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ABSTRACT

The binding characteristics and biological activities of epidermal
growth factor (EGF) and transforming growth factor a (TGF-a) were
studied in T3M4 human pancreatic cancer cells. Scatchard analysis of
'"I-EGF binding data at pH 7.4 indicated the presence of two orders of
binding sites: a high-affinity site (KÂ¿= 0.58 HM;25,300 sites/cell) and a
low-affinity site (Ka = 7.0 nivi;484,000 sites/cell). At pH 8.5, there was
a decrease in the number of high-affinity sites. In contrast, only a single
order of high-affinity sites was detected with l25I-TGF-a at either pH 7.4

(#â€ž= 0.57 nivi; 100,200 sites/cell) or pH 8.5 (*â€ž= 0.70 nM; 230,400
sites/cell). The two ligands bound to the same receptor, as determined in
cross-linking experiments and in competitive binding assays performed
in the presence of an anti-EGF receptor antibody that allows for EGF
binding. Phosphoamino acid analysis of the immunoprecipitated EGF
receptor indicated that EGF exerted a greater effect than TGF-a on
tyrosine phosphorylation of the receptor. EGF and TGF-a also exhibited
different potencies with respect to their effects on Â¡nositol1,4,5-trisphos-
phate generation and exerted divergent effects on the kinetics of inositol
1,4,5-trisphosphate formation. These findings point to dissimilar inter
actions of EGF and TGF-a with the EGF receptor in T3M.i cells, which
may lead to differential activation of signal transduction pathways by
these ligands.

INTRODUCTION

The EGF2 receptor is a M, \ 70,000 transmembrane protein

that possesses intrinsic tyrosine kinase activity and that is
autophosphorylated on tyrosine residues (1-3). In addition to
binding EGF, the receptor also binds TGF-a, vaccinia virus

growth factor, myxoma virus growth factor, Shope fibroma
virus growth factor, and amphiregulin (4-5). Although these
polypeptides share limited amino acid sequence homology with
EGF, they possess six cysteine residues in the same relative
positions as they occur in EGF (4-5). Because of its potential
role in malignant transformation, benign hyperproliferative
states, wound healing, and physiological growth regulation (6),
TGF-a has been the most extensively studied of the EGF-like
ligands. These studies have failed to provide evidence for a
TGF-a receptor. Therefore, all of the biological effects of TGF-
a are believed to be mediated via the EGF receptor.

Several observations suggest that TGF-a may have an im
portant role in the pathogenesis of pancreatic neoplasms. Thus,
transgenic mice that overexpress TGF-a exhibit acinar cell
proliferation and pseudoductular metaplasia in the exocrine
pancreas (7-8). In humans, TGF-a and EGF receptors are
expressed at higher levels in cancerous than in normal pan
creatic tissues (9). Cultured human pancreatic cancer cells
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express TGF-a mRNA, release TGF-a into conditioned me
dium, and overexpress the EGF receptor (10-12). However, it
is not known whether TGF-a binds to pancreatic cancer cells
under the alkaline (pH 8.2) conditions that are found in pan
creatic juice or whether exogenous TGF-a activates tyrosine-
kinase-dependent signal transduction pathways in the face of
endogenous production of TGF-a by these cells. Therefore, in
the present study we examined the pH dependence of TGF-a
binding in T.,M4 human pancreatic cancer cells and evaluated
its effects on EGF receptor phosphorylation and Ins(l,4,5)P3
generation. We now report that in this cell line TGF-a binding
is increased at alkaline pH and that the actions of TGF-a on
EGF receptor phosphorylation and Ins(l,4,5)P3 generation are
quantitatively and qualitatively distinct from the effects of EGF.

MATERIALS AND METHODS

Materials. Sephadex G-25, soybean trypsin inhibitor, benzamidine,
leupeptin, chloramine-T, and BSA were purchased from Sigma Chem
ical Co. (St. Louis, MO); carrier free '"I and "P (1100 Ci/mmol) were
from New England Nuclear (Boston, MA); Pansorbin was from Calbi-
ochem (San Diego, CA); bis(sulfosuccinimidyl)suberate and lodo-Beads
were from Pierce Chemical Co. (Rockford, IL); sodium orthovanadate
was from Alpha Products (Danvers, MA); Staphylococcus Ã¡ureas V8
protease was from Worthington Biochemical (Freehold, NJ); Dulbec-
co's modifiai Eagle's medium was from Gibco Laboratories; immobi-

lon-P filters were from Millipore (Bedford, MA); receptor-grade mouse
EGF was from Collaborative Research, Inc. (Bedford, MA); recombi
nant human TGF-a was from Bachern, Inc. (Torrance, CA); and PY-
20 anti-phosphotyrosine antibodies and '2SI-protein A (57.6 Ci/mg)

were from ICN (Irvine, CA). Polyclonal (13) and monoclonal (14)
antibodies against the EGF receptor were gifts from Dr. L. Gentry
(Medical College of Ohio, Toledo, OH) and Dr. B. Fendley (Genentech,
Inc., South San Francisco, CA), respectively. Recombinant human EGF
was a gift from Dr. C. George-Nascimento (Chiron, Inc., Emeryville,
CA). All other chemicals were of analytical grade.

Cell Culture. T3M4 human pancreatic carcinoma cells (15) were
grown in RPMI 1640. A431 human vulvar carcinoma cells (16) were
grown in 1:1 (v/v) Dulbecco's modified Eagle's medium/Ham's F-12
medium. Cells were propagated in monolayer culture at 37Â°Cin a 5%

CO2/95% air atmosphere in media that were supplemented with 10%
fetal calf serum, 100 units/ml penicillin, and 100 Mg/ml streptomycin.

Binding Studies. EGF and TGF-a were iodinated to a specific activity
of 120-150 fÂ¿Ci/Mg,as previously described (17). Binding studies were
performed on cells in monolayer culture (75-80% confluent). Cells
were washed once in Dulbecco's modified Eagle's medium supple

mented with 0.1% BSA and 20 mM 4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid, buffered to pH 7.4 or to the specified pH (binding
medium) followed by incubation in binding medium in the presence of
labeled ligand. Incubations were stopped by washing the cells with
Hanks' balanced salt solution containing 0.1 % BSA. Nonspecific bind
ing for either '25I-TGF-a or '"I-EGF was determined in the presence
of a 1000-fold excess of unlabeled EGF. Equilibrium binding data were
analyzed by the method of Scatchard (18), using the LIGAND computer
program (19). In addition, competition-inhibition binding studies were
performed, confirming that the amounts of each growth factor used in
the present experiments were equipotent with respect to EGF receptor
occupancy (17).

Affinity Cross-Linking. Monolayer cultures were labeled for 5 h at
4Â°Cwith either l25I-TGF-a or I25I-EGF in the absence or presence of
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unlabeled TGF-a or EGF. The cells were then washed as for binding
studies and incubated for IS min at 4 ( with 810 UM
bis(sulfosuccinimidyl)suberate in the presence of 50 mM 4-(2-hydroxy-
ethyl)-l-piperazineethanesulfonic acid (pH 8.5), 125 mM NaCl, 5 mM
KC1,5 mM MgSO4, and 1.28 mM CaCl2 (20). The cross-linking reaction
was terminated by sequentially rinsing the cells at 4Â°Cwith a buffer

containing 125 mM NaCl and 25 mM Tris (pH 7.5) and a buffer
containing 250 mM sucrose, 10 mM Tris (pH 7.0), 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 1 mg/ml soy
bean trypsin inhibitor (20). The cells were then solubili/ed in a buffer
consisting of 125 mM NaCl, 10 mM Tris (pH 7.0), 1 mM EDTA, 1%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 0.01 mg/ml leu-
peptin, 1 mM benzamidine, and 1 mg/ml soybean trypsin inhibitor (20).
Following centrifugation at 12,000 x g for 10 min at 4Â°C,the super-

natants were subjected to gel electrophoresis. The gels were dried under
vacuum and exposed to Kodak X-Omat film at -80Â°C prior to

autoradiography.
Immunoblottingand Phosphoamino Acid Analysis. Two methods were

used to compare the effects of EGF and TGF-a on tyrosine phospho-
rylation. For immunoblotting studies, T3M4 cells were incubated for 15
min at 37Â°Cwith various concentrations of each ligand and then

solubilized in Laemmli buffer (21). The homogenates were subjected to
electrophoresis on a 7% denaturing polyacrylamide gel, and the proteins
were transferred to immobilon-P filters (21). The filters were incubated
for 2 h at 23Â°Cwith 10 mM Tris-HCI buffer (pH 7.5) containing 154
mM NaCl, 3% BSA, 100 ^M ethylene glycol-bis(/3-aminoethyl ether)-
tyW-tetraacetic acid, and 100 ^M EDTA. The filters were then sequen
tially incubated at 23Â°Cwith PY-20 antiphosphotyrosine antibodies (2
h) and 125I-protein A (2 h; 7 x IO5cpm/filter), washed, and exposed to
X-ray film (21).

For phosphoamino acid analysis, cells were labeled with [12P]ortho-

phosphate (4 mCi/100-mm plate) for 17 h (22). The cells were washed
with phosphate-buffered saline at 4Â°Cand lysed in buffer containing

Tris-HCI (pH 7.7), 150 mM NaCl, 5 mM EDTA, 1% deoxycholate, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, 20 mM NaF, 20 mM
sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 2 mM
benzamidine, and 2 mM Na3VO4 (17). The EGF receptor was immu-
noprecipitated and electrophoretically separated in a 7% denaturing
polyacrylamide gel as previously reported ( 17). Elution of EGF receptor
from the gel with sodium dodecyl sulfate, trichloroacetic acid precipi
tation, hydrolysis, and subsequent 2-dimensional thin-layer electropho
resis were essentially as described by Cooper et al. (22). In some
experiments, the receptor was extracted by digestion with V8 protease.
Both elution procedures resulted in 75-80% recovery of radioactivity,
and they yielded similar results. Electrophoresis in the first dimension
was carried out for 90 min at 1.5 kV in acetic acid, formic acid, and
H2O (3:1:36), at pH 7.9. Electrophoresis in the second dimension was
for 30 min at 0.5 kV in acetic acid, pyridine, and H2O (10:1:18), at pH
3.5. Radiolabeled phosphoamino acids and standards were detected by
autoradiography and with 0.2% ninhydrin in ethanol, respectively (21).
Quantitation of the radiolabeled phosphoamino acids was carried out
by laser densitometry with the aid of a computer program (LKB)
designed for 2-dimensional analysis. The ratio of tyrosine to threonine
in each autoradiogram was then calculated.

Inositol Phosphate Analysis. To quantitate Ins(l,4,5)P3 levels, cells
were homogenized at 4Â°Cin the presence of 11% (final concentration)

trichloroacetic acid. Following centrifugation, the supernatants were
extracted with 1,1,2-trichloro-1,2,2-trichlorotrifluoroethane-triocty-
lamine and assayed for Ins(l,4,5)P3 content by competitive binding to
a cerebellar membrane preparation (23).

RESULTS
Characterization of 125I-TGF-a Binding. To determine

whether TGF-a binds to T3M4 cells at alkaline pH levels that
are found within human pancreatic juice, we initially compared
the effects of neutral and alkaline pH levels on the binding of
tracer amounts of 125I-TGF-a and I25I-EGF. At pH 7.4, the
binding of l25I-TGF-a was substantially less than that of 125I-

EGF (Fig. IA). In contrast, at pH 8.5, the binding of tracer
amounts of the two ligands was similar as a result of a marked
increase in cell-associated l25I-TGF-a radioactivity (Fig. \B).

To determine whether the enhanced binding of I25I-TGF-Â«

at pH 8.5 was associated with attenuated ligand release, T3M4
cells were incubated for 5 h at 4"C (pH 7.4) with 125I-TGF-a,
washed at 4Â°Cwith medium devoid of radioactivity, and incu
bated at 4Â°Cin fresh medium that was titrated to various pH

levels. At pH 6.5, dissociation was maximal at 30 min in the
case of l25I-TGF-a and at 2 h in the case of '"I-EGF (data not

shown). The dissociation of both ligands was therefore com
pared after 2 h of incubation. At pH 6.5, the vast majority of
l25I-TGF-a was released from the cells (Fig. 2). Raising the pH
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Fig. 1. Time course of '"I-TGF-a and '"I-EGF binding. T3M4 cells were
incubated at 4"C in 24-well plates with 0.17 nw (100,000 cpm) of either '"I-
TGF-a (â€¢)or '"I-EGF (â€¢)in medium that had been titrated to pH 7.4 (A) or
8.5 (Â£).Incubations were stopped at the indicated times. Bound radioactivity is
expressed as the percentage of the total radioactivity added. Points, mean from
five experiments; bars, SE. SE smaller than the symbols are not shown.
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Fig. 2. Effect of pH on '"I-TGF-a dissociation in T3M4 cells. T3M4 cells were

incubated for 5 h at 4'C in 24-well plates with 0.34 nM (200,000 cpm) of '"1-
TGF-a. Cells were then washed and incubated for 2 h al 4Â°Cin fresh medium
that had been titrated to the indicated pH values. The amount of '"1-TGF-a
radioactivity that dissociated from the cells during Ihe 2-h incubation was ex
pressed as a percentage of the radioactivity that bound to the cells during the 5-h
incubation. Points, mean from three experiments; bars, SE. SE smaller than the
symbols are not shown.
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of the medium resulted in a progressive reduction in the per
centage of dissociated radioactivity. At pH 8.0 to 8.2, 60 to
65% of the surface-bound 125I-TGF-a was released into the

medium (Fig. 2). The least dissociation (55%) occurred at pH
8.5. In the case of I25I-EGF, we have previously reported that
one-half maximal dissociation occurs at pH 6.5, and maximal
dissociation (30% of the surface-bound ligand) occurs at pH
7.4(17).

To determine whether the marked pH-induced differences in
the binding of l25I-TGF-a were due to differences in receptor
number or affinity, binding (4Â°C)was next carried out at pH
7.4 and 8.5, using increasing concentrations of 12SI-TGF-a.

Scatchard analysis of these binding data indicated the presence
of a single order of high-affinity binding sites at either pH 7.4
or 8.5 (Fig. 3). Although the binding affinities were relatively
similar for this ligand at the two pH levels, the number of
binding sites was 100,200/cell at pH 7.4 and 230,400/cell at
pH 8.5 (Table 1). A parallel series of experiments was carried
out with increasing concentrations of 125I-EGF, to determine

whether EGF binding was pH dependent at saturating concen
trations of this ligand. Scatchard analysis of the I25I-EGF

binding data indicated the presence of two orders of binding
sites for EGF at both pH levels (Fig. 4). At pH 7.4 there were
25,000 high-affinity (KA= 0.58 TIM)sites/cell and 484,000 low-
affinity (Ad = 7.0 nM) sites/cell (Table 1). The number of high-
affinity binding sites decreased to 3,800/cell at pH 8.5, whereas
the number of low-affinity binding sites increased slightly (Ta
ble 1).

Two types of experiments were carried out to determine
whether TGF-a bound to the EGF receptor in T3M4 cells. First,
cross-linking experiments were performed with l25I-TGF-a and
I25I-EGF. In these experiments, the band representing the EGF
receptor-125I-TGF-a cross-linked complex corresponded to an

approximate molecular weight of 175,000, irrespective of
whether the binding was performed at pH 8.5 (Fig. 5) or pH
7.4 (data not shown). The intensity of this band was attenuated
in the presence of either unlabeled TGF-a or unlabeled EGF
(Fig. 5). Furthermore, the band representing the EGF receptor-
I25I-EGF cross-linked complex comigrated with the 125I-TGF-

0.1 -

0.1

BOUND (nM)

Fig. 3. Scatchard analysis of '"I-TGF-a binding data. T3M4 cells were incu
bated for 5 h at 4*C in 6-well plates with increasing concentrations of '"I-TGF-
a (0.2-150 ng/ml) in medium that had been titrated to either pH 7.4 (O, O) or
pH 8.5 (â€¢,Â».Data are from a representative experiment (of three) calculated
using the LIGAND program as described under "Materials and Methods." Inset,

saturation plot of the same data; [>and Â»,pH 7.4 and 8.5, respectively. B/F,
bound/free.

Table 1 Binding characteristics of'"I-EGF and '"I-TGF-a
T3M4 cells were incubated for 5 h at 4Â°Cin 6-well plates with increasing

concentrations of either '"I-EGF or '"I-TGF-Â« (1-100 ng/ml) in medium that

had been titrated to the indicated pH values. Data were analyzed with the
LIGAND program as described in "Materials and Methods" and are the means
of three separate experiments with each ligand. In the case of '"I-EGF, in each
experiment the LIGAND program assigned a P value of 0.004 for the two-site
model by comparison with a one-site model.

Receptor number
(percell)Ligand'"I-TGF-a

'"I-EGFpH

7.4100,200

25,300
484,000pH8.5230,400

3,800
523,000Receptor

affinity
(nM)pH

7.40.57

0.58
7.00pH8.50.70

0.13
6.40

0.133 rÂ°

0.067

0.000
0.000 0.159 0.318 0.477

BOUND (nM)
Fig. 4. Scatchard analysis of '"I-EGF binding data. T3M4 cells were incubated

for 5 h at 4Â°Cin 6-well plates with increasing concentrations of '"I-EGF (0.2-

150 ng/ml) in medium that had been titrated to either pH 7.4 (main figure) or
pH 8.5 (inset). Data are from a representative experiment (of three) calculated
using the LIGAND program as described under "Materials and Methods."
Arrows, computer-generated high-affinity binding sites; B/F, bound/free.

a cross-linked complex, and its intensity was readily decreased
by unlabeled TGF-a (Fig. 5) as well as by unlabeled EGF (data
not shown). Second, competition-inhibition binding studies
were carried out with the 13A9 monoclonal anti-EGF receptor
antibody, which markedly inhibits the binding of TGF-a to the
EGF receptor in A431 cells but does not prevent EGF binding
(14). 125I-EGF binding was not altered by the 13A9 antibody

(Fig. 6). Furthermore, in the absence of the antibody, TGF-a
readily inhibited 125I-EGF binding, with one-half maximal in
hibition occurring at 4 ng/ml (0.7 HM) TGF-a (Fig. 6), as
previously reported (17). In contrast, in the presence of 2.5 /ig/
ml of the 13A9 antibody, the one-half maximal inhibition of
I25I-EGF binding occurred at 0.8 ^g/ml (0.14 Â¿Â¿M)TGF-a.

EGF Receptor Phosphorylation. To determine whether TGF-
a and EGF induce tyrosine phosphorylation in T3M4 cells, we
initially carried out immunoblotting experiments with anti-
phosphotyrosine antibodies. Both TGF-a and EGF increased
the phosphotyrosine content of a M, 170,000 protein, but the
actions of EGF were more pronounced than those of TGF-a
(Fig. 7). Densitometric analysis of the autoradiograms indicated
that at maximally effective concentrations (34 nM) EGF caused
a 2.3-fold greater (P < 0.0005) increase in the intensity of the
phosphotyrosine signal than TGF-a. Increasing the TGF-a
concentration to 340 nM did not result in an additional increase
in phosphotyrosine content.

EGF receptor immunoprecipitation with the 13A9 anti-EGF
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1 23456
OR-* Â«

EQFR-*

Fig. 5. Identification of the EGF receptor protein by affinity labeling. T3M4
cells were incubated for 5 h at 4Â°Cin 6-well plates with either 7 nM '"I-TGF-Â«
(Lanes 1-4) or 1.75 nM '"I-EGF (Lanes 5-6). Cross-linking was performed as
described under "Materials and Methods." Samples were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis using a 7% running gel. Gel
exposure time was 48 h. Lanes I and Ã•,no addition; Lane 2. 10 nM unlabeled
TGF-a; Lane 3, 50 nM unlabeled TGF-n; Lane 4, 50 nM unlabeled EGF; Lane 6,
50 nM unlabeled TGF-a. No signal was present when binding was carried out
with 10 ng/ml '"I-TGF-Â« in the presence of 50 nM unlabeled EGF. EGFR, EGF

receptor; OR, origin.

Ins(l,4,5)P3 generation. Both growth factors enhanced
Ins(l,4,5)P3 levels in T3M4 cells (Fig. 9). However, at the 5-s
time point, TGF-a was more potent than EGF (Fig. 9A),
whereas at the 15-min time point, EGF was more potent than
TGF-a (Fig. 9B). At a low concentration of EGF (1.67 nM),
the increase in Ins(l,4,5)P3 levels was relatively modest
throughout the 30-min incubation period (Fig. 9B). In contrast,
the same concentration of TGF-a caused a rapid (within 5 s)
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Fig. 6. Effect of antibody on the competitive displacement of'"I-EGF binding
by TGF-Â«.TjM4 cells were incubated for 5 h at 4Â°C(pH 7.4) in 24-well plates
with 0.17 nM (100,000 cpm) of '"I-EGF in the absence (â€¢)or presence (â€¢)of
2.5 jig/ml 13A9. '"I-EGF binding was not affected by the antibody, as indicated
by the overlapping data points (â€¢-Hâ€¢¿�)obtained in the absence of unlabeled TGF-
Â«.Points, mean of six determinations from two experiments; bars, SD. SD smaller
than the symbols are not shown.

C 123456
OR-+

receptor antibody followed by immunoblotting with anti-phos- EOF R ""^
photyrosine antibodies also demonstrated enhanced phosphor-
ylation of a M, 170,000 protein by both EGF and TGF-a (data
not shown). To confirm that the phosphorylation of the EGF
receptor was occurring on tyrosine residues, the immunoprecip-
itated EGF receptor was also subjected to phosphoamino acid
analysis. As in the case of the immunoblots, 34 HM EGF
consistently enhanced tyrosine phosphorylation to a greater
extent than 34 nM TGF-Â« (Fig. 8, A-C), and increasing the
concentration of TGF-a to 340 nM did not result in an addi
tional increase in 32P tyrosine phosphorylation. Quantitation
of the phosphoamino acid autoradiograms by laser densitome-
try with the aid of a computer program designed for 2-dimen-
sional analysis indicated that the ratio of tyrosine to threonine
phosphorylation was 7-fold greater (P < 0.0005) following
stimulation with EGF by comparison with TGF-a (Table 2). In
contrast, in A431 cells, TGF-a mimicked the effects of EGF
on tyrosine phosphorylation (Fig. 8, D-F).

Ins(l,4,5)P3 Generation. Ins(l,4,5)P3 is an important cal
cium-mobilizing second messenger (24). EGF is known to
induce Ins(l,4,5)P3 generation (25). It was of interest, there
fore, to compare the effects of EGF and TGF-a with respect to

Fig. 7. Effects of EGF and TGF-a on phosphotyrosine content. T3M4 cells
were incubated for 15 min at 37Â°Cin the absence (Lane C) or presence of
increasing amounts of EGF (Lanes I, 3, and 5) and TGF-n (Lanes 2, 4, and 6).
Samples were lysed, subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and transferred to immobilon-P membranes. The filters were
incubated with monoclonal anti-phosphotyrosine antibodies and '"1-protein A,
as described under "Materials and Methods." The autoradiograph is representa
tive of three experiments. Gel exposure time was 48 h. Lanes 1-2, 1.7 nM ligand;
Lanes 3-4, 17 nM ligand; Lanes 5-6, 34 nM ligand. EGFR, EGF receptor; OR,
origin.
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A. Control B. EGF C. TGF-CC

T3M4 T*
Y<

D. Control E. EGF F. TGF-OC

A431

vi.
Fig. 8. Phosphoamino acid analysis of immunoprecipitated EGF receptor. T3M4 (top) and A431 (bottom) cells were incubated for 17 h at 37'C in 100-mm dishes

using PO4-free medium containing 0.5% fetal calf serum and either 4 (T3M4 cells) or l (A431 cells) mCi of "P. Cells were then incubated in the absenceor presence
of 34 nM of EGF or TGF-a for 15 min. Following immunoprecipitation with 5 >igof a monoclonal anti-EGF receptor antibody and gel electrophoresis, the EGF
receptor was extracted and subjected to 2-dimensional thin-layer chromatography as described under "Materials and Methods." A and D, control; B and Â£,EGF-

treated cells; Candf, TGF-a-treated cells. Gel exposure times were 192 h for A (860 cpm) and O (891 cpm); 68 h for A (1030 cpm). Â£(850 cpm), and F (953); and
72 h for C (1150 cpm). The autoradiographs are representative of three to five experiments. S, serine; T, threonine; Y, tyrosine. The Â¡lashedcircle in D denotes the
location of the tyrosine residue.

Table 2 Summary of EGF receptorphosphorylation data
T3M4 cells were incubated in the absenceor presence of 34 nvi EGF or TGF-

a for 15 min, as described in Figs. 9 and 10. Data were analyzed as described in
"Materials and Methods." Values are the means Â±SE of three to five experiments

with each ligand.

LigandTGF-a

EGFPhosphoprotein

content
(absorbance)0.80

Â±0.07
1.86 Â±0.11Â°Tyrosine:threonine

ratio0.36

Â±0.04
2.74 Â±0.53Â°

Â°P < 0.0005, when compared with corresponding value in the presence of
TGF-a.

Growth Factor (nM) Time (min)

Fig. 9. Effects of EGF and TGF-Â« on Ins(l,4,5)P3 levels. T3M4 cells were
incubated in the absence or presence of EGF (â€¢)or TGF-a (D). The reactions
were terminated and samples were processed as described under "Materials and
Methods." Cells were either incubated with varying concentrations of agonists

for 5 s (A) or 15 min (B) or for the indicated times with 1.67 nM (C) or 16.7 nM
(D) of EGF and TGF-a. Points, mean of three independent experiments; bars.
SE. SE smaller than the symbols are not shown.
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elevation in Ins(l,4,5)P3 levels, which increased further with
time (Fig. 9Ã„). At a concentration of 16.7 nM, both growth
factors caused rapid increases in Ins(l,4,5)P3 levels (Fig. 9D).
However, the EGF-mediated increase was maximal at 15 min
(Fig. 9D). In contrast, the TGF-a-mediated increase was max
imal at 5 s, with Ins(l,4,5)P3 levels declining progressively
thereafter (Fig. 9D).

DISCUSSION

In mammalian cells EGF and TGF-a binding characteristics
are generally believed to be similar (26). However, in some
cells, TGF-Â« exhibits a lesser affinity to bind to the EGF
receptor than EGF (27). In the present study, there were marked
differences in the binding characteristics of '"I-EGF and 125I-
TGF-a. Thus, two orders of binding sites were obtained with
I25I-EGF in TiMj cells. In contrast, only a single order of high-
affinity binding sites was detected with I25I-TGF-Â«,and the
number of these sites was 4-fold greater than the corresponding
sites defined by EGF. Furthermore, at pH 8.5, there was a
doubling in the apparent number of high-affinity binding sites
for TCP-Â«but a decrease in the number of these sites for EGF.
TGF-a also dissociated more readily than EGF in T3M4 cells,
and this dissociation was attenuated at alkaline pH levels. These
observations suggest that there is a difference in the interaction
of the EGF receptor with EGF and TGF-a that Â¡saccentuated
at a low concentration of H+ ions and indicate that TGF-a can

bind to its target cells within the alkaline microenvironment of
the pancreas.

Several lines of evidence in the present study indicate that
EGF and TGF-a bind to a common receptor in T.iM4 cells.
First, unlabeled TGF-a readily displaced ';?I-EGF in these cells.
Second, the cross-linked receptor-ligand complexes generated
with '"I-TGF-a and I25I-EGF (at either pH 7.4 or 8.5) comi-

grated on gel electrophoresis, and the cross-linking of the two
labeled ligands was inhibited by each unlabeled ligand. Third,
TGF-a binding was inhibited by the 13A9 anti-EGF receptor
antibody. Furthermore, EGF and TGF-a binding occurs in the
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same defined region on the extracellular portion of the EGF
receptor (28-30). Taken together, these observations suggest
that the alkalinization-induced increase in TGF-a binding sites
in T.,M4 cells is not due to the appearance of cryptic receptors
that are distinct from the EGF receptor. Instead, alkalinization
may increase TGF-Â«binding by causing pH-dependent changes
in EGF receptor diffusion and/or ligand dissociation.

Cells expressing mutated EGF receptors that are devoid of
tyrosine kinase activity do not exhibit ligand-induced receptor
degradation and down-regulation and are not growth-stimu
lated by EGF (31-35). In contrast, cells expressing a mutated
EGF receptor that possesses tyrosine kinase activity but that is
not down-regulated by EGF are more responsive to lower
concentrations of EGF than cells that undergo receptor down-
regulation (36). These observations indicate that EGF-induced
down-regulation of the receptor serves to dampen the EGF-
activated response. In the present study, T3M4 cells exhibited a
significant level of tyrosine phosphorylation in the basal state,
which may have been due to the actions of endogenous TGF-
a. Both EGF and exogenous TGF-a caused an additional
marked increase in EGF receptor tyrosine phosphorylation.
However, TGF-a was not as efficient as EGF with respect to
this action. This difference was not due to a contamination of
our stock solutions, inasmuch as the two growth factors exerted
superimposable effects on tyrosine phosphorylation in the case
of A431 cells. It was also not due to a dose-dependent phenom
enon, inasmuch as a 10-fold increase in the maximally effective
concentration of TGF-a did not cause an additional increase in
tyrosine phosphorylation. Although the reasons for the atten
uated action of TGF-a on tyrosine phosphorylation are not
readily apparent, this attenuated effect may explain the de
creased ability of TGF-a to degrade the EGF receptor in TjM4

cells (17).
In addition to tyrosine phosphorylation, serine and threonine

phosphorylation may also modulate EGF receptor function
(37). In the present study, there was a reversal in the tyrosine:
threonine phosphorylation ratio following stimulation with
TGF-a in comparison with the ratio obtained following treat
ment with EGF. These differences were not observed in A431
cells, raising the possibility that T3M4 cells express a variant
EGF receptor. Differences in receptor phosphorylation may
lead to altered biological effects and divergent intracellular
routing of the respective ligand-receptor complexes. Differen
tial routing, combined with enhanced dissociation of TGF-a
from the receptor in a mildly acidic environment, may also
explain why T3M4 cells do not readily degrade EGF but rapidly
degrade TGF-a (17).

In the present study EGF and TGF-a also exhibited different
potencies with respect to their effects on Ins(l,4,5)P3 genera
tion and exerted divergent effects on the kinetics of Ins( 1,4,5)P3
formation in T3M4 cells. Ins(l,4,5)P3 is formed through the
hydrolysis of phosphatidylinositol 4,5-bisphosphate by phos-
pholipase C-y (25, 38). This enzyme is phosphorylated through

the actions of the EGF receptor and associates with the receptor
(25, 38-39). The resulting phospholipase C--y-receptor com

plexes interact with other substrates including the protoonco
gene product Raf-I, the kinase that phosphorylates 3'-phospha

tidylinositol, and the GTPase activating protein (GAP) that
modulates the activity of the protein product of c-ras (39).
Although the roles of Raf-I, 3'-phosphatidylinositol kinase, and

GAP in signal transduction in T1M4 cells are not known, it is
possible that the differences in Ins(l,4,5)P3 generation between
EGF and TGF-a are the consequence of a differential action of

the two growth factors on phospholipase C--y phosphorylation.
Differences in the biological effects of EGF and TGF-a have

also been reported in other cell types. Thus, TGF-a exerts a
greater stimulatory effect than EGF with respect to calcium
mobilization in fetal rat long bones (40), angiogenesis in the
hamster cheek pouch model (41), wound healing (42), femoral
artery blood flow (43), cell ruffling (44), and keratinocyte me-
gacolony formation (45). In RL95-2 endometrial carcinoma
cells that have been plated at a low seeding density TGF-a
inhibits cell proliferation to a greater extent than EGF (46). In
primary lung carcinoma cells TGF-a enhances cell prolifera
tion, but EGF inhibits proliferation (47). In smooth muscle
cells there is tachyphylaxis to the inhibitory effect of EGF but
not to that of TGF-a (43). Taken together with the present
findings, these observations raise the possibility that TGF-a
and EGF may differentially regulate signal transduction path
ways in a variety of cell types.
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