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eps8, a recently identified tyrosine kinase substrate, has been shown to augment epidermal growth factor
(EGF) responsiveness, implicating it in EGF receptor (EGFR)-mediated mitogenic signaling. We investigated
the status of eps8 phosphorylation in normal and transformed cells and the role of eps8 in transformation. In
NIH 3T3 cells overexpressing EGFR (NIH-EGFR), eps8 becomes rapidly phosphorylated upon EGF stimula-
tion. At receptor-saturating doses of EGF, ~30% of the eps8 pool is tyrosine phosphorylated. Under physio-
logical conditions of activation (i.e., at low receptor occupancy), corresponding to the 50% effective dose of EGF
for mitogenesis, ~3 to 4% of the eps8 contains phosphotyrosine. In human tumor cell lines, we detected
constitutive tyrosine phosphorylation of eps8, with a stoichiometry (~5%) similar to that associated with
potent mitogenic response in NIH-EGFR cells. Overexpression of eps8 was able to transform NIH 3T3 cells
under limiting conditions of activation of the EGFR pathway. Concomitant tyrosine phosphorylation of eps8
and shc, but not of rasGAP, phospholipase C-y, and eps15, was frequently detected in tumor cells. This
suggested that eps8 and shc might be part of a pathway which is preferentially selected in some tumors.
Cooperation between these two transducers was further indicated by the finding of their in vivo association.
This association was, at least in part, dependent on recognition of shc by the SH3 domain of eps8. Our results
indicate that eps8 is physiologically part of the EGFR-activated signaling and that its alterations can con-

tribute to the malignant phenotype.

Receptor tyrosine kinases (RTKs) transduce signals for mi-
togenesis and differentiation through their ability to recruit
intracellular signal transducers. This is achieved by binding
and/or phosphorylation of intracellular substrates, as well as
through the binding of small adapter molecules which, in turn,
enable coupling with downstream effector pathways (for re-
views, see references 3, 9, 23, and 32 and references therein).
Signal transducers possess, in various assortments, several
binding-effector regions, including SH2, SH3, and PH domains
(references 1, 3, 14, and 31 and references therein). Each of
these domains binds to target sequences with variable speci-
ficity. Different SH2s, for example, bind to specific phospho-
tyrosine (pTyr)-containing motifs (34), whereas SH3s recog-
nize proline-rich regions (5, 16, 29, 44). In addition, these
target sequences are frequently present on the same trans-
ducer molecules together with the binding domains, projecting
the existence of an extensive network of intracellular interac-
tions. Even at the initial level of the signaling cascade, that is,
tyrosine phosphorylation of substrates by RTKs, our knowl-
edge is far from complete. Two-dimensional analysis of pTyr-
containing proteins after growth factor stimulation of intact
cells reveals numerous candidate substrates awaiting charac-
terization (30).

Methodologies that allow cloning of these molecules have
been developed in several laboratories (10, 13, 15, 20, 24, 33,
34). We have recently described one such strategy and isolated
several novel cDNAs (eps clones) representing genes encoding
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substrates for the epidermal growth factor (EGF) receptor
(EGFR). One of these genes was designated eps8 (11, 43). The
product of the eps8 gene is a 97-kDa protein (p97¢*%). In some
cell lines, a second component of 68 kDa (p68%*®) is also
specifically recognized by anti-eps8 antibodies. p68%*# is not
the product of a related gene, since all of its tryptic peptides
correspond to tryptic peptides of p97¢*® (10); it is not clear,
however, whether it is the product of an alternatively spliced
mRNA or the result of specific proteolysis. The product of the
eps8 gene associates with and is phosphorylated by the EGFR
in NIH 3T3 fibroblasts overexpressing this receptor (NIH-
EGFR). Several other RTKs can phosphorylate eps8 as well
(11). In addition, the eps8 gene product might be involved in
the regulation of cell proliferation, since its overexpression in
NIH-EGFR or EGFR-overexpressing hematopoietic cells
(32D-EGFR) enhances EGF-dependent mitogenic signals (11).

Many questions regarding the role of eps8 in EGFR signal-
ing remain to be answered. It is important to establish whether
eps8 is a physiological substrate for EGFR, or whether its
phosphorylation is observed only under conditions of receptor
overexpression, as achieved in NIH EGFR and 32D-EGFR
(11). It is also of interest to determine whether eps8 can be
implicated in mitogenic signaling in a setting representative of
physiological conditions, for example, under limiting activation
of the EGFR pathway. If so, then one could ask whether
alterations of eps8 are detectable and play a role in human
tumors. Finally, the molecular interactions of eps8 and, ulti-
mately, its biochemical function remain to be elucidated. In the
present study, we addressed these questions by quantitative
analysis of eps8 tyrosine phosphorylation in established model
systems and human tumors, analysis of the transforming po-
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tential of eps8, and investigation of interactions with other
components of the signaling network.

MATERIALS AND METHODS

Cell biology. NIH 3T3 fibroblasts transfected with eukaryotic expression vec-
tors for EGFR (NIH-EGFR cells) have been previously described (6). They were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% (vol/
vol) calf serum. The BALB/MK cell line (38) was cultured in low-calcium Dul-
becco’s modified Eagle’s medium supplemented with 10% dialyzed fetal calf
serum and 4 ng of EGF per ml as previously described (38). Human tumor cell
lines of epithelial and mesodermal derivation were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum. Human
tumor cell lines of hematopoietic derivation were propagated in RPMI plus 10%
fetal calf serum. Thymidine incorporation studies and transfection of NIH 3T3
cells were conducted as previously reported (6, 7).

Protein studies. Polyclonal antibodies specific for the eps8 gene product were
generated against a recombinant glutathione S-transferase (GST) fusion protein
in the pGEX expression vector (Pharmacia) and have been previously described
(11). The antibody used in this study was purified from total serum by affinity
chromatography with GST-eps8 covalently conjugated to amino-link (Pierce).
Detection of pTyr-containing proteins was performed with a commercially avail-
able anti-pTyr monoclonal antibody (Upstate Biotechnology). Anti-phospho-
lipase C-y (anti-PLC-y), anti-rasGAP, and anti-shc antibodies were also ob-
tained from a commercial source (Upstate Biotechnology and Signal
Transduction Laboratories). An anti-p82/ezrin antibody was generated by using
purified ezrin as an antigen and was previously described (13). The anti-eps15
antibodies used have also been previously described (12). The anti-GST antibody
was generated by immunizing New Zealand rabbits with purified GST recombi-
nantly produced in Escherichia coli. The serum was affinity purified by using GST
conjugated to amino-link (Pierce). EGFR was detected with either the Ab-1
monoclonal antibody (Oncogene Science) for immunoprecipitation experiments
or with E7 antipeptide serum (8) for immunoblotting. When available (eps8 and
epsl5S experiments), preimmune sera derived from the same rabbits used for
immunization were used as controls. In all other cases, preimmune sera from
different animals were used as controls.

Immunoprecipitation and immunoblotting experiments were performed as
previously described (10-13). Typically, we employed 100 to 200 pg of total
cellular proteins for direct immunoblot analysis and 1 to 6 mg of total cellular
proteins for immunoprecipitation-immunoblotting experiments. Except when
indicated otherwise, treatment with EGF in vivo was performed at a concentra-
tion of 17 nM for 5 to 10 min at 37°C after 12 to 24 h of serum starvation. For
coimmunoprecipitation experiments, total cellular proteins were obtained under
mild lysis conditions in the absence of ionic detergents to preserve protein-
protein interactions, as previously described (11).

Calculation of stoichiometry of in vivo phosphorylation. For our experiment
(see Fig. 2B), NIH-EGFR cells were serum starved for 16 h and then treated with
17 nM EGF for 5 min at 37°C. Total cellular proteins (1 mg) were then immu-
noprecipitated with the anti-pTyr antibody, and the immunocomplexes were
recovered onto protein G-Sepharose (ipt-1 [see Fig. 2B]). The supernatant (after
immunocomplex recovery) was subjected to two additional immunoprecipita-
tions with anti-pTyr antibody, and immunocomplexes were recovered after each
immunoprecipitation (ipt-2 and ipt-3 [see Fig. 2B]). The three sequential immu-
noprecipitations were performed to ensure that all of the pTyr-containing pro-
tein was quantitatively immunoprecipitated. The anti-pTyr immunoprecipitates
were then analyzed in an immunoblot with the anti-eps8 antibody. The super-
natant left after the third immunoprecipitation reaction (see lane S Fig. 2B) was
also analyzed in an immunoblot with the anti-eps8 antibody. This supernatant
contained non-tyrosine-phosphorylated eps8 molecules, since anti-pTyr immu-
noprecipitation was quantitative. Only one-fifth of the total supernatant, corre-
sponding to 200 pg of proteins in the initial material, was loaded. On the same
blot, 200 pg of total cellular proteins (see lane T Fig. 2B) from the same
preparation used for the immunoprecipitation experiments was loaded. The
same procedure was followed for the ezrin and PLC-y stoichiometry determi-
nation employing antiezrin and anti-PLC-y antibodies in the final blot.

Autoradiographic signals were quantitated in a phosphorimager scanner, and
all values were corrected by subtracting the machine background determined on
an equal surface of the autoradiogram displaying no specific signals. The values
obtained in ipt-1, ipt-2, and ipt-3 were then added to calculate the amount of
pTyr-containing substrate (eps8, PLC-y, or ezrin). This value was compared to
that obtained for a non-tyrosine-phosphorylated specific substrate (determined
in lane S [see Fig. 2B] with multiplication of the value by 5 to take into account
differences in loading) or to the value representing the total amount of the
specific substrate in the total cellular proteins (determined in lane T [see Fig. 2B]
with multiplication of the value by 5 to take in account differences in loading).
Stoichiometry of in vivo phosphorylation was then calculated in two different
ways, with the formula (ipt X 100)/[ipt + (S X 5)] and the formula (ipt X 100)/(T
X 5). Both formulas yielded comparable results, as expected.

In another experiment (see Fig. 3), 5637 cells were serum starved for 24 h and
total cell lysates were prepared. The experimental protocol was as described
above, with the following exceptions: (i) 5 mg of total cellular proteins was used
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FIG. 1. Tyrosine phosphorylation of eps8 gene products in vivo at physiolog-
ical levels of EGFR activation. (A) NIH-EGFR cells were analyzed for their
mitogenic response to increasing concentrations of EGF by [*H]thymidine in-
corporation. The 50% effective dose for a mitogenic response was 0.1 to 0.2 nM
(around 1 ng/ml). (B) Serum-starved NIH-EGFR cells were treated with increas-
ing concentrations of EGF for 10 min at 37°C. Total cellular proteins (2 mg) were
immunoprecipitated with the antibodies indicated (anti-eps8, anti-PLC-vy, and
antiezrin) and detected in an immunoblot with an anti-pTyr antibody. Quanti-
tation of autoradiographic signals was performed by a phosphorimager scanner,
and results are reported as percentages of the maximal phosphorylation obtained
at receptor saturation (17 nM) after subtraction of the background signal de-
tected in mock-treated cells. One hundred percent stimulation corresponded to
~20-fold, ~15-fold, and ~15-fold stimulation with respect to untreated cells for
eps8, PLC-y, and ezrin, respectively. (C) Serum- and EGF-starved BALB/MK
cells were either mock treated (—) or treated with EGF at 17 nM (+) for 10 min
at 37°C. Total cellular proteins (2 mg) were immunoprecipitated with the anti-
eps8 antibody and immunoblotted with anti-pTyr. Molecular size markers are
indicated in kilodaltons.

in the anti-pTyr immunoprecipitations; (ii) 1/50 of the supernatant (S), corre-
sponding to 100 pg of the proteins in the initial material, was loaded; and (iii) 100
ng of total cellular proteins (T) was loaded. Stoichiometry of in vivo phosphor-
ylation was then calculated in two different ways, with the formula (ipt X 100)/
[ipt + (S X 50)] and the formula (ipt X 100)/(T X 50). Both formulas yielded
comparable results, as expected.

EGF binding assay. EGF binding to intact cells was assessed as described
previously (6), with '*I-labeled EGF (150 to 200 p.Ci/pg; New England Nuclear)
over a range of concentrations from 0.0017 to 55.6 nM for at least 6 h at 4°C.
Assays were performed in triplicate wells, and specificity of binding was deter-
mined by parallel experiments in which a 100-fold molar excess of unlabeled
EGF was used to eliminate the tracer by competition. The number of receptors
per cell and their dissociation constants (K;s) for EGF were determined from
Scatchard plots. Analysis of binding was performed by the LIGAND software
(26).

Production of recombinant proteins and in vitro binding studies. The GST-
eps8SH3 fusion protein was obtained by amplification, by recombinant PCR, of
the appropriate fragment from the eps8 cDNA, followed by cloning in the pGEX
expression vector between the BamHI and EcoRlI sites, in frame with the GST
moiety. The SH3 domain of eps8 present in the fusion protein encompasses
amino acid residues 532 to 591. The GST-nck-SH3 fusion protein was a kind gift
of Octavio Rivero-Lezcano and contains the first SH3 domain of nck (amino acid
positions 8 to 68). Purification of the fusion proteins on glutathione-agarose and
affinity purification of total cellular proteins on immobilized GST-based fusion
proteins have also been described (11).

For far Western (immunoblot) experiments with recombinant GST fusion
proteins, blots were blocked in 2% bovine serum albumin (BSA) in TTBS (20
mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.05% Tween 20) for at least 2 h at room
temperature and then in reduced glutathione (3 wM; Sigma) in TTBS with 0.5%
(wt/vol) BSA for 1 h at room temperature. The latter step substantially reduced
the background (data not shown). Blots were then incubated with the appropri-
ate fusion protein (10 nM) in TTBS in the presence of reduced glutathione (3
wM) and BSA (0.5% [wt/vol]) for 1 h at room temperature. After extensive
washing in TTBS, blots were detected with the affinity-purified anti-GST anti-
body as previously described (10-13).

RESULTS

eps8 phosphorylation under physiological conditions of
EGF stimulation. We have previously shown that the eps8
products are phosphorylated on tyrosine residues by several
RTKs (11). By using a model system of NIH-EGFR cells, we
initially sought to determine whether eps8 is efficiently phos-
phorylated under physiological conditions of receptor activa-
tion, i.e., at low receptor occupancy. As shown in Fig. 1A, the
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TABLE 1. Analysis of '*I-labeled EGF binding properties and
eps8 expression levels in NIH-EGFR and BALB/MK cells

No. of

receptors/cell Ka (nM) Relative
Cell line 3 level?
High Low High Low Cpse leve
affinity affinity affinity affinity
NIH-EGFR 13,000 350,000 0.1 9.5 1
BALB/MK 15,000 0.07 0.1

@ 125]_labeled EGF binding was assessed by Scatchard analysis over a range of
concentrations from 0.0017 to 55.6 nM in triplicate wells at 4°C as described in
Materials and Methods. Specificity of binding was controlled in parallel compe-
tition experiments using a 100-fold molar excess of unlabeled EGF. Data were
analyzed with the LIGAND software (26).

b eps8 expression levels were measured by direct immunoblotting of total
cellular proteins, and quantitation was performed by phosphorimaging. Results
are expressed relative to the level in NIH-EGFR cells (defined as 1).

mitogenic dose-response curve for NIH-EGFR cells indicates
that half-maximal stimulation was obtained at an EGF concen-
tration of 0.1 to 0.2 nM, whereas maximal stimulation was
achieved starting from 1.0 to 2.0 nM. Scatchard plot analysis of
!%I-labeled EGF binding to NITH-EGFR cells revealed ~1.3 X
10* high-affinity and ~3.5 X 10° low-affinity binding sites, with
K,s in the range of 107'° to 10~® M, respectively (Table 1).
Thus, at the mitogenic 50% effective dose of EGF, only a few
thousand receptors would be occupied. At this dose (1 ng/ml,
~0.17 nM), however, eps8 tyrosine phosphorylation was
readily detectable and was around 10% of the maximal stim-
ulation obtained with receptor-saturating doses (Fig. 1B). The
magnitude of this effect was comparable to or greater than that
observed for two established EGFR substrates, PLC-y and
ezrin (Fig. 1B).

To investigate eps8 tyrosine phosphorylation by the EGFR
in a cell line which is physiologically responsive to EGF, we
employed the BALB/MK cell line. These are mouse keratino-
cytes which are exquisitely sensitive to EGF (38). A Scatchard
plot analysis of '*’I-labeled EGF binding to BALB/MK cells
revealed around 1.5 X 10* EGF-binding sites with a single
dissociation constant, on the order of 107'° M (Table 1).
Although BALB/MK cells express eps8 at an ~10-fold lower
level than NIH-EGEFR cells (Table 1), EGF stimulation readily
induced its phosphorylation (Fig. 1C). On the basis of these
results, we concluded that the eps8 product is phosphorylated
in vivo under physiological conditions of activation of the
EGFR kinase. It is not known whether eps8 is directly phos-
phorylated by EGFR. We want to point out, however, that we
have shown direct physical interaction between eps8 and
EGEFR by a novel mechanism which is pTyr and SH2 indepen-
dent (4). This finding makes the hypothesis of direct phosphor-
ylation extremely likely.

Stoichiometry of phosphorylation of eps8 in vivo. We next
estimated the percentage of eps8 molecules which is tyrosine
phosphorylated in vivo following EGFR activation. To do this,
we initially determined the optimal conditions for eps8 phos-
phorylation in vivo. EGF induced maximal eps8 phosphoryla-
tion at a concentration of 17 nM (Fig. 1 and data not shown);
we therefore measured eps8 tyrosine phosphorylation follow-
ing treatment of NIH-EGFR cells with 17 nM EGF as a func-
tion of time. As shown in Fig. 2A, eps8 phosphorylation was
half maximal after 15 s of stimulation, reached a plateau at 1
min, and remained stable until 10 min of stimulation. Thus, we
measured the stoichiometry of eps8 phosphorylation in vivo
after 5 min of EGF treatment at a dose of 17 nM. To this end,
cell lysates from EGF-treated NIH-EGFR were subjected to
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FIG. 2. Time course and stoichiometry of eps8 phosphorylation in vivo. (A)
Time course of phosphorylation. NIH-EGFR cells were serum starved for 12 to
16 h and then either mock treated (time zero) or treated with 17 nM EGF at
37°C for the lengths of time indicated. Total cellular proteins (2 mg) were
immunoprecipitated with an anti-eps8 antibody and detected in an immunoblot
with pTyr antibody. Signal intensities were analyzed in a phosphorimager scan-
ner and expressed as fold increases relative to the signal detected at time zero
(assigned an intensity of 1). (B) Stoichiometry of in vivo phosphorylation. NIH-
EGFR cells were treated with 17 nM EGF for 5 min at 37°C. Total cellular
proteins (1 mg) were then immunoprecipitated three times with the anti-pTyr
antibody (ipt-1, ipt-2, and ipt-3), and immunocomplexes were recovered after
each immunoprecipitation. Immunoprecipitates were analyzed in an immuno-
blot with the antibodies indicated (anti-eps8, top panel; antiezrin, middle panel;
anti-PLC-vy, bottom panel). The supernatant of the immunoprecipitation reac-
tion (lane S, one-fifth of the total supernatant, corresponding to 200 g of the
initial material) and an aliquot of the total cellular proteins (lane T, 200 pg of
proteins) were also analyzed. Autoradiographic signals were quantitated in a
phosphorimager scanner. Stoichiometry of in vivo phosphorylation was calcu-
lated in two different ways, with the formula (ipt X 100)/[ipt + (supernatant X
5)] and the formula (ipt X 100)/(total X 5). Both formulas yielded comparable
results. The positions of specific substrate bands are indicated.

three sequential cycles of immunoprecipitation with anti-pTyr
antibody followed by immunoblotting with an anti-eps8 anti-
body (Fig. 2B, top panel). Aliquots of the supernatant after the
immunoprecipitations and of the total initial material were
also analyzed in the immunoblot (Fig. 2B). After autoradiog-
raphy, the signals were quantitated by phosphorimaging and
the percentage of in vivo phosphorylation was calculated after
correction for the amount of material loaded (see the legend to
Fig. 2 and Materials and Methods for details). We estimated
that ~30% of the total eps8 pool was phosphorylated under
our conditions of analysis. In comparison, ezrin and PLC-y
showed tyrosine phosphorylation of ~10 and 3% of the total
pool, respectively (Fig. 2B, middle and bottom panels, respec-
tively).

The eps8 gene product is constitutively phosphorylated on
tyrosine residues in human tumor cell lines. We next exam-
ined the state of phosphorylation of eps8 in a panel of human
normal and tumor cell lines (listed in Table 2) under condi-
tions of serum deprivation. As previously described, the human
eps8 product was detected as a single species of 97 kDa and
differences in the levels of expression of p97¢*® were detected,
with cell lines of epithelial or mesodermal derivation display-
ing the highest levels (reference 43 and data not shown). Sim-
ilar amounts of p97#** were immunoprecipitated with an anti-
eps8 antibody and visualized with either an anti-pTyr or an
anti-egsS antibody (Fig. 3A). In several of the tumor cell lines,
p977*¢ appeared to be constitutively tyrosine phosphorylated.
Conversely, no tyrosine-phosphorylated p97#*® was detected
in normal cell lines (Fig. 3A and Table 2).

To estimate the percentage of p97%*® molecules phosphor-
ylated in the tumor cell lines, we followed the experimental
protocol described in the legend to Fig. 2. The results of these
experiments are shown in Fig. 3B for the 5637 bladder carci-
noma cell line; similar results (not shown) were obtained with
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TABLE 2. Tyrosine phosphorylation of RTK substrates in tumor-derived and normal cell lines®

Tyrosine phosphorylation

Cell line Derivation
eps8 shc PLC-y epsl5 rasGAP

HOS Osteosarcoma + - - - -
HA1095 Synovial sarcoma + + - - -
HT1080 Fibrosarcoma + + - - -
Hep2 Larynx carcinoma + + - - -
5637 Bladder carcinoma + + - - -
Al172 Astrocytoma + + - - -
KG1 Acute myelocytic leukemia + + + - -
HelLa Cervix carcinoma * + - - -
U937 Histiocytic lymphoma * + - - -
SKBr3 Mammary adenocarcinoma * + - - -
K562 Chronic myelocytic leukemia - + - - -
HL60 Acute myelocytic leukemia -

Calul Lung adenocarcinoma -

MDAMB361 Mammary adenocarcinoma -

A204 Rhabdomyosarcoma -

M426 Normal fibroblasts -

M413 Normal fibroblasts -

AB589 Normal mammary cells -

¢ The tumor-derived and normal cell lines indicated were serum starved for 24 h. Cellular proteins (3 to 5 mg) were immunoprecipitated with specific antibodies to
the substrates and immunoblotted with anti-pTyr antibody. Results are expressed semiquantitatively as follows: +, strong signal; *, weak signal; —, no signal. Refer

to Fig. 3A and 5 for evaluation of the signals.

the HA1095 cell line. We estimated that around 3 to 5% of the
total pool of p97#*® (see the legend to Fig. 3B and Materials
and Methods for details) is constitutively tyrosine phosphory-
lated in these cell lines.

Genetic alterations of tyrosine kinase pathways associated
with constitutive eps8 phosphorylation in tumor cell lines. To
identify pTyr-containing proteins physically associated with
p97%7*% in tumor cell lines, we performed coimmunoprecipita-
tion experiments. Total cellular proteins were extracted from
HA1095 and 5637 cells under mild lysis conditions to preserve
protein-protein interactions. Anti-eps8 immunoprecipitates
were then immunoblotted with an anti-pTyr antibody. As
shown in Fig. 4A, another pTyr-containing protein of ~180
kDa was detected, in addition to p97%*%, in both cell lines. This
protein was specifically coimmunoprecipitated with p97¢8, as
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FIG. 3. Constitutive tyrosine phosphorylation of p97%*® in human tumor cell
lines. (A) Tyrosine phosphorylation. A selection of the analyzed cell lines is
presented; a complete list of the cell lines analyzed is in Table 2. Cells were
grown to confluence and then serum starved for 24 h in Dulbecco’s modified
Eagle’s medium. Equal amounts of p97¢*® were immunoprecipitated with the
anti-eps8 antibody, starting from different amounts of total cell lysates, on the
basis of a preliminary characterization of the levels of p97%*® present in the cells
(data not shown). Detection was done with anti-pTyr (top panel) and anti-eps8
(bottom panel) antibodies. (B) Stoichiometry of p97¢*® phosphorylation in 5637
cells. Total cellular proteins (5 mg) from serum-starved 5637 cells were subjected
to three cycles of immunoprecipitation with the anti-pTyr antibody as described
in the legend to Fig. 2. Immunoprecipitates, the supernatant of the immunopre-
cipitation reaction (lane S, 1/50 of the total supernatant, corresponding to 100 g
of the initial material), and an aliquot of the total cellular proteins (lane T, 100
ng of proteins) were immunoblotted with the anti-eps8 antibody. Stoichiometry
of phosphorylation was calculated as described in Materials and Methods. The
position of eps8 is indicated.

it was not detectable in immunoprecipitates obtained with pre-
immune control serum (Fig. 4A).

The 180-kDa protein might represent the kinase responsible
for phosphorylation of p97%*%, its molecular weight pointing to
an RTK rather than to a nonreceptor tyrosine kinase. We
therefore searched for constitutive tyrosine phosphorylation of
several RTKs in HA1095 and 5637 cells, including EGFR,
erbB-2/neu, erbB-3, erbB-4, and the platelet-derived growth
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FIG. 4. Detection of a constitutively active EGFR in 5637 and HA1095
tumor cell lines. (A) Coimmunoprecipitations. Six milligrams of total cellular
proteins, obtained under mild lysis conditions from the indicated cell lines de-
pleted of serum for 24 h, was immunoprecipitated with the anti-eps8 antibody (I)
or preimmune serum (P) and immunodetected with the anti-pTyr antibody. (B)
Constitutive phosphorylation of EGFR. Two milligrams of total cellular proteins,
from the indicated cell lines depleted of serum for 24 h, was immunoprecipitated
with monoclonal antibody Ab-1 directed against the extracellular domain of the
EGFR (left panel), or the anti-pTyr antibody (right panel). Inmunoblotting was
done with the E7 anti-EGFR peptide antibody. An experiment reciprocal to the
one shown in the right panel (immunoprecipitation with anti-EGFR and blotting
with anti-pTyr) yielded comparable results. Molecular size markers are shown in
kilodaltons. The positions of EGFR and eps8 are also indicated.
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FIG. 5. Tyrosine phosphorylation of RTK substrates in the 5637 and HA1095
tumor cell lines. Total cellular proteins from the 5637 and HA1095 cell lines were
immunoprecipitated with either substrate-specific sera (I), anti-pTyr antibody
(Y), or preimmune serum (P). Immunoblots were detected with antibodies
specific for the individual substrates (from left to right, anti-PLC-y, anti-eps15,
anti-rasGAP, and anti-shc). Comparable results were obtained in immunopre-
cipitations with specific antisubstrate antibodies followed by immunoblotting
with anti-pTyr antibody (data not shown). The positions of individual RTK
substrates are indicated.

factor receptor. As shown in Fig. 4B, EGFR displayed consti-
tutive tyrosine phosphorylation in serum-starved HA1095 and
5637 tumor cells, whereas it showed no detectable pTyr con-
tent in normal human M413 fibroblasts. None of the other
RTKs analyzed displayed detectable constitutive pTyr content
(data not shown). These results indicate that the EGFR-acti-
vated pathway is chronically activated in these tumor cell lines,
resulting in steady-state tyrosine phosphorylation of p97¢%,

It was of interest, therefore, to determine whether other
known substrates of the EGFR were tyrosine phosphorylated
in HA1095 and 5637 at steady state. We analyzed the pTyr
content of shc, PLC-y, rasGAP, and eps15 under conditions of
serum starvation. As shown in Fig. 5, no pTyr-containing
PLC-v, rasGAP, or epsl5 was detected; shc, however, was
constitutively tyrosine phosphorylated in both cell lines. Simul-
taneous tyrosine phosphorylation of shc and eps8 correlated
well in several other tumor cell lines (Table 2). Conversely,
with the exception of PLC-y in KG1 cells, no constitutive pTyr
content was detectable in PLC-y, rasGAP, and epsl5. It is
noteworthy that in most lines of hematopoietic origin, eps8
tyrosine phosphorylation was not detectable, whereas shc con-
stitutively displayed pTyr (reference 28 and data not shown). It
is possible that our inability to detect pTyr-containing eps8 is
due to the low levels of eps8 expression in hematopoietic cells
(43). Alternatively, the group of tumors with eps8 phosphory-
lation might represent a subset of those displaying shc phos-
phorylation. Whatever the case, constitutive tyrosine phos-
phorylation, in cell lines with genetic alterations of the EGFR
pathway, is a property shared in several cases by eps8 and shc
but cannot be generalized for other second messengers.

Overexpression of eps8 induces EGF-dependent transfor-
mation of NIH 3T3 cells. Constitutive tyrosine phosphorylation
of eps8 in tumor cell lines with a chronically active EGFR
pathway(s) might be relevant to the transformed state of these
cells. If so, increased eps8 phosphorylation under rate-limiting
conditions of EGFR signaling might confer a proliferative ad-
vantage and possibly result in malignant transformation in a
model system.

NIH 3T3 cells harbor low levels of EGFR (~5 X 10 recep-
tors per cell). EGF, in combination with insulin, is sufficient to
sustain proliferation but is not sufficient to induce the appear-
ance of transformed foci (6). Nevertheless, NIH 3T3 cells are
susceptible to EGFR-mediated transformation, which can be
achieved by overexpression of EGFR and ligand stimulation
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TABLE 3. Transforming activity of eps8 cDNAs

Transforming activity

Transfected DNA® (FFU/pmol)®
Minus EGF Plus EGF
LTR-meps8 <10° 2 x 10
LTR-heps$ <10° 2 % 10!
LTR-EGFR <10° 3.5 X 10?
LTR-PLC-y <10° <10°
LTR control <10° <10°

“ All of the eukaryotic expression constructs employed contained the gene of
interest under the transcriptional control of the Moloney murine leukemia virus
long terminal repeat (LTR) in either the pCEV (25) or the LTR-2 (7) vector.
LTR-EGFR (6), LTR-meps8 (11), and LTR-heps8 (43) have already been de-
scribed. LTR-PLC-y was a kind gift of S. A. Aaronson.

b Transfection of NIH 3T3 cells was performed with 40 g of calf thymus DNA
as the carrier by the calcium phosphate precipitation technique (41). Where
indicated, EGF (20 ng/ml) was added after 14 days. Focus-forming activity was
scored at day 21 on duplicate plates transfected with serial tenfold dilutions of
the DNAs of interest. Transforming activity is expressed in focus-forming units
(FFU) per picomole of added DNA and is corrected for the efficiency of trans-
fection calculated in parallel plates subjected to marker selection. Results are
representative of three experiments performed in duplicate.

(6). We therefore transfected into NIH 3T3 cells two eukary-
otic expression vectors encoding the mouse or human eps8
open reading frame (LTR-meps8 [11] and LTR-heps8 [43]).
As shown in Table 3, neither vector induced transformation in
the absence of EGF. Addition of EGF to the culture medium,
however, resulted in the appearance of transformed foci with
an efficiency ~20-fold lower than that obtained by transfection
of the EGFR (Table 3). In comparison, a PLC-y expression
vector did not induce transformation in the absence or in the
presence of EGF treatment (Table 3).

Physical interaction between eps8 and shc. To gain insight
into the function of eps8, we investigated its interaction with
shc, since both proteins are constitutively phosphorylated in
human tumor cell lines. We initially determined physical asso-
ciation in vivo in NIH-EGFR cells by performing coimmuno-
precipitations. As shown in Fig. 6, shc was recovered from
anti-eps8 immunoprecipitates and vice versa. Of note, only a
minor fraction of the total cellular shc and eps8 (~0.3%, from
our calculations) coimmunoprecipitated (Fig. 6). This could be
due to instability of the complex under our condition of lysis. It
may also reflect an in vivo situation in which shc and eps8 are
individually involved in multiple interactions, with only a frac-
tion of the respective pools available for the formation of an
shc-eps8 complex. This possibility is supported by findings that
the eps8 SH3 domain mediates multiple interactions. Although
eps8 could not be coimmunoprecipitated with any of the other
substrates analyzed in this study, namely, PLC-y, rasGAP,
ezrin, and epsl5 (data not shown), it interacts, through its SH3
domain, with shb (21) and several other proteins (42).

The association between shc and eps8 was comparable in
serum-starved cells and EGF-treated cells (Fig. 6). In serum-
starved cells, both eps8 and shc display little, if any, tyrosine
phosphorylation, whereas under the conditions of EGF treat-
ment employed in our study, they showed a more than 20-fold
increase in tyrosine phosphorylation and were phosphorylated
at high stoichiometry (data not shown, Fig. 1 and 2, and ref-
erences 11 and 27). Thus, the interaction between eps8 and shc
is not likely to involve the SH2 or PTB (22) domain of shc and
pTyr of eps8, since it is pTyr independent. eps8, however,
possesses an SH3 domain which might bind one of several
proline-rich regions present in shc. We decided to test this
possibility by in vitro binding experiments.
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FIG. 6. Coimmunoprecipitation of eps8 and shc in vivo. NIH-EGFR cells
were serum starved for 24 h and then treated with EGF (17 nM, at 37°C for 10
min, + lanes) or mock treated (— lanes). Twelve milligrams of total cellular
proteins, obtained under mild lysis conditions to preserve protein-protein inter-
actions, was immunoprecipitated with either anti-shc or anti-eps8 serum (I) or
preimmune serum (P) and blotted with anti-shc or anti-eps8 serum. The left
panel shows immunoprecipitation with anti-eps8 and blotting with anti-shc, and
the right panel shows immunoprecipitation with anti-shc and blotting with anti-
eps8. The first lane in both panels is an immunoprecipitation (0.2 mg of total
lysates), followed by immunoblotting with the same antibody (anti-shc—anti-shc
in the left panel and anti-eps8-anti-eps8 in the right panel), as a reference. The
positions of the shc and eps8 products are indicated, and their respective mo-
lecular masses are given in kilodaltons.

In a first series of experiments, we immunoprecipitated she
from total cellular proteins and analyzed its ability to bind to
the eps8 SH3 domain and other SH3 domains in a far Western
assay. As shown in Fig. 7A, the SH3 domain of eps8 fused to
GST (GST-eps8-SH3) interacted with shc, while control GST
was unable to do so. A fusion protein containing the first SH3
domain of nck (GST-nck-SH3), which displays the highest
sequence similarity to the eps8 SH3 domain (11), and a GST-
spectrin-SH3 fusion also exhibited little, if any, in vitro asso-
ciation with she (Fig. 7A). The SH3-binding ability of shc was,
however, not restricted to eps8, since a GST-rasGAP-SH3
fusion also recognized the immunoprecipitated shc (Fig. 7A).
In addition, shc has been shown to be recoverable from total
cellular proteins by immobilized SH3 domains from src, fyn,
and lyn (40).

We finally tested whether native shc could be recognized
by the eps8 SH3 domain. As shown in Fig. 7B, immobilized
GST-eps8-SH3, but not immobilized GST, was able to recover
shc proteins from total cellular lysates. While p52shc was
detectable in both types of in vitro binding, p46shc was easily
recoverable from total cellular lysates by immobilized GST-
eps8-SH3 (Fig. 7B) but less well detected in a far Western
blot (Fig. 7A). There is no immediate explanation for this
finding. In addition, we did not manage to detect binding of the
eps8 SH3 domain to p66shc, possibly because of the lower
abundance of this shc isoform. Whatever the case, the sum of
our results indicates that the physical association between eps8
and shc is mediated, at least in part, by the SH3 domain of
epss.
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FIG. 7. Invitro interaction between shc and the SH3 domain of eps8. (A) Far
Western blotting. Two milligrams of total cellular proteins from serum-starved
NIH-EGFR cells was immunoprecipitated with an anti-shc antibody and blotted
following sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Blots were
incubated with GST-eps8-SH3, GST-nck-SH3, GST-rasGAP-SH3, GST-spec-
trin-SH3, or GST, and detection was done with an affinity-purified anti-GST
antibody, as indicated in Materials and Methods. The last lane was immunode-
tected with an anti-shc antibody for comparison. (B) In vitro binding. GST-eps8-
SH3 and control GST were immobilized on agarose-conjugated glutathione and
then incubated with total cellular proteins from serum-starved (lanes —) or
EGF-treated (lane +) NIH-EGFR cells. Specifically bound material was ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by
immunoblotting with an anti-shc antibody. The first lane is an immunoprecipitate
with anti-shc blotted with anti-shc as a reference. The positions of the shc
products are indicated.

DISCUSSION

Evidence of a role of eps8 in mitogenicity originates from
the observation that its overexpression enhances the EGF re-
sponsiveness of different cell types (11). The findings of the
present study establish eps8 as a physiological EGFR sub-
strate. In the NIH-EGFR model system, tyrosine phosphory-
lation of eps8 was detected under rate-limiting conditions of
EGF triggering. Furthermore, the dose-response kinetic of
eps8 phosphorylation resembled that of PLC-y, a previously
established EGFR substrate that has also been implicated in
EGF-dependent mitogenicity (37). The sum of these observa-
tions provides strong support for the notion that eps8 is phys-
iologically involved in the transduction of EGF-activated mi-
togenic signals.

Constitutive tyrosine phosphorylation of p97%*® in several
tumor cell lines indicated a role for eps8 in neoplastic growth.
In two representative cell lines, HA1095 and 5637, initial de-
tection of phosphorylated eps8 led to the finding of constitu-
tively active EGFRs. It is not known whether activation of
EGFR in these cells is due to the existence of autocrine loops
or to intrinsic receptor alterations. Whatever the case, detec-
tion of pTyr-containing eps8 appears to be a useful marker of
lesions affecting tyrosine kinase-activated pathways in tumor
cells. Phosphorylation of eps8 in tumor cell lines was detected
at levels which are associated with potent mitogenic response
in a model system. We calculated that ~4% of the eps8 pool
was constitutively phosphorylated on tyrosine in HA1095 and
5637 tumor cells. In the NIH-EGFR model system, 30% of the
total eps8 contained pTyr under maximal EGF stimulation.
We estimated that at the half-maximal EGF dose, 3 to 4% of
the total pool would be phosphorylated (10% of the maximal
level; Fig. 1), a value in agreement with that detected in tumor
cell lines. This strongly suggests that constitutive tyrosine phos-
phorylation of eps8 in tumor cells has functional implications
for proliferation.

This possibility is further strengthened by our finding that
transfection of eps8 expression vectors confers a conditional
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EGF-dependent transformed phenotype on NIH 3T3 cells.
This result is consistent with the possibility that under rate-
limiting conditions of activation of the EGFR pathway, over-
expression of eps8 facilitates its phosphorylation. Tyrosine
phosphorylation of eps8 above a critical threshold might, in
turn, result in enhanced downstream signaling and a prolifer-
ative advantage.

Among various substrates analyzed in tumor cell lines, the
propensity for constitutive phosphorylation of eps8 and shc
was striking. An obvious explanation for this phenomenon is
that some tumor cell lines harbor activated tyrosine kinases
that preferentially phosphorylate epsS and shc. However, on
the basis of the finding of a chronically active EGFR in
HA1095 and 5637, additional mechanisms might be responsi-
ble, since the EGFR can efficiently phosphorylate all of the
substrates analyzed (for reviews, see references 18, 31, and 32
and references therein). Preferential phosphorylation of eps8
and shc, as opposed to PLC-y, rasGAP, and epsl15, may be
selected in some tumor cell lines because of their ability to
confer a growth advantage. Although the molecular mecha-
nisms responsible for this phenomenon are not known, ty-
rosine phosphorylation of intracellular transducers is tightly
controlled by the activity of tyrosine phosphatases (19, 35, 36,
and references therein). These enzymes possess different de-
grees of specificity towards individual substrates. Thus, one can
speculate that alterations in the balance of kinase and specific
phosphatase activity for eps8 and shc might result in constitu-
tive tyrosine phosphorylation and downstream signaling in
some tumor cell lines.

Possible cooperation between eps8 and shc was further sub-
stantiated by the finding of their physical association in vivo.
This was demonstrated by coimmunoprecipitation experiments
and could also be correlated with colocalization in the perinu-
clear area of a fraction of the eps8 and shc pools (data not
shown). Interaction between eps8 and shc does not depend on
pTyr-SH2 interactions because it occurs in a pTyr-independent
manner. Conversely, we showed that it is mediated, at least in
part, by the SH3 domain of eps8. Evidence indicating that the
binding abilities of shc do not depend solely on its SH2 domain
is indeed accumulating. Habib et al. showed an association
between the PEST tyrosine phosphatase (PTP-PEST) and shc
(17) and suggested that the initial 45 amino acids of the p52shc
isoform contain the binding site for PTP-PEST. In addition,
recent evidence has pointed to the existence of an atypical
SH2-like domain in the N-terminal region of shc (22). Finally,
various SH3 domains can recognize shc in in vitro binding
assays (40).

In eps8 and shc, the she binding interface for the eps8§ SH3
domain is likely to localize to the collagen homology region,
which contains several proline-rich stretches that might func-
tion as SH3-binding sites (27). Another adapter molecule, shb
(39), also binds to the SH3 domain of eps8 (21). Structural
similarities between shc and shb include a C-terminal SH2
domain and proline-rich regions upstream. They might, there-
fore, identify a subfamily of evolutionarily convergent trans-
ducers with pTyr- and SH3-binding abilities which bind to
eps8. In this regard, it has been noted that two of five proline-
rich regions of shb (PPPGPGR and RPSQPPQAVPQA) dis-
play good homology with shc regions 303 to 309 and 359 to 370,
respectively, thus possibly representing eps8-binding sites.

The function of an eps§8-shc complex in the signaling path-
way is not known. An attractive possibility is suggested by our
recent finding that the isolated SH3 domain of eps8 is capable
of inducing maturation of Xenopus oocytes and is likely to act
upstream of ras in this system (42). One can then speculate
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that an eps8-shc complex might be involved in the activation of
ras, a possibility that warrants further investigation.

It is conceivable that eps8 functions at multiple points in the
signaling cascade. The predicted structure of eps8 revealed the
presence of several possible binding domains, including an
SH3 domain, a nuclear targeting sequence, and a split putative
PH domain (11, 43). Its tyrosine phosphorylation might deter-
mine SH2-binding abilities as well. Furthermore, we have dem-
onstrated the presence in eps8 of a novel binding domain
capable of binding to the juxtamembrane region of the EGFR
with a mechanism which is pTyr and SH2 independent (4).
Taken together, these observations indicate extensive network-
ing abilities of eps8. At the cellular level, this appears to cor-
relate with multiple localizations of epsS8, as detected by im-
munofluorescence (2). We are presently cloning intracellular
proteins associating with the SH3 and PH domains of eps8 to
characterize the entire repertoire of eps8-binding molecules.
Molecular characterization of these molecules should provide
a better understanding of the role of eps8 in signaling and of its
subversions in the neoplastic process.
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