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Binding of EGF to its cognate receptor results in receptor-dimerisation, auto-
phosphorylation and activation of intracellular signal transduction pathways.
Autophosphorylated tyrosine residues in the receptor complex bind to SH2-domain
containing signalling molecules and these are then often themselves phosphorylated by
the receptor kinase. A critical role for these SH2-binding sites, however, is unclear. We
have investigated the stimulation of (SH2-domain containing) STAT transcription factor
activity, in comparison with MAP kinase activity, in cell lines expressing EGF receptor
deletion mutatants. Data indicate that two autophosphorylated tyrosine residues Y1068
and Y1086 are critical for STAT activation in contrast to MAP Kkinase activation.
Significantly, these tyrosine residues conform to a consensus YXXQ binding site and
suggest direct binding of STAT-proteins to the EGF receptor. ¢ 1355 acadenic press, mnc.

The binding of epidermal growth factor to its cognate receptor at the plasma
membrane results in activation of receptor tyrosine kinase, phosphorylation of intracellular
substrates and finally proliferation (1). Autophosphorylation of the carboxyterminus of the
receptor provides potential binding sites for several SH2 domain containing proteins (2,3).
For example, the adaptor molecule GRB2 binds to the autophosphorylated EGF receptor
through its SH2 domain and the p21ras guanine nucleotide release factor, Son of Sevenless
(SOS), to GRB2 through its SH3 domain (4). Formation of this complex is then linked to
p2lras signalling and the stimulation of a protein kinase cascade that results in MAP kinase

activation and the phosphorylation and activation of transcription factor activities (5).
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However, the requirement for EGF receptor autophosphorylation sites in mediating
proliferative processes is still not clear.

Very recently a new family of tyrosine phosphorylated transcription factors has been reported
termed STATS, for Signal Transducers and Activators of Transcription (6,7). These factors
were uncovered through study of the transcriptional response to interferons but now appear
to be regulated by a plethora of cytokines and growth factors. Receptor activation results in
tyrosine phosphorylation and activation of members of the Janus (JAK) family of protein
kinases, STAT tyrosine phosphorylation and translocation to the nucleus where the
phosphorylated STAT proteins bind specific DNA elements activating transcription.
Stimulation of the EGF receptor also results in tyrosine phosphorylation and activation of at
least two STAT family members: Statle and Stat3, which can form both homo- and
heterodimers, a well as the activation of JAK1 (8-13). This has been demonstrated in cultured
cells and more recently in mouse liver after intraperitoneal injection of EGF (14). In this
study we have analysed the activation of STAT transcription factors by EGF in cell lines
containing wild-type and mutant EGF receptors. In contrast to MAP kinase activation, two
critical autophosphorylated tyrosine residues have been identified mediating EGF activation
of STATs. These autophosphorylation sites both contain the motif YXXQ which probably
mediates direct binding of STATSs to the EGF receptor. This suggests a mechanism by which

there is direct phosphorylation of transcription factor by EGF receptor kinase activity.

MATERIALS AND METHODS

Cell lines and antibodies. A431 cells were purchased from ATCC while EGF receptor
stable cell lines were a kind gift of Dr. J. Schlessinger and have been previously described
(15). All cell lines were cultured in monolayer in 6cmé tissue culture dishes with Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% foetal calf serum (FCS),
penicillin-streptomycin solution (10,000 IU/ml penicillin and 10mg/ml streptomycin), and L-
glutamate (Gibco). Cells were trypsinised and plated at 30% confluency. 16 hours prior to
stimulation media was changed to DMEM supplemented with 0.5% FCS. The anti-ERK2
polyclonal sera was a kind gift of Dr. J.L. Bos, Utrecht and has been previously described
(16).

Gel rerardation assays. Nuclear extracts were prepared from unstimulated and
stimulated cells following a previously described procedure (17). A pIRE(IC) oligonulceotide
5’-agct AGGTTTCCGGGAAAGCACc-3' wassynthesised and double-stranded oligonucleotides
were prepared by annealing the complementary strand. Oligonucleotides were labelled by
filling in cohesive ends with [o?PJdCTP using Klenow fragment of DNA polymerase 1.
DNA fragments were seperated from unincorporated oligonucleotides by polyacrylamide gel
electrophoresis. Gel retardation assays were carried out according to previously published
procedures with slight modification (18). Briefly, Sug nuclear extract was incubated in a final
volume of 20ul, containing 10mM HEPES pH 7.8, 50mM KCl, ImM EDTA, 5mM MgCl,,
10% (v/v) glycerol, SmM dithiothreitol, 2ug poly(dI-dC) and 20ug bovine serum albumin
with 0.1-1.0ng of *’P-labelled pIRE(IC) oligonucleotide for 20 minutes at room temperature.
Subsequently, samples were run for 2 hours on a 5% non-denaturing polyacrylamide gel at
room temperature, vacuum dried and exposed to Fuji RX film at -70°C for 1-2 days.
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ERK?2 activation. Cells were cultured as described above and treated with 50ng/ml
EGF for 10 minutes. After treatment, cells were lysed in Laemmli buffer essentially as
described before (16). After being heated to 95°C for 5 minutes, total cell lysates were run
outona 12.5% SDS-polyacrylamide gel. Proteins were transferred to Immobilon-P and blots
were incubated with polyclonal ERK?2 antibody. Detection was with horseradish peroxidase
coupled to secondary antibody utilising enhanced chemiluminescence (Amersham).

RESULTS

Previous studies have demonstrated the activation of STAT transcription factors by
EGF treatment of responsive cells, and in mouse liver after intraperitoneal injection of this
growth factor (8-13). The mechanism by which EGF treatment causes tyrosine
phosphorylation of STAT transcription factors is not known although it is probably
independent of p2lras (11). EGF treatment also results in the tyrosine phosphorylation of
JAK1 (12) so it could be that the EGF receptor does not directly phosphorylate STATSs but
does so via activation of JAKL. To define further the role of the EGF receptor in activation
of STAT family members we took advantage of a series of stable cell lines that overexpress
various receptor deletions (15). HERI4 is an NIH3T3 stable cell line expressing 3.0 x 10°
human EGF receptors. Derivatives of this cell line are shown in Figure 1 and include :
AINT, lacking the complete intracellular domain of the receptor; K721A, a kinase-dead
receptor that is no longer catalytically active; A63, lacking the last 63 amino acids; and

A126, lacking the last 126 amino acids (Fig. 1).

HER14

ANINT

K721A

563

N126

Figure 1. Schematic representation of wild-type and mutant EGF receptors. The
following abbreviations are used: SIG, signal sequence; CYS, the two cysteine region
domains; TM, transmembrane domain; HER]4, wild-type human EGF receptor; AINT, EGF
receptor with deletion of the entire intracellular domain; K7214, kinase-dead EGF receptor
containing lysine to alanine mutation in catalytic domain; A63, EGF receptor with a 63-
amino acid deletion from the C-terminus; and AJ/26, EGF receptor with a 126-amino acid
deletion from the C-terminus. The positions of autophosphorylated tyrosine residues are
indicated.
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To measure STAT activation we performed gel retardation assays utilising a pIRE probe that
we had previously defined as a STAT binding site in the ICAM-1 promoter (19). Cells were
starved for 16 hours before stimulating with 50ng/ml EGF and collecting samples for nuclear
extract preparation at the times indicated. The first panel shows EGF-induced STAT-binding
activity in A431 (Fig.l). Three complexes are marked corresponding to A, STAT3
homodimers; B, STAT1a/STAT3 heterodimers; and C, STAT1a homodimers (13). These
cells express 6.0 x 10° EGF receptors and there is a long-term activation of STAT-binding
lasting for more than 4 hours. HER14 cells expressing less receptors show a more transient
STAT activation, returning to basal levels in less than 4 hours, but with the same three
DNA-binding complexes formed. As might be expected, the AINT cell line which lacks the
intracellular portion of the receptor, is unable to activate STAT DNA-binding (see third
panel). Similarly, the kinase-dead K721A NIH3T3 cell line is also unable to activate STAT
DNA-binding. The A63 deletion mutant was still able to activate STAT DNA-binding to the
same level as that observed in the wild-type HER14 cells. This suggests that the two C-
terminal autophosphorylation sites (Y1148 and Y1173} are not required for EGF receptor
mediated STAT-activation. Most interstingly, however, the A126 mutant lacking also the
Y1068 and Y1086 autophosphorylation sites, was no longer active in respect to STAT
activation after the addition of EGF.

To determine if the mechanism of activation of STAT transcription factors by EGF correlates
with the well defined activation of p21iras signal transduction we analysed the above receptor
mutants for activation of MAP kinase (ERK2). Cells were again starved for 16 hours prior
to stimulation with 50ng/ml EGF for 5 minutes (Fig.3). The activation of MAP kinase can
be measured by a "shift" on SDS-polyacrylamide gels due to the retarded mobility of
phosphorylated ERK2 (16). As can be seen from Figure 3, MAP kinase is strongly activated
in the wild-type HER14 cells. Again as might be expected, deletion of the intracellular
domain (AINT) abolishes MAP kinase activation. Furthermore, the kinase-dead EGF receptor
(K721A) is also unable to activate ERK2 in this NIH3T3 cell line. Stimulation of the A63
cell line, lacking the last two C-terminal autophosphorylation sites, results in ERK2
activation, as does further deletion (A126) removing all four C-terminal sites. These data
demonstrate that activation of MAP kinase does not require the prescence of EGF receptor

autophosphorylation sites.

DISCUSSION
The recognition of receptor phosphotyrosine residues by intracellular signalling
molecules containing SH2 domains is a central focus for current mechanistic models of

receptor tyrosine kinase signal transduction (20,21). Specificity is regulated by the sequences
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surrounding a phosphotyrosyl residue which have preferential interaction with individual SH2
domain-containing molecules. Studies of the PDGF receptor have demonstrated that
mutagenesis of specific autophosphorylation sites prevents binding of certain SH2-containing
proteins and often results in reduced signalling capacity for this receptor (22-27). Similar
studies have been performed with the EGF receptor although the results are less clear. For
example, mutation of each of the autophosphorylation sites individually did not dramatically
impair association with SH2-containing molecules such as phospholipase C-y1 or the p85
subunit of phosphatidylinositol 3-kinase, as measured by co-immunoprecipitation (28).
However, mutation of all autophosphorylation sites to phenylalanine does result in the
inhibtion of binding of SH2 domain containing signalling intermediates to activated EGF
receptor complexes (28-31). Interestingly, these mutant receptors are fully able to activate
certain downstream signal transduction pathways resulting in gene expression and mitogenesis
(28-31). It appears that one mechanism utilised is the use of phosphorylated cellular proteins,
such as Shc, as surrogates for binding SH2 domain proteins (28,30,31).

Our study has demonstrated that in terms of STAT transcription factor activation there is a
critical requirement for two of the EGF receptor autophosphorylation sites, Y1068 and
Y1086 (Fig. 2). This is in direct contrast to the studies described above and to our
observations of MAP kinase activation in these NIH3T3 cell derivatives (Fig. 3). Presumably
MAP kinase activation indeed procedes through the tyrosine phosphorylation of other cellular
proteins such as Shc, which then provide binding sites for a GRB2/SOS complex which
resulting in activation of p2lras signalling to MAP kinase (28, 30,31). It appears from our
data that activation of STATSs is not able to proceed through such a surrogate intracellular
tyrosine phosphorylated protein.

STAT transcription factors are themselves tyrosine phosphorylated and contain SH2 domains
that are critical for binding to both activated cytokine receptors as well as for the formation
of both homo- and hetero-dimers necessary for DNA binding (32). For most cytokine
receptors, activation of STATs occurs though phosphorylation by members of the JAK
tyrosine kinases associated directly with the receptor complex. Indeed, addition of EGF to
A431 cells has been shown to activate JAK! by an as yet unknown mechanism (12). It is so
far unclear if the activation of STATs by EGF is due to (a) direct tyrosine phosphorylation
by the EGF receptor itself or (b) is mediated via activation of JAK1. Our data suggest that
autophosphorylated tyrosine residues Y 1068/Y 1086 are critical in one of these two processes.
During the preparation of this manuscript, Stahl es. al. have reportedthe identification of
modular tyrosine-based motifs in gp130 cytokine receptors that mediate the specific activation
of STATs (33). Receptor chimarae studies and point mutations have revealed that activation
of specific STATs by IL-6 or LIF appears to be determined not by which JAK is associated
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Figure 2. Effect of EGF receptor deletion analysis on STAT activation. NIH3T3 cells
stably transfected with the human EGF receptor and mutated derivatives were either untreated
or treated with 50ng/ml EGF fot the indicated times. Spg of nuclear protein extract was
mixed with double-stranded *?P-labelled ICAM-1 pIRE oligonucleotide and analysed by gel
retardation analysis as described under Materials and Methods. The positions of three
complexes are indicated: A, Stat3/Stat3 homodimer; B, Statla/Stat3 hetrodimer; and C,
Statla/Statla homodimer.
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Figure 3. EGF receptor autophosphorylation sites are not required for ERK2 activation.
NIH3T3 cells stably transfected with the human EGF receptor and mutated derivatives were
either untreated (-) or treated (+) with 50ng/ml EGF for 10 minutes. Total cell lysates were
prepared and analysed after SDS-PAGE by Western blotting with «ERK2 antisera as
described under Materials and Methods. The modification of ERK2 was measured by the
occurrence of a mobility shift (indicated by an arrow, ppERK2).

to a cytokine receptor complex, but instead, by the specific tyrosine-based motif (SH2-
binding site) present in the receptor components. They conclude that the sequence YXXQ
appears to be a preferential STAT binding site (33). Most interestingly, our deletion analysis
has revealed a critical role for tyrosine residues Y1068 and Y1086 in the EGF receptor and
both these sites conform to this consensus : '**YINQ and '"YHNQ. Deletion of the two C-
terminal autophosphorylation sites Y1148 and Y1173 had no effect on STAT activation, and
neither of these sites conform to this consensus : "*YQQD and '"YLRV. This suggests that
EGF receptor autophosphorylation sites Y1068 and Y1086 provide direct binding sites for
STAT transcription factors. Thus a model can now be proposed wherby after addition of
EGF to target cells, the EGF receptor becomes autophosphorylated resulting in direct binding
of STAT transcription factors via SH2-domain interactions, phosphorylation of STAT by

receptor kinase activity and translocation to the nucleus.
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