF a [2, 3]. In addition, the closely murine fibroblasts [7-9]. The rat homologue of c-erbB2
(neu) was originally identified as a transforming gene in a
 Corresponding author: Josiane Pierre, INSERM CJF 93-01, Faculté de chemically transformed rat neuroblastoma cell line [10].

Pharmacie, Tour D4, 5 rue Jean Baptiste Clément, 92296 Chatenay Ma- The strong oncogenic potential of neu is conferred by a
labry Cédex, France. TEL: 33-1 46 83 54 83; FAX: 33-1 46 83 54 96. single point mutation Val 664 — Glu within the predicted

§ Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; EGF, epi- transmembrane stre £ th in 11 i
dermal growth factor; EGF-R, epidermal growth factor recepror; FAK, r tch of the protein [11]. In living cells,

focal adhesion kinase; FCS, fetal calf serum; GAP, GTPase-activating this mutated protein is highly phosphorylated on tyrosine
protein; JAK, Janus kinase; KI, protein kinase A inhibitor; MAP kinase, and has rapid turnover [10]. The human homologue of the

mitogen-activated protein kinase; MBP, myelin basic protein; MEK, MAP oncogenic neu gene erbB Z(V,E) has not been associated
kinase or extracellular signal-regulated kinase kinase; NGF, nerve growth ’ ’

factor; PBS, phosphate-buffered saline; PLC, phospholipase C; PKC, pro- with human neoplasia. B
tein kinase C; PPi, tetrasodium pyrophosphate; PP2A, protein phospha- Many putative ligands for p185°" ? have been identified,

tase 2A; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electro- and for the ¢ din ha 1
phoresis; SH2, src homology 2; TCA, trichloroacetic acid; TGF, trans- 2N Som}? 1 Orresion € genes have been cloned
forming growth factor. [12]. Nevertheless, none has yet been proven to be the real
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ever, activation occurs via the formation of heterodimers
between the two receptors [13]. Activation of EGF-R or
p185°B2 leads to the activation of several transducing cas-
cades, in turn producing proliferation. One of these is the
rasfMAP kinase cascade [14, 15]. MAP kinase is a serine/
threonine kinase activated by MEK on phosphorylation of
threonine and tyrosine residues [16].

The involvement of tyrosine kinases in the malignant
process and in other proliferative disorders has stimulated
the search for inhibitors of their catalytic function for use as
pharmacologic probes and drug candidates. A large number
of tyrosine kinase inhibitors have been obtained either as
natural products or through chemical design [17, 18]. An
important advance toward the use of tyrosine kinase activ-
ity inhibitors as drugs has been made by Levitzki and Gazit
[18]. They synthesized the series of tyrphostins that inhibit
EGF-R tyrosine kinase activity both in vitro and in intact
cells. Some tyrphostins are highly selective in vitro for dif-
ferent tyrosine kinases [19], whereas others present a po-
tential antitumor activity [20].

In cells expressing high levels of EGF-R, such as A431 or
HER14 cells, inhibition of the kinase is observed only after
approximately 16-24 hr of pretreatment [21, 22]. Under
these conditions, inhibitory effects on transducing events
located downstream of EGF-R such as phosphorylation of
PLC', has been also reported [23, 24]. Similar pretreatment
of A431 and B2A4 cells with the same tyrphostin is also
required to observe an inhibition of EGF-dependent tyro-
sine phosphorylation of MAP kinase [25]. In PC12 cells,
preincubation for only 10 min with another tyrphostin
(AG 879) completely blocks the activation of MAP kinase
by NGF, whereas in the same cells it has no effect on the
stimulation of MAP kinase by EGF [19]. Tyrphostins can
also inhibit nonreceptor tyrosine kinases, such as p60*<, but
equally after several hours of preincubation of the cells with
the drug [26]. Faaland et al. suggested that inhibition of
tyrphostin could occur via an indirect mechanism because
they showed that tyrphostin accumulation in the cells is
maximal within 1 hr of treatment [27]. Tyrphostin metabo-
lism occurs during preincubation, leading to more active
compounds [28]. Treatment without preincubation with
tyrphostin seems to have striking effects. Exposure to AG
879 alone causes a 50% enhancement of MAP kinase ac-
tivity in PC12 cells [19]. Moreover, when NIH3T3 cells are
briefly and simultaneously treated with EGF and tyrphostin
(RG 50864), an enhancement of MAP kinase tyrosine
phosphorylation and activity is observed, whereas no modi-
fication of MAP kinase tyrosine phosphorylation and ac-
tivity is observed after the same treatment by tyrphostin
alone [29].

In the present work, we have investigated the effect of
tyrphostin without preincubation on the EGF-mediated
transducing events in two human epithelial cell lines dif-
fering by the level of expression of the erbB2 protein. We
transfected the erbB2(V-E) gene in an epithelial cell line
derived from a human colon tumor, SW 613-S. In the
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transfected cell line, we showed that p185°™B2(VE) yag
constitutively tyrosine phosphorylated and that the ras/
MAP kinase signaling cascade was constitutively acti-
vated. We also demonstrated that neither EGF-R nor
p185¢B2VE) were physiological targets of tyrphostin (RG
50864). Nevertheless, in the two cell lines, tyrphostin treat-
ment led to the activation of MEK1 and modified the time
course of the EGF-dependent MAP kinase activation, sug-
gesting that tyrphostin had a target upstream of MEKI.
Moreover, MEK1 activation by tyrphostin alone did not
correlate with MAP kinase activation, suggesting that tyr-
phostin had at least two targets in intact cells.

MATERIALS AND METHODS
Materials and Antibodies

Mouse EGF was purchased from Sigma (St. Louis, MO,
USA). MAP kinase substrate peptide, antiphospho-
tyrosine monoclonal antibody, anti-Shc polyclonal anti-
body and anti-MEK 1 polyclonal antibody were obtained
from UBI (Lake Placid, NY, USA). Anti-MAP kinase
(ERK I + 2) was obtained from Zymed (San Francisco, CA,
USA). Anti—p185ersz monoclonal antibody (Ab3) and
anti-EGF-R monoclonal antibody (Abl) were obtained
from Oncogene Science (Cambridge, MA, USA). Tyrphos-
tin (RG 50864) was synthesized as previously described [29,
30].

Kinase inactive MAP kinase was purified from BL21(DE3)
LysS strain according to Gardner et al. [31].

Cell Culture

The SW613-S cell line, previously referred to as being de-
rived from a human breast carcinoma, has in fact the same
cellular origin as the SW 480 cell line and is thus derived
from a colon carcinoma [32]. In this cell line, subclones of
heterogenous ability to promote tumors in nude mice have
been isolated [33, 34]. The clone B3, used as parental cells
for the transfection, is a nontumorigenic clone of SW 613-S
cells.

Cells were cultured in DMEM supplemented with 10%
FCS under an atmosphere of 5% CO, at 37°C. Exponen-
tially growing cells were starved in DMEM containing 0.1%
FCS for 16 hr. Serum-starved cells were stimulated or not
with 100 ng/mL EGF in the presence or absence of 100 uM
of tyrphostin (RG 50864) for different lengths of time.
Cells were rinsed with ice-cold PBS.

Construction and Transfection
of SW 613-S Cells, Clone B3

Full-length erbB2(V-E) cDNA was isolated from
pSV2erbB2(V-E) vector. The cDNA was blunt ended with
Kleenow polymerase (Amersham, Little Chalfont, Buck-
inghamshire, England) and inserted into the blunt-ended
BamH1 site of the retrovirus expression vector pZip-



MEK Is Activated after Tyrphostin Treatment

NeoSV(X). This process generated the pZipNeoSV(X)-
ertbB2(V-E) vector.

Transfection of SW 613-S cells, clone B3, was performed
by the calcium phosphate technique [35].

Western Blotting and Immunoprecipitation

Cellular extracts, prepared as previously described [26],
were directly fractionated by SDS-PAGE or immunopre-
cipitated. For immunoprecipitation, cellular extracts were
incubated at 4°C for 4 hr with the appropriate immuno-
precipitating antibody. Immunocomplexes were recovered
by the addition of 10% (v/v) protein A-Sepharose beads
(Sigma), separated by SDS-PAGE and transferred to nitro-
cellulose. Immunoblotting was performed as previously de-

scribed {26].

Kinase Assays

MAP KINASE ACTIVITY. Cytosolic extracts (12.5 plL),
prepared as previously described [29], were mixed with 4.2
wL of MAP kinase substrate peptide, corresponding to resi-
dues 93-98 of MBP (final concentration: 1 mM). The phos-
phorylation reaction was initiated by adding 8.3 L of assay
buffer containing 75 mM B-glycerophosphate, 6 puM KI
peptide, 30 mM MgCl,, 0.15 mM Na;VO,, 1.5 mM dithio-
threitol (DTT), 3.7 mM EGTA Na, and 0.3 mM ATP (0.5
pCi of [y-*’P] ATP, specific activity 3000 Ci/mmol).

Reactions were carried out for 10 min at 30°C and ter-
minated by adding 17 uL of a solution of 24% trichloro-
acetic acid and 10 pL of 10 mg/mL of bovine serum albu-
min. After a 5-min centrifugation at 4°C at 10,000g, an
aliquot of 25 wL was spotted onto P-81 phosphocellulose
filter paper squares (Whatman), which were washed several
times with 75 mM phosphoric acid.

Phosphate incorporation levels, measured in the absence
of substrate, were subtracted from values obtained in the
presence of substrate to correct for nonspecific phosphory-
lation.

MEK ACTIVITY. Cellular extracts were prepared by lysing
the cells in a solution of 50 mM Tris-HCl (pH 7.5), 50 mM
NaF, 5 mM EDTA, 1% Triton X-100, 40 mM B-glycero-
phosphate, | mM DTT, 1 mM PMSF, 1 pg/mL of aprotinin
and | pg/mL of leupeptin. Lysates were cleared of insoluble
material by centrifugation at 15,000g for 15 min.

The 0.25 pg of kinase inactive MAP kinase was phos-
phorylated for 10 min at 30°C by 6 pg of cellular extracts
in a buffer containing 25 mM B-glycerophosphate (pH 7.3),
10 mM MgCl,, 1.25 mM EGTA Na,, 1 mM Na;VO,, 6
uM KI peptide, 33 uM ATP and 5 uCi [y-**P] ATP.
Anti-MEK1 antibody was used to immunoprecipitate
MEK]1. The immunoprecipitated proteins were washed
twice in lysis buffer and twice in buffer (50 mM HEPES, pH
7.4, 10 mM magnesium acetate). Immune-complex kinase
assays were performed in a solution of 50 mM HEPES (pH
7.4), 10 mM magnesium acetate, 1 mM DTT, 5 uM ATP,
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20 pCi of [y-*?P] ATP and 2 ug of kinase inactive MAP
kinase per sample for 30 min at 30°C.

In Gel Kinase Assay

Polyacrylamide (14%) minigels were cast with 0.5 mg/mL
of MBP. All subsequent steps were at room temperature
unless otherwise indicated. After electrophoresis, SDS was
removed by incubation in 20% isopropanol in 50 mM Tris-
HCI (pH 8.0; 1 hr, 250 mL), followed by 1 hr in 250 mL of
buffer {1 mM DTT, 50 mM Tris-HCI, pH 8.0). To denature
proteins, gels were incubated 1 hr in 50 mL of 6 M guani-
dine-HCI, 20 mM DTT, 2 mM EDTA and 50 mM Tris-
HCI (pH 8.0). Proteins were renatured by incubation at
4°C, without agitation, in 250 mL of buffer (1 mM DTT, 2
mM EDTA, 0.04% Tween 20, 50 mM Tris-HCI, pH 8.0)
for 18 hr. For kinase assays, gels were equilibrated for 30-60
min in 10 mL of kinase buffer (1 mM DTT, 0.1 mM EGTA
Na,, 20 mM MgCl,, 40 mM HEPES, pH 8.0, 100 pM
Na;VO,), and the kinase reaction was carried out for 60
min in 10 mL of the same buffer with 30 uM ATP con-
taining [y->*PJATP (10 uCi/mL). The gels were then
washed extensively in 5% (wt/vol) TCA plus 1% sodium
PPi until washes were free of radioactivity. Autoradiogra-
phy of dried gels was then performed.

In vitro Dephosphorylation of MAP Kinase

Cellular extracts were prepared by lysing the cells in a
buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl,
1% Triton X-100, 8 mM 2-mercapthoethanol, 10 pg/mL
leupeptin and 10 pg/mL aprotinin. Samples were then sub-
jected to a 15-min centrifugation at 15,000g. The 0.25 pg
of kinase-inactive MAP kinase [31] was phosphorylated for
10 min at 30°C by 6 g of extracts from cells stimulated by
EGF for 20 min in a buffer containing 25 mM B-glycero-
phosphate (pH 7.3), 10 mM MgCl,, 1.25 mM EGTA Na,,
1 mM Na;VO,, 6 pM KI peptide, 33 uM ATP and 5 uCi
[y-**P] ATP. ATP was removed by passing the solution
containing the phosphorylated MAP kinase through a
(G-25 Sephadex column equilibrated in the lysis buffer. The
MAP kinase was then incubated for 40 min at room tem-
perature in the presence of 60 g of cellular extracts in lysis
buffer, according to the method of Peraldi et al. [36]. The
reaction was stopped by adding sample buffer. Proteins were
then submitted to SDS-PAGE under reducing conditions.
After electrophoresis, the gel was dried and autoradio-
graphed.

Cell Proliferation

Cells were seeded at 2 x 10* cells per well of a 96-well plate
in a chemically defined medium composed of a mix of
DMEM medium and F12 Ham medium (50/50, v/v) supple-
mented with 5 pg/mL of transferrin.

Cells were stimulated with 100 ng/mL of EGF or 10%
FCS in the presence or absence of 100 uM of tyrphostin
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(RG 50864) for 24 hr. Six hours after stimulation, the cells
were labeled with [*H]-thymidine (1 uCi per well) for 18
hr. Cells were harvested using a cell harvester (Skatron
Instruments, Norway), and the incorporated radioactivity
was determined by scintillation counting [29].

RESULTS
Effect of Tyrphostin (RG 50864)
on Serum-Starved and EGF-Stimulated Cells

We examined the effect of tyrphostin on the level of tyro-
sine phosphorylation of serum-starved and EGF-stimulated
cells after a short-time scale.

The level of phosphotyrosine was first evaluated in ex-
tracts from either the parental or p185°™B2V'E) expressing
cells in Western blots probed with antiphosphotyrosine an-
tibodies. Virtually no tyrosine phosphorylation was ob-
served in serum-starved parental cells, whereas in the se-
rum-starved p185°°B2VE) expressing cells we observed a
constitutive phosphorylation of several proteins, i.e.,
p185°PB2VE) ircelf, a group of proteins of 130 kDa, She
proteins and MAP kinase (Fig. 1).

Stimulation of these two cell lines by EGF led to the
same enhancement of the EGF-R, of the Shc proteins and
of MAP kinase tyrosine phosphorylation (Fig. 1). Tyrosine
phosphorylation of MAP kinase and Shc proteins was cor-
related with a shift of their electrophoretic mobility (Fig.
2C.D).

The effect of 100 pM tyrphostin on either the serum-
starved parental or p185°B2VE) expressing cells after 5
min was to enhance slightly the tyrosine phosphorylation of
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FIG. 1. Effect of tyrphostin on the level of tyrosine phos-
phorylation in the proteins of parental and p185°BZ(V-E),
expressing cells. Serum-starved parental and p185°*BZ(V-E).
expressing cells were stimulated or not with EGF (100 ng/
mL) in the presence or absence of 100 pM of tyrphostin for
5 min. Cell lysates were prepared as described in Materials
and Methods. Proteins were directly separated on an 8%
SDS-PAGE, transferred onto a nitrocellulose membrane and
blotted with a monoclonal antibody to phosphotyrosine.
Reprobing a blot with appropriate antibody allowed us to
locate EGF-R, p185°82(V-E) Sh¢ proteins and MAP kinase.
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FIG. 2. Tyrosine phosphorylation of EGF.R, p185°B2(V-E)
and Shc proteins and MAP kinase after a 5-min tyrphostin
treatment. Cells were stimulated or not with EGF in the
presence or absence of 100 pM of tyrphostin for 5 min. (A)
One milligram of cellular proteins from either parental (I) or
p185°PBZ(VE) expressing (II) cells was immunoprecipitated
with a monoclonal antibody to EGF-R. Proteins were sepa-
rated on an 8% SDS-PAGE, transferred onto a nitrocellulose
membrane and blotted with a monoclonal antibody to phos-
photyrosine and then with a polyclonal antibody to EGF-R
(RK2). (B) One milligram of cellular proteins from
p185°PB2V-E) axpressing cells was immunoprecipitated
with a monoclonal antibody to p185°®32, Proteins were
separated on an 8% SDS-PAGE, transferred onto a nitrocel-
lulose membrane and blotted with a monoclonal antibody to
p185°™B2 and then with a monoclonal antibody to phos-
photyrosine (4G10). (C) Cell lysates from either parental (I)
or pl185°PB2(V-E) expressing (II) cells were directly sepa-
rated on an 8% SDS-PAGE, transferred onto a nitrocellulose
membrane and blotted with a polyclonal antibody to Shc
proteins. (D) Cell lysates from either parental (I) or
p185°PB2(V-E) aypressing (II) cells were directly separated
on an 8% SDS-PAGE, transferred onto a nitrocellulose

membrane and blotted with a monoclonal antibody to MAP
kinase.

MAP kinase and of the group of proteins of 130 kDa (Figs.
1, 2D). Immunoprecipitation experiments revealed that
these 130-kDa proteins were neither PLCy, JAK, FAK, nor
GAP (data not shown). No madification of the tyrosine
phosphorylation of EGE-R or of p185®B2(V'E) was observed
in the two cell lines (Figs. 1, 2A,B). Moreover, no modifi-
cation of the constitutive tyrosine phosphorylation of Shc
proteins was observed in the p185°*B2VE)_expressing cells
(Figs. 1, 2C).

Simultaneous treatment by EGF and tyrphostin for 5 min
potentiated the effect of EGF on MAP kinase tyrosine
phosphorylation in the two cell lines (Fig. 1). In addition,
mobility of MAP kinase was more reduced in EGF- and
tyrphostin-treated cells than in EGF-stimulated cells (Fig.
2D). The resulting tyrosine phosphorylation of MAP kinase
was also higher than in the cells treated with tyrphostin
alone. Under the same conditions (5 min), no modification
of the tyrosine phosphorylation of EGF-R, p185¢B2(V-E)
Shc proteins was observed (Figs. 1, 2A-C).

Virtually no modification of EGF-R tyrosine phosphory-
lation was observed after up to a 60-min treatment by EGF
and tyrphostin in parental cells (Fig. 3A). On the contrary,
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FIG. 3. Time-course of EGF.dependent EGF-R and
p185°PB2(VE) tyrosine phosphorylation in the presence of
tyrphostin. Serum-.starved parental and p185°™BZ(V-E}),
expressing cells were stimulated with EGF (100 ng/mL) in
the presence {open bars) or absence (striped bars) of 100 pM
of tyrphostin. Cell lysates were prepared as described in Ma-
terials and Methods. Proteins were directly separated on an
8% SDS-PAGE, transferred onto a nitrocellulose membrane
and blotted with a monoclonal antibody to phosphotyro-
sine. The level of EGF-R tyrosine phosphorylation of either
parental (A) or p185°*B2(VEL axpressing (B) cells and the
level of p185°™®P2(V-E) tyrosine phosphorylation of trans-
fected cells {C) were determined by density scanning. The
results presented are representative of at least two separate
experiments.

in p185°PB2VE)_expressing cells, tyrphostin greatly prolon-
gated p185°B2VE) tyrosine phosphorylation and, to a
lesser extent, EGF-dependent EGF-R tyrosine phosphory-
lation (Fig. 3B,C). Thus, tyrphostin treatment either had
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no effect or enhanced EGF-R and p185°B2V"E) shosphor-
ylation. In any case, under our experimental conditions,
tyrphostin did not inhibit their catalytic activity.

Equally in these two cell lines, tyrphostin’s long-term
effect did not seem to be related to inhibition of EGF-R.
We examined the effect of 100 pM tyrphostin on the EGF-
or serum-dependent stimulation of [*H]-thymidine incor-
poration. Cells were seeded in a chemically defined medium
and 24 hr later, EGF or FCS was added in the presence or
absence of 100 uM of tyrphostin.

The incorporation of PH]-thymidine in untreated cells
was approximately fourfold higher in the parental than in
the p185°™B2VE) expressing cells (Fig. 4A). Stimulation
by EGF led to a twofold increase in [’H}-thymidine incor-
poration in the two cell lines. Simultaneous treatment of
EGF and tyrphostin led to a complete inhibition of DNA
synthesis in the two cell lines with regard to stimulation by
EGF. In fact, in the two cell lines, the incorporation of
[PHJ-thymidine was the same in the tyrphostin-treated cells
as in the EGF- and tyrphostin-treated cells.

Only a slight inhibition {30%) of DNA synthesis was
observed, when the cells were stimulated by FCS (Fig. 4B),
indicating that FCS stimulation could suppress the inhibi-
tory effect of tyrphostin alone, whereas EGF could not.
Because EGF-R was not activated in the cells treated with
tyrphostin alone, the inhibition of DNA synthesis in the
cells treated with EGF and tyrphostin seems to be unrelated
to the inhibition of EGF-R catalytic activity itself.

Tyrphostin Activates
EGF-Dependent MAP Kinase Activity

We observed an enhancement of the tyrosine phosphory-
lation of MAP kinase after a brief EGF and/or tyrphostin
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FIG. 4. Effect of tyrphostin on the onset of DNA synthesis in
parental and p185°*P2(V-Elexpressing cells. Parental and
p185°*B2(V-E) expressing cells were stimulated for 24 hr
prior to harvest with EGF (100 ng/mL) (A) or 10% FCS (B)
in the presence or absence of 100 pM of tyrphostin. Cells
were labeled with [H]-thymidine for 18 hr and then har-
vested to determine the incorporation of isotope into the
DNA of the growing cells. Each point represents the average
of three samples = the standard deviation.

parental cells plg5°roRAV-£)
expressing cells
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treatment and sought to determine if it was correlated with
a modification in its catalytic activity.

MAP kinase activity from cellular extracts was measured
by in vitro kinase assays on the MAP kinase substrate pep-
tide. Treatment of the cells with 100 WM tyrphostin for dif-
ferent periods of time did not modify the MAP kinase activ-
ity of either parental or p185°™B2V-E) expressing cells (Fig.
5A) after up to 1 hr of incubation. We observed that MAP
kinase activity was twofold higher in the p185°®B2(V-E.
expressing cells than in the parental cells either by an in gel
kinase assay (Fig. 5B, lanes 1 and 5) or by immunoprecipi-
tating MAP kinase and using MBP as a substrate (data not
shown). Whereas renatured MAP kinase from EGF-treated
parental and p185°PPXVE) _expressing cells was able to
phosphorylate MBP, renatured MAP kinase from tyrphos-
tin-treated cells was unable to do so (Fig. 5B). Thus, tyr-
phostin treatment had no effect either on MAP kinase
activity in parental cells or on the constitutive MAP kinase
activation observed in p185°"B2VE)_expressing cells, even
after 1 hr of treatment,

EGF stimulation of the parental and the p185°™BX(V-E).
expressing cells led to a peak of MAP kinase activation
occurring after 20 min of EGF stimulation (Fig. 6A,B). In
the parental cell line, MAP kinase activity returned to the
basal level after 2 hr of stimulation. A second less intense
wave of activation then occurred 5 hr after EGF stimulation
(Fig. 6A). In the p185°™B2VE) expressing cells, there was
no return even after 8 hr of stimulation (Fig. 6B). When
the two cell lines were simultaneously treated by EGF and
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FIG. 5. MAP kinase activity after tyrphostin treatment. Se-
rume-starved parental cells (lanes 1-4) or p185°PB2(V-E),
expressing cells (lanes 5-8) were stimulated with 100 ng/mL
of EGF for 20 min or treated with 100 pM of tyrphostin for
the indicated times. (A) Determination of MAP kinase ac-
tivity using peptide MAP as a substrate. Cellular extracts
were prepared and MAP kinase activity determined as de-
scribed in Materials and Methods. MAP kinase activity is
represented with regard to the level of MAP kinase activity
of the unstimulated cells of each cell line. (B) Determina-
tion of MAP kinase activity by an in gel kinase assay, using
immobilized MBP as a substrate. Cell lysates were prepared
as described in Materials and Methods. Proteins were di-
rectly separated on a 14% SDS-PAGE containing 0.5 mg/mL
of MBP. The in gel kinase assay was performed as described
in Materials and Methods.
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FIG. 6. Modification of the EGF-dependent time-course of
MAP kinase activity in tyrphostin-treated cells. Serum-
starved parental cells (A) were stimulated with EGF (100
ng/mL) (filled square) and with EGF (100 ng/mL) and 100
nM of tyrphostin (open square) for the indicated times. Cel-
lular extracts were prepared and MAP kinase activity deter-
mined as described in Materials and Methods. Serum-
starved p185°PB2(V-ELexpressing cells (B) were stimulated
with EGF (100 ng/mL) (filled triangle) and with EGF (100
ng/mL) and 100 pM of tyrphostin (open triangle) for the
indicated times. Cellular extracts were prepared and MAP
kinase activity determined as described in Materials and
Methods. The results presented are representative of at least
three separate experiments (error bars represent standard
deviation from the mean).

tyrphostin (100 pM), we observed a modification in MAP
kinase time-course activation, without any modification of
the maximal level of MAP kinase activity. Maximal MAP
kinase activity occurred within 5 min of treatment rather
than within 20 min. Whereas MAP kinase activity de-
creased rapidly in the EGF-stimulated cells, it remained
maximal for at least 1 hr of treatment, then slowly de-
creased in the simultaneously EGF- and tyrphostin-treated
cells. The level of MAP kinase activity remained higher in
the EGF- and tyrphostin-cells than in the EGF-stimulated
cells for at least 3 hr. After 4 hr of treatment and up to 8 hr,
MAP kinase activity in the EGF-stimulated cells and in the
EGF- and tyrphostin-treated cells was not significantly dif-
ferent. These results suggest that tyrphostin led to a modi-
fication in the time course of the EGF-dependent MAP
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kinase activation rather than an enhancement of its cata-
lytic activity.

Tyrphostin Treatment has no Effect
on Phosphatases Acting on MAP Kinase

We observed a modification in the phosphotyrosine con-
tent of MAP kinase in intact cells after tyrphostin treat-
ment. One possibility was that the administration of tyr-
phostin led to the inhibition of a protein phosphatase act-
ing on MAP kinase, and a second possibility was that
tyrphostin stimulated a protein kinase that phosphorylated
MAP kinase.

Kinase inactive MAP kinase was phosphorylated in vitro
by cellular extracts of EGF-stimulated parental cells and
used as a substrate to examine whether cellular extracts
were able to dephosphorylate MAP kinase. Phosphorylated
MAP kinase was then incubated for 40 min in the presence
of extracts from EGF- andfor tyrphostin-treated parental
cells. The level of MAP kinase phosphorylation was low-
ered after incubation with extracts from serum-starved cells
(Fig. 7, lanes 1 and 2). Incubation of phosphorylated MAP
kinase with extracts from vanadate (an inhibitor of tyrosine
phosphatase)-treated cells promoted only a slight dephos-
phorylation of MAP kinase (Fig. 7, lane 3). These results
suggested that cell extracts from unstimulated cells con-
tained a phosphatase activity able to dephosphorylate an in
vitro phosphorylated MAP kinase. This phosphatase activ-
ity was strongly inhibited in vanadate-treated cells, as
shown by Peraldi et al. [36]. Incubation of phosphorylated
MAP kinase with cellular extracts from EGF-stimulated
cells promoted similar MAP kinase dephosphorylation as
with extracts from serum-starved cells. In fact, incubation
of phosphorylated MAP kinase with cellular extracts from
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FIG. 7. Dephosphorylation of kinase inactive MAP kinase
by various cell extracts. Kinase inactive MAP kinase was
phosphorylated by extracts from parental cells stimulated by
EGF for 20 min. MAP kinase was incubated for 40 min with
various extracts from parental cells as described in Materials
and Methods. A representative autoradiogram of four sepa-
rate experiments with similar results is shown.
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cells stimulated with EGF, treated with tyrphostin alone or
treated with EGF and tyrphostin at any point on the time
course led to the same remaining level of MAP kinase
phosphorylation. Similar results were obtained with cellular
extracts from pl185¢B2V-E) expressing cells (data not
shown). These results exclude the possibility that, under
our conditions, tyrphostin treatment could inhibit a protein
phosphatase acting on phosphorylated MAP kinase in ei-
ther cell line.

Tyrphostin Treatment Leads to the Activation of MEK1

The enhancement of tyrosine phosphorylation of MAP ki-
nase after tyrphostin treatment could not be explained by
the inhibition of a protein phosphatase acting on MAP
kinase. Alternatively, we wished to know whether tyrphos-
tin treatment could lead to the activation of a protein ki-
nase acting on MAP kinase. The ability of cellular extracts
from EGF- and/or tyrphostin-treated parental and
p185°PB2VE) expressing cells to phosphorylate a kinase in-
active MAP kinase was examined in vitro. As shown in Fig.
8A, MAP kinase was phosphorylated twice as much by
cellular extracts from EGF-stimulated cells as by cellular
extracts from serum-starved cells. This phosphorylation was

A B

RG50864 - - + + - -+ 4+ a
EGF -+ -+ -+~ o+
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FIG. 8. Activation of MEK1 by EGF and/or tyrphostin treat-
ment. Serum-starved parental (A) and p185°™°B2(V-E),
expressing (B) cells were stimulated or not with EGF (100
ng/mL) in the presence or absence of 100 pM of tyrphostin
for 5 min or for the indicated times. Cell lysates were pre-
pared as described in Materials and Methods. (a) Kinase
inactive MAP kinase was phosphorylated in vitro by ex-
tracts from EGF and/or 100 pM tyrphostin-treated cells for
10 min as described in Materials and Methods. (b) Kinase
inactive MAP kinase was phosphorylated in vitro by ex-
tracts from 100 pM tyrphostin-treated cells for 10 min as
described in Materials and Methods. (¢) Cellular extracts
from EGF- and/or tyrphostin-treated cells were subjected to
immunoprecipitation using an anti-MEK1 antibody. Immu-
necomplex kinase assays were performed as described in
Materials and Methods.
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maximal within 5 min of stimulation and then decreased to
the basal level after 60 min of stimulation (Fig. 9). Extracts
from cells treated with tyrphostin alone exhibited an en-
hanced ability to phosphorylate MAP kinase, compared
with extracts from serum-starved cells (Fig. 8A, lanes 3 and
7). This effect was time independent, at least for up to a
2-hr incubation with tyrphostin (Figs. 8B, 9). Extracts from
cells simultaneously treated with EGF and tyrphostin ex-
hibited enhanced phosphorylation of MAP kinase in com-
parison with cellular extracts from either EGF- or tyrphos-
tin-treated cells (Fig. 84, lanes 4 and 8). MAP kinase phos-
phorylation was maximal after 5 min of stimulation and
then slowly decreased. After 2 hr of stimulation, MAP ki-
nase still remained phosphorylated to a threefold greater
extent than did MAP kinase from serum-starved cells (Fig.
9). Thus, tyrphostin treatment led to the activation of a
protein kinase able to phosphorylate MAP kinase. Because
MEK1 phosphorylates and activates MAP kinase in vivo,
MEK1 was immunoprecipitated from cellular extracts from
EGF- and/or tyrphostin-treated cells and an in vitro kinase
assay was performed. MAP kinase was phosphorylated 10
times as much by cellular extracts from EGF-stimulated
cells and from tyrphostin-treated cells as by cellular extracts
from serum-starved cells (Fig. 8C). MAP kinase was phos-
phorylated 15 times more by cellular extracts from simul-
taneously EGF- and tyrphostin-treated cells than by cellular
extracts from serum-starved cells. Thus, tyrphostin acti-
vated MEK] and potentiated the activation of MEK1 by
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FIG. 9. Time course of MEK activation in tyrphostin-treated
cells. Serum-starved parental cells were stimulated with EGF
(100 ng/mL) in the presence (square) or absence (triangle)
of 100 pM of tyrphostin or treated with tyrophostin alone
(circle). Cell lysates were prepared as described in Materials
and Methods. (A) Results presented are representative of at
least two separate experiments. (B) Densitometric scanning
of the experiment presented in A. Kinase inactive MAP
kinase was phosphorylated in vitro by these cellular extracts
for 10 min as described in Materials and Methods.
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EGF. The phosphorylation patterns of kinase inactive
MAP kinase were slightly different depending on whether
kinase inactive MAP kinase was phosphorylated by cellular
extracts or by immunoprecipitated MEK1. More particu-
larly, cellular extracts from tyrphostin-treated cells phos-
phorylated kinase inactive MAP kinase more than those
from EGF-stimulated cells. Immunoprecipitated MEK1
from tyrphostin-treated cells phosphorylated kinase inac-
tive MAP kinase, as did MEK! from immunoprecipitated
EGF-stimulated cells. This finding suggested that tyrphos-
tin could act not only on MEK1 but also on another kinase
able to phosphorylate MAP kinase.

Thus, tyrosine phosphorylation of MAP kinase after in-
cubation of cells with tyrphostin could be explained by
activation of MEK1 and not by inhibition of tyrphostin
phosphatase acting on MAP kinase.

MAP kinase is activated by MEK by dual phosphoryla-
tion on tyrosine and threonine. In our cells, phosphoami-
noacid analysis revealed that immunoprecipitated MEK1
from EGF-stimulated cells phosphorylated MAP kinase
both on threonine and on tyrosine residues (data not
shown). Immunoprecipitated MEK1 from tyrphostin- and
simultaneously EGF- and tyrphostin-treated cells were able
to phosphorylate MAP kinase in vitro both on tyrosine and
threonine residues. We also observed a nonspecific phos-
phorylation on serine residues. The observed ratio of phos-
phorylated tyrosine:phosphorylated threonine was 90:10 in
the EGF-stimulated and in tyrphostin-treated cells and 70:
30 in the simultaneously EGF- and tyrphostin-treated cells.
Thus, MEK1 was effectively activated after incubation with
tyrphostin as measured by activity determination performed
in vitro.

In vitro Inhibition of MAP
Kinase Kinase Activity by Tyrphostin

MEK1 was activated by tyrphostin; however, this activation
did not correlate with an enhancement of MAP kinase
catalytic activity. Tyrphostin could inhibit MAP kinase
catalytic activity. However, we have previously shown that
tyrphostin did not inhibit MAP kinase catalytic activity in
vitro [29]. However, tyrphostin could disrupt the interaction
between activated MEK1 and MAP kinase. To test this
hypothesis, we measured the ability of cellular extracts from
either parental or p185<BXVE) expressing cells to phos-
phorylate kinase inactive MAP kinase in vitro in the pres-
ence of increasing concentrations of tyrphostin. Cellular
extracts from EGF- andfor tyrphostin-treated cells were
able to phosphorylate kinase inactive MAP kinase (Fig.
10). Cellular extracts from EGF- and/or tyrphostin-treated
cells exhibited reduced activity in the presence of increas-
ing concentrations of tyrphostin. This inhibitory effect was
dose dependent, with an ICs, of approximately 50 pM.
These results suggest that tyrphostin could have at least two
distinct targets in intact cells: one upstream of MEK1, lead-
ing to its activation, and the second possibly MEK1 itself,
preventing MAP kinase activation by MEK1.
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FIG. 10. Tyrphostin inhibition of MAP kinase kinase activ-
ity in vitro. Serum-starved parental (A) and p185°PB2(V-E),
expressing (B) cells were stimulated with EGF (100 ng/mL)
in the presence (triangle) or absence (circle) of 100 pM of
tyrphostin or treated with tyrphostin alone (square) for 5
min. Cell lysates were prepared as described in Materials and
Methods. Kinase inactive MAP kinase was phosphorylated
in vitro by cellular extracts in the presence of increasing
concentrations of tyrphostin. Results presented are repre-
sentative of at least two separate experiments.

DISCUSSION

Tyrphostins are a family of protein tyrosine kinase inhibi-
tors that block receptor autophosphorylation in witro [21].
Some of these compounds can inhibit receptor and nonre-
ceptor tyrosine kinases, but they are not that selective [26].
Some tyrphostins selectively block postreceptor effects of
growth factors, but this requires several hours of pretreat-
ment [21, 23, 24]. Faaland et al. suggested that the tyrphos-
tin effect was not directly related to the inhibition of the
tyrosine kinase activity of EGF-R because it enters the cells
rapidly [27]. Tyrphostin (RG 50864) has already been de-
scribed as an inhibitor of both EGF-R and p185¢®®? tyro-
sine kinase activity [30, 37). The purpose of this study was
to analyze the consequences of the treatment by one of the
tyrphostins (RG 50864) on some events observed in EGF
and p185°™5? signaling.

Tyrphostin (RG 50864) has been described as an inhibi-
tor of EGF-dependent proliferation [21, 22, 25]. Neverthe-
less, previous studies have never considered the inhibitory
effect of tyrphostin alone on cell proliferation. Under our
experimental conditions, tyrphostin treatment also led to a
strong inhibition of the EGF-induced DNA synthesis.
However, the level of [*H]-thymidine incorporation was
the same in the tyrphostin- as in the EGF- and tyrphostin-
treated cells and was lower than in untreated cells: stimu-
lation by EGF did not suppress the inhibitory effect of tyr-
phostin within cells, whereas stimulation by FCS did. Be-
cause EGF-R is not activated after a 24-hr treatment (data
not shown), inhibition of DNA synthesis in cells treated
with EGF and tyrphostin does not seem to be related to the
inhibition of EGF-R catalytic activity itself.

The inhibitory effect observed after a 24-hr treatment
with tyrphostin could be the result of multiple events.
Therefore, we wanted to know whether EGF-R and
p185°PBHVE) qre targets of tyrphostin after short-term in-
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cubations with this drug. After simultaneous EGF and tyr-
phostin treatment, tyrphostin did not modify the EGEF-
dependent EGF-R tyrosine phosphorylation after up to a
60-min treatment in parental cells. On the contrary, tyr-
phostin prolonged the EGF-dependent tyrosine phosphor-
ylation of p185¢™B2V'E) and to a lesser extent that of
EGE-R in pl85™P2V'E) expressing cells. Thus, whereas
tyrphostin (RG 50864) was designed to inhibit EGF-R tyro-
sine kinase activity, we observed either no effect or an ac-
tivating effect after coincubation with EGF and tyrphostin.
Moreover, incubation with tyrphostin alone slightly en-
hanced p185°B2VE) tyrosine phosphorylation, but it had
no effect on EGF-R tyrosine phosphorylation (data not
shown). It seems unlikely that tyrphostin could directly ac-
tivate p185°™B2(V'E) hecause RG 50864 has been described
as an inhibitor of p185°™B? tyrosine kinase activity in vitro
[37]. Tyrphostin could inhibit a protein tyrosine phospha-
tase that dephosphorylates p185°®®2. Incubation of SKBR3
cells that overexpress pl185°"P? with vanadate leads to an
enhancement of p185erbB2 tyrosine phosphorylation [38].
A similar result has been obtained in our pl85¢P2V-E)L
expressing cells (data not shown). This phosphatase would
be p185™B? specific because tyrphostin has no effect on the
EGF-dependent EGF-R tyrosine phosphorylation in paren-
tal cells. However, tyrphostin could inhibit a protein kinase
that specifically downregulates p185™®®* by phosphoryla-
tion. This mechanism of regulation could be similar to that
of PKC, which has been described as downregulating
EGEF-R by phosphorylation on residue Thr 654.

In the p185PB2(VE) expressing cells, She proteins were
constitutively tyrosine phosphorylated and MAP kinase
was constitutively activated. Treatment of these latter cells
with tyrphostin for up to 60 min had no effect on the
constitutive p185°™B2VE) and She protein tyrosine phos-
phorylation. Nevertheless, in the two cell lines, tyrphostin
treatment led to a slight tyrosine phosphorylation of MAP
kinase that does not correlate with MAP kinase activation.
Thus, tyrphostin has no effect on constitutive MAP kinase
activity in p185P2VE) expressing cells. The time course
of MAP kinase catalytic activity after EGF stimulation is
modified in the presence of tyrphostin: maximal MAP ki-
nase activity occurred after only 5 min of stimulation and
tyrphostin (RG 50864) prolonged MAP kinase activity
without modifying its maximal level of activation. This
result contrasts with that we previously obtained with
NIH3T3 cells, where the same treatment led to a real en-
hancement of MAP kinase phosphorylation and activity
without modification of the time course of its catalytic ac-
tivity [29]. This difference indicates that tyrphostin has
some cell type-specific effects. In parental cells, the time
course of MAP kinase activity after EGF stimulation is
modified in the presence of tyrphostin, whereas that of
EGF-R tyrosine kinase activity is not. Tyrphostin effect on
MAP kinase activity must be mediated by effectors located
downstream of the two receptors.

We have been unable to acquire any evidence thar tyr-
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phostin regulates a protein phosphatase able to dephos-
phorylate MAP kinase. Conversely, we have shown that
treatment by tyrphostin alone leads to the effective activa-
tion of MEK1. MEK1 is not directly activated by tyrphostin
because MEK1 is not activated by tyrphostin in vitro. These
results indicate that tyrphostin acts either on a step down-
stream of EGF-R and p185°™B2V'E) ot on a step indepen-
dent of EGF-R and p185erbBZ(V’E), which would connect
upstream of MEK1. Activation of MEK1 occurring after
tyrphostin treatment is still persistent after a 2-hr treat-
ment. Moreover, tyrphostin treatment enhances EGF-
dependent MEK1 activation and modifies its time course:
activation of MEK is still persistent after a 2-hr treatment,
which indicares that tyrphostin target is not downregulated.

Within cells, more than one signaling pathway has been
shown to lead to MEK activation, and tyrphostin target(s)
could be located on one of them. For example, PKC acti-
vates Raf-1 kinase and therefore MEK1 and MAP kinase
[39]. Tyrphostin could lead to the activation of PKC or to
a related enzyme in vivo and thus to the enhancement of the
MAP kinase cascade. However, tyrphostin (RG 50864) has
been described as an effective inhibitor of the GTPase ac-
tivity of transducin, this effect being related to the unsub-
stituted hydroxyl groups at the 3-, 4-position of the phenyl
ring [40]. Tyrphostin could inhibit the GTPase activity of
p2lras and therefore upregulate the MAP kinase cascade.
Alternatively, several of the components of the MAP ki-
nase pathway are subject to regulation by protein phospha-
tases. Inhibition of PP2ZA by SV40 small t antigen, which
can substitute for the B subunit of PP2A and therefore
inhibit its catalytic activity, results in the activation of
MEK1/2 and MAP kinase without any effect on Rafl ac-
tivity [41]. MEK1/2 seems the most likely target for PP2A.
A similar effect has been observed in adipocytes treated
with okadaic acid, an inhibitor of serine/threonine phos-
phatase and especially for PP2A [42]: it stimulates MAP
kinase activity, probably by inhibiting a serine/threonine
phosphatase acting upstream of MAP kinase. Tyrphostin
does not seem to inhibit a phosphatase acting on MAP
kinase; nevertheless, it could inhibit a serine/threonine
phosphatase able to dephosphorylate a kinase lying up-
stream of MAP kinase.

MEKI1 activation after tyrphostin treatment does not
correlate with MAP kinase activation, reflecting a more
complicated mechanism of action of tyrphostin, and im-
plies that tyrphostin must have at least one other target in
intact cells. Our results suggest that tyrphostin could disrupt
the interaction between activated MEK1 and MAP kinase
and thus prevent activation of MAP kinase by MEK1. We
have shown that MAP kinase kinase catalytic activity in
vitro is inhibited by increasing tyrphostin concentrations.
When no tyrphostin is added to the reactional medium,
MEK1 from tyrphostin-treated cells is able to phosphorylate
and to activate MAP kinase in witro. These results imply

that tyrphostin’s effect on the interaction between acti-
vated MEK1 and MAP kinase is reversible. Tyrphostin’s
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effects on MAP kinase activity would also be the result of
two contradictory effects: activation of MEK and inhibition
of the interaction between activated MEK and MAP ki-
nase. The more MEK is activated, the more MAP kinase is
activated. On the contrary, the more tyrphostin concentra-
tion in cell cytoplasm is elevated, the less MAP kinase is
activated. In cells treated with tyrphostin alone, these con-
tradictory effects could cancel each other out: MAP kinase
activity remains unaffected. In the EGF- and tyrphostin-
treated cells, MEK is strongly activated and remains acti-
vated for at least 2 hr. On the contrary, in the EGF-
stimulated cells, MEK activity returned near its basal level
after 60 min of stimulation. Thus, MEK could be activated
enough to prevail over tyrphostin inhibitory effect. The
resulting MAP kinase activation would be higher in EGF-
and tyrphostin-treated cells than in EGF-stimulated cells.
This hypothesis could explain why tyrphostin (RG 50864)
prolongs EGF-dependent MAP kinase activation.

After tyrphostin treatment, MAP kinase is not activated
but is nevertheless slightly phosphorylated on tyrosine resi-
dues. MAP kinase is activated by a dual phosphorylation
both on threonine and on tyrosine residues. Tyrosine phos-
phorylation of MAP kinase has been postulated by Zhang et
al. [43] as being a prerequisite for the modification of MAP
kinase conformation and, consequently, MAP kinase threo-
nine phosphorylation. The structure of inactive MAP ki-
nase has been solved [43] but not that of MEK and active
MAP kinase. Under these conditions, it is rather difficult to
understand the precise mechanism of action of tyrphostin
on the MAP kinase-MEK complex. Understanding this
mechanism would be of great interest to solve the confor-
mation of these enzymes because it would reveal whether
tyrphostin interacts with the active sites. Tyrphostin could
prevent the modification of MAP kinase conformation af-
ter tyrosine phosphorylation and thus MAP kinase threo-
nine phosphorylation. Another protein kinase inhibitor
may have a similar mechanism of action: it would inhibit
MEK activation without interacting with the active site of
Raf or MEK but would interact instead at another site,
thereby blocking access to activating enzymes [44].

In conclusion, whereas tyrphostins were designed to in-
hibit EGF-R tyrosine kinase activity, we have shown that
tyrphostin (RG 50864) has several targets in the transduc-
ing pathway stimulated by EGF in epithelial cells that are
neither EGF-R nor its related protein, p185°®B2V"E) These
results indicate that one must be cautious when using tyr-
phostin and other inhibitors of protein tyrosine kinases be-
cause their precise mechanism of action is still not yet well
understood.

We are grateful to Dr. O. Brison for providing us with clone B3 of the
SW 613-S cells. We thank Dr. F. Dautry for the gift of the pZIP-Neo
SV(X) wvector, Dr. Yamamoto for pSV2erbB2(V-E) wvector, Dr. G.
Johnson for pRSETS wvector containing a cDNA coding for a kinase
inactive MAP kinase, Dr. J. Schlessinger for RK2 antibody and Dr. T.
Reid for critical reading of the manuscript. This work was supported by
the Association pour la Recherche sur le Cancer (grant 3014), by
Institut National de la Santé et de la recherche Médicale (INSERM),



MEK Is Activated after Tyrphostin Treatment

Centre National de la Recherche Scientifigue (CNRS) and by the
Institut de la Formation Supérieure Biomédicale (IFSBM).

References

L.

10.

11.

12.

13.

14.

15.

16.

17.

Guillick W], Prevalence of aberrant expression of the epider-
mal growth factor receptor in human cancers. Brit Med Bull

47: 87-98, 1991.

. Derynck R, Goeddel DV, Ullrich A, Gutterman JU, Williams

RD, Bringman TS and Berger WH, Synthesis of messenger
RNA:s for transforming growth factors o and B and the epi-
dermal growth factor receptor by human tumors. Cancer Res

47: 707-712, 1987,

. Di Marco E, Pierce JH, Fleming TP, Kraus MH, Molloy CJ,

Aaronson SA and Di Fiore PP, Autocrine interaction be-
tween TGFa and the EGF-receptor: quantitative require-

ments for induction of the malignant phenotype. Oncogene 4:
831-838, 1989.

. Slamon DJ, Clark GM, Wong SG, Levin W], Ullrich A and

McGuire WL, Human breast cancer: correlation of relapse
and survival with amplification of the HER-2/neu oncogene.
Science 235: 177-182, 1987.

. Kraus MH, Popescu NC, Ambsbaugh SC and King CR, Over-

expression of the EGF receptor-related proto-oncogene
erbB-Z in human mammary tumor cell lines by different mo-

lecular mechanisms. EMBO J 6: 605-610, 1987.

. Berchuck A, Kamel A, Whitaker R, Kerns B, Olt G, Kinney

R, Soper JT, Dodge R, Clarke-Pearson DL and Marks P,
Overexpression of HER-2/neu is associated with poor survival
in advanced epithelial ovarian cancer. Cancer Res 50: 4087—
4091, 1990.

. Di Fiore PP, Pierce JH, Kraus MH, Segatto O, King CR and

Aaronson SA, erbB-2 is a potent oncogene when overex-
pressed in NIH-3T3 cells. Science 237: 178-182, 1987.

. Di Marco E, Pierce JH, Knickley CL and Di Fiore PP, Trans-

formation of NIH 3T3 cells by overexpression of the normal
coding sequence of the rat neu gene. Mol Cell Biol 10: 3247-
3252, 1990.

. Hudziak RM, Schlessinger j and Ullrich A, Increased expres-

sion of the putative growth factor receptor p185MER? causes
transformation and tumorigenesis in NIH3T3 cells. Proc Natl
Acad Sci USA 84: 7159-7163, 1987.

Schetcher AL, Stern DF, Vaidyanathan L, Decker SJ, Drebin
JA, Greene MI and Weinberg RA, The neu oncogene: an
erb-B-related gene encoding a 185,000-Mr tumour antigen.
Nature 312: 513-516, 1984.

Bargmann CI, Hung M-C and Weinberg RA, Multiple inde-
pendent activations of the neu ongogene by a point mutation
altering the transmembrane domain of p185. Cell 45: 649
657, 1986.

Dougall WC, Qian X, Peterson NC, Miller M], Samanta A
and Greene M, The neu-oncogene: signal transduction path-
ways, transformation mechanisms and evolving therapies.
Oncogene 9: 2109-2123, 1994.

Qian X, Decker S] and Greene MI, p185°™" and epidermal
growth factor receptor associate into a structure composed of
activated kinases. Proc Natl Acad Sci USA 89: 1330n1334,
1992.

Egan SE and Weinberg RA, The pathway to signal achieve-
ment. Nature 365: 781-783, 1993.

Davis R}, The mitogen-activated protein kinase signal trans-
duction pathway. J Biol Chem 268: 14553-14556, 1993.
Anderson NG, Maller JL, Tonks NK and Sturgill TW, Re-
quirement for integration of signals from two distinct phos-
phorylation pathways for activation of MAP kinase. Nature
343: 651-653, 1990.

Burke Jr TR, Protein—tyrosine kinase inhibitors. Drugs Future
17: 119-131, 1992.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

297

Levitzki A and Gazit A, Tyrosine kinase inhibition: an ap-
proach to drug development. Science 267: 17821788, 1995.
Ohmichi M, Pang L, Ribon V, Gazit A, Levitzki A and Saltiel
AR, The tyrosine kinase inhibitor tyrphostin blocks the cel-
lular actions of nerve growth factor. Biochemistry 32: 4650—
4658, 1993.

Yoneda T, Lyall RM, Alsina MM, Persons PE, Spada AP,
Levitzki A, Zilberstein A and Mundy GR, The antiprolifer-
ative effects of tyrosine kinase bors tyrphostins on a human
squamous cell carcinoma in vitro and in nude mice. Cancer Res
41: 4430-4435, 1991.

Lyall RM, Zilberstein A, Gazit A, Gilon C, Levitzki A and
Schlessinger ], Tyrphostins inhibit epidermal growth factor
(EGF)-receptor tyrosine kinase activity in living cells and
EGF stimulated cell proliferation. J Biol Chem 264: 14503—
14509, 1989.

Dvir A, Milner Y, Chomsky O, Gilon C, Gazit A and Levitzki
A, The inhibition of EGF-dependent proliferation of kera-
tinocytes by tyrphostin tyrosine kinase blockers. ] Cell Biol
113: 857-865, 1991.

Posner I, Gazit A, Gilon C and Levitzki A, Tyrphostins in-
hibit the epidermal growth factor receptor-mediated break-
down of phosphoinositides. FEBS Lett 257: 287-291, 1989.
Margolis B, Rhee SG, Felder S, Mervic M, Lyall R, Levitzki
A, Ullrich A, Zilberstein A and Schlessinger J, EGF induces
tyrosine phosphorylation of phospholipase C-II: a potential
mechanism for EGF receptor signalling. Cell 57: 1101-1107,
1989.

Brunton GV, Carlin S and Workman P, Alterations in EGF-
dependent proliferative and phosphorylation events in squa-
mous cell carcinoma cell lines by a tyrosine inhibitor. Anti-
Cancer Drug Des 9: 311-329, 1994.

Agbotounou WK, Levitzki A, Jacquemin-Sablon A and
Pierre ], Effects of tyrphostins on the activated c-stc protein in
NIH-3T3 cells. Mol Pharmacol 45: 922-931, 1994.

Faaland CA, Mermelstein FH, Hayash ] and Laskin JD, Rapid
uptake of tyrphostin into A431 human epidermoid cells is
followed by delayed inhibition of epidermal growth factor
(EGF)-stimulated EGF receptor tyrosine kinase activity. Mol
Cell Biol 11: 2697-2703, 1991.

Ramdas L, McMurray S and Budde RJA, The degree of inhi-
bition of protein tyrosine kinase activity by tyrphostin 23 and
25 is related to their instability. Cancer Res 54: 867-869,
1994.

Agbotounou WK, Mousset S, Piperno S, Pierre M, Jacque-
min-Sablon A and Pierre ], Activation of the mitogen acti-
vated protein kinase cascade by tyrphostin (RG 50864). Bio-
chem Pharmacol 48: 505-515, 1994.

Yaish P, Gazit A, Gilon C and Levitzki A, Blocking of EGF-
dependent cell proliferation by EGF receptor kinase inhibi-
tors. Science 242: 933-935, 1988.

Gardner AM, Lange-Carter CA, Vaillancourt RR and
Johnson GL, Measuring activation of kinases in mitogen-
activated protein kinase regulatory network. Methods Enzymol
238: 258-270, 1994.

Lavialle C, Modjtahedi N, Cassingena R and Brison O, High
c-myc amplification level contributes to the tumorigenic phe-
notype of the human breast carcinoma cell line SW613-S
[correction]. Oncogene 5: 245, 1990.

Lavialle C, Modjtahedi N, Cassingena R and Brison O, High
c-myc amplification level contributes to the tumorigenic phe-
notype of the human breast carcinoma cell line SW613-S.
Oncogene 3: 335-339, 1988.

Lavialle C, Modjtahedi N, Lamonerie T, Frebourg T, Landin
RM, Fossar N, Lhomond G, Cassingena R and Brison O, The
human breast carcinoma cell line SW 613-S: an experimental
system to study tumor heterogeneity in relation to c-myc am-



298

35.

36.

37.

38.

39.

plification, growth factor production and other markers [re-
view] Anticancer Res 9: 1265-1280, 1989.

Graham F and Van der Eb A, A new technique for the assay
of infectivity of human adenovirus 5 DNA. Virology 73: 456
4517, 1973.

Peraldi P, Scimeca JC, Filloux C and Van Obberghen E,
Regulation of extracellular signal-regulated protein kinase-1
(ERK-1; pp44/ mitogen-activated protein kinase) by epider-
mal growth factor and nerve growth factor in PC12 cells:
implication of ERK1 inhibitory activities. Endocrinology 132:
2578-2585, 1993.

Arteaga CL, Winnier AR, Poirier M, Lopez-Larraza DM,
Shawver LK, Hurd SD and Stewart SJ, p185¢°™8-? Signaling
enhances cisplatin-induced cytotoxicity in human breast car-
cinoma cells: association between an oncogenic receptor ty-
rosine kinase and drug-induced DNA repair. Cancer Res 54:
3758-3765, 1994.

Jallal B, Schlessinger ] and Ullrich A, Tyrosine phosphatase
inhibition permits analysis of signal transduction complexes
in p 185HER2/neu-overexpressing human tumor cells. J Biol
Chem 267: 43574363, 1992.

Kolch W, Heidecker G, Kochs G, Hummel H, Vahldl H,

40.

41.

42.

43.

44.

F. Nowak et al.

Mischak H, Finkenzeller G, Marmé D and Rapp UR, Protein
kinase Ca activates Raf-1 by direct phosphorylation. Nature
349: 249-252, 1993.

Wolbring G, Hollenberg MD and Schnetkamp PPM, Inhibi-
tion of GTP-utilizing enzymes by tyrphostins. | Biol Chem
269: 22470-224712, 1994.

Sontag E, Fedorov S, Kamibayashi C, Robbins D, Cobb M
and Mumby M, The interaction of SV40 small tumor antigen
with protein phosphatase 2A stimulates the MAP kinase
pathway and induces cell proliferation. Cell 75: 887-897,
1993.

Haystead TA], Weiel JE, Litchfield DW, Tsukitani Y, Fischer
EH and Krebs EG, Okadaic acid mimics the action of insulin
in stimulating protein kinase activity in isolated adipocytes. J
Biol Chem 265: 16571-16580, 1990.

Zhang F, Strand A, Robbins D, Cobb MH and Goldsmith EJ,
Atomic structure of the MAP kinase ERK2 at 2.3 resolution.
Nature 367: 704-7111, 1994.

Alessi DR, Cuenda A, Cohen P, Dudley DT and Saltiel AR,
PD 098059 is a specific inhibitor of the activation of mitogen-
activated protein kinase kinase in vitro and in vivo. ] Biol Chem

270: 27489-27494, 1995.



