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ABSTRACT The addition of epidermal growth factor (EGF)
to cultured rat pituitary cells (GH3) leads to increased synthesis
of prolactin and to partial inhibition of cell proliferation. Mono-
clonal antibodies generated against EGF receptor from human
epidermoid carcinoma (A431) cells were used to characterize the
EGF receptor kinase system of GH3 cells and to investigate the
role of the hormone-receptor complex in the expression of the
prolactin gene in these cells. The EGF receptor of GH3 cells is a
170,000-dalton protein associated with a protein kinase. It is sim-
ilar but not identical to the EGF receptor identified in other tis-
sues. The immunoprecipitated membrane receptor is phosphoryl-
ated on both serine and tyrosine residues. The monoclonal antibody
denoted 2G2-IgM binds to EGF receptor on GH3 cells. Like EGF,
the monoclonal antibody induced the synthesis of prolactin and
morphological changes in these cells. Hence, EGF receptor in GH3
cells, when properly triggered, contains all of the biological at-
tributes necessary for the induction of EGF-induced gene expres-
sion and morphological changes in GH3 cells.

Epidermal Growth Factor (EGF) is a potent mitogen of various
cells in vitro and in vivo (1). EGF binds to diffusely distributed,
mobile (2-4) membrane receptors that rapidly cluster on the
cell surface and become internalized and degraded by lysosom-
al enzymes (1-5).

Several studies indicate that EGF can regulate the expres-
sion of specific genes and thus cause cellular differentiation (6-
8). The addition of EGF to cultured rat pituitary cells (GH3)
leads to increased synthesis of prolactin and inhibition of syn-
thesis of growth hormone (8). EGF also induces morphological
changes in GH3 cells-i.e., the round cells become flat and
elongated (8). After binding and internalization a small fraction
of EGF molecules accumulates in the nucleus of GH3 cells. The
inhibition of hormone degradation by chloroquine increased
the amount of hormone accumulated in the nucleus (9). These
results together with the fact that EGF induced changes in the
structure of chromatin in isolated nuclei of GH3 cells suggest
that the capacity of EGF to induce gene expression could be
mediated via direct interactions between EGF and specific sites
on the nucleus (10).
We have recently generated different monoclonal antibodies

against various domains of EGF receptor (11-13). One mono-
clonal antibody denoted 2G2-IgM induces various early and de-
layed effects of EGF on cultured fibroblasts (11-13). We report
here that 2G2-IgM binds to EGF receptors on GH3 cells. Like
EGF, the monoclonal antibody induced the synthesis of pro-
lactin and morphological changes in these cells. Hence, EGF
receptor contains all of the biological attributes necessary for

the induction of EGF-induced gene expression and morpho-
logical changes in GH3 cells.

MATERIALS AND METHODS
Materials. EGF was purified from the submaxillary glands

of adult male mice by the method of Savage and Cohen (14).
125I-Labeled EGF ('25I-EGF) was prepared by the chloramine-
T method to a specific activity of 1.8 X 104 cpm/ng of EGF.
Monoclonal antibodies against EGF receptor, 2G2-IgM and TL5-
IgG, were prepared as described (11-13). The molecular masses
of 2G2-IgM and TL5-IgG are 106 and 1.5 x 105 daltons, re-
spectively. Goat anti-mouse IgG antibodies were iodinated by
the chloramine-T method to a specific activity of 5 x 103 cpm/
ng of protein.

Cells. Rat pituitary GH3 cells were kindly provided by I.
Vlodavsky. Human epidermoid carcinoma (A-431) cells were
kindly provided by G. Todaro. Both cell lines were grown in
culture in Dulbecco's modified Eagle's medium (DME me-
dium; GIBCO) supplemented with 10% fetal calf serum.

Binding Assay of EGF. GH3 cells were plated in 24-well
Costar trays. Near confluency, the medium was replaced with
DME medium with Hepes buffer (pH 7.4) containing 0.1% bo-
vine serum albumin. The cells were incubated with increasing
concentrations of EGF at either 4 or 37°C. Then, the cells were
washed four times with cold buffer and lysed with 0.2 M NaOH,
and the cell-associated radioactivity was determined.

Binding Assays of Monoclonal Antibodies. Nearly confluent
GH3 cells in 24-well Costar trays were maintained in DME me-
dium containing Hepes buffer (pH 7.4) and 0.1% bovine serum
albumin. The cells were incubated with increasing concentra-
tions of either 2G2-IgM or TL5-IgG for 30 min at room tem-
perature. The cells were washed two times with incubation me-
dium and further incubated for 30 min at room temperature
with "2I-labeled goat anti-mouse Ig antibodies (125I-GAM Ig
antibodies). The cells were washed three times and lysed with
0.2 M NaOH for 30 min at 37C, and the total cell-associated
radioactivity was determined.

Immunoprecipitation. Aliquots of solubilized cells were di-
luted with phosphate-buffered saline/0.1% bovine serum al-
bumin/10% glycerol/0.2% Triton X-100 and incubated with
protein A-Sepharose beads coated with rabbit polyclonal anti-
EGF-receptor antibodies (13) on an Eppendorf shaker for 2 hr
at 4°C. After several washes the precipitated EGF-receptor ki-
nase complex was mixed with 30 ,ul of 20 mM Hepes, pH 7.4/

Abbreviations: EGF, epidermal growth factor; HFF, human foreskin
fibroblasts; l25I-GAM Ig antibodies, '25I-labeled goat anti-mouse Ig an-
tibodies; TRH, thyrotropin-releasing hormone.
t Permanent address: Department of Biochemistry, University of Cape
Town, South Africa.
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150 mM NaCl/0.2% Triton X-100/10% glycerol/2 mM MnCl2/
0.03% NaN3 and 1-2 1Ci of [y-32P]ATP (1 Ci = 3.7 X 1010 Bq).
The phosphorylation reaction was stopped after 10 min at 40C
by the addition of 30 ul of Laemmli buffer to the solution and
by boiling it for 5 min.

Two-Dimensional Tryptic Maps. Two-dimensional tryptic
maps were performed according to procedure described by Elder
et al. (15).

Phosphoamino Acid Analysis. The phosphorylated EGF re-

ceptor was excised from the gel, washed for 4 hr in 10% meth-
anol, lyophilized, and crushed in a glass homogenizer. The
crushed gel was suspended in 50 mM NH4HCO3 (pH 8.0) con-

taining 75 ug of L-1-tosylamido-2-phenylethyl chloromethyl
ketone-treated trypsin (Worthington, 285 units/mg) per ml. After
12 hr at 35°C the suspension was filtered, lyophilized, hydro-
lyzed, and subjected to two-dimensional electrophoresis ac-

cording to the procedure described by Hunter and Sefton (16).
Analysis of Prolactin Synthesis. GH3 cells (3 X 104) were

plated in Costar trays and maintained in culture medium for 3
days. Fresh culture medium containing either hormones or an-

tibodies then was added: the cells were incubated for 4 days
with fresh medium, and hormones and antibodies were added
after 2 days. After 4 days of induction, fresh medium, hor-
mones, and antibodies were added and the medium was har-
vested after 24 hr-i.e., for a total period of 96-110 hr of in-
duction. The concentration of prolactin in the medium was

determined by a sensitive radioimmunoassay for rat prolactin.
Total protein was measured by the method of Lowery et al. (17).
The rat prolactin radioimmunoassay kit was obtained from the
National Institute of Arthritis, Metabolism and Digestive Dis-
eases. The immunoreagents were created by A. F. Parlow, di-
rector of Pituitary Hormones and Antisera Center. The anti-
serum is specific for prolactin in the presence of large amounts
of rat growth hormone, rat luteinizing hormone, rat follicle-
stimulating hormone, and rat thyroid-stimulating hormone.
Protein A was used to precipitate the prolactin-anti-prolactin
complex.

RESULTS
EGF binds to specific membrane receptors on GH3 cells (8, 9).
Fig. 1 shows binding curves of 125I-EGF to GH3 cells at 4 and
3rC. Receptor saturation is accomplished with 30 ng of 125I-
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EGF per ml when the binding experiment is performed at 40C.
However, at 370C more 125I-EGF becomes associated with the
GH3 cells as rapid internalization of the bound EGF occurs at
this temperature (8, 9).

Monoclonal Antibodies Against EGF Receptor Bind to GH3
Cells. We have used two types of monoclonal antibodies gen-
erated against the EGF receptor of human epidermoid carci-
noma A-431 cells to characterize the EGF receptor from GH3
cells. The monoclonal antibody 2G2-IgM binds to EGF recep-

tor of human and mouse cells, inhibits the' binding of 125I-EGF,
and induces various "EGF-like" effects, including stimulation
of protein phosphorylation, induction of morphological changes,
and cell proliferation (11-13; 18). The monoclonal antibody TL5-
IgG binds to EGF receptor without interfering with the bind-
ing of EGF to the receptor molecule. TL5-IgG does not mod-
ulate the activity of EGF nor does it possess any EGF-like ac-

tivity (11-13, 18).
Fig. 2 shows binding curves of 2G2-IgM and TL5-IgG to

GH3 cells. The monoclonal antibodies were incubated with the
cells for 1 hr at 4°C. After several washes with cold buffer, the
cells were incubated with 125I-GAM Ig antibodies and the cell-
associated radioactivity was determined. Half-saturation of EGF
receptors with the antibodies is reached with about 0.02 AM
2G2-IgM antibody and 0.2 AM TL5-IgG'antibody. However,
both 2G2-IgM and TL5-IgG bind with similar affinities to EGF
receptor of A-431 cells and to human foreskin fibroblasts (HFF),
with half-saturation achieved at antibody concentrations of 0.02
,M (12, 13). The affinity of TL5-IgG towards EGF receptor of
the rat GH3 cells is 1/lOth as much as its affinity towards EGF
receptor of HFF and A-431 cells (13). Hence, TL5-IgG, al-
though crossreactive, is somewhat species specific, whereas 2G2-
IgM apparently is not.
2G2-IgM blocks the binding of 125I-EGF to EGF receptor

on GH3 cells. The addition of 20 ng of '"I-EGF per ml to 8 X

105 GH3 cells in the presence or absence of 75 ,g of 2G2-IgM
per ml for 30 min at room temperature followed by several washes
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FIG. 1. Binding of 125I-EGF to GH3 cells. GH3 cells were plated in
24-well Costar trays. Near confluency, the medium was replaced with
DME medium with Hepes buffer (pH 7.4) containing 0.1% bovine serum
albumin. The cells were incubated with increasing concentrations of
EGF for either 45 min at 4°C (W) or for 45 min at 3700 (o). Then, the
cells were washed and lysed with 0.2 M NaOH, and the cell-associated
radioactivity was determined. Nonspecific binding was determined in
the presence of a 100-fold excess of unlabeled EGF and did not exceed
15% of the total binding. Data are the average of duplicate measure-
ments.

2G2-IgM, pM
0.1 0.2 0.3

TL5-IgG, pM

FIG. 2. Binding curves of monoclonal antibodies 2G2-IgM and TL5-
IgG to GH3 cells. GH3 cells were incubated with increasing concentra-
tions of either 2G2-IgM (A) or TL5-IgG (B) for 30 min at room tem-
perature, washed, and further incubated with lmI-GAM Ig antibodies.
Nonspecific binding of lmI-GAM Ig antibodies was determined in the
absence of 2G2-IgM and it did not exceed 15% of the total bound an-
tibody. Data are the average of duplicate measurements.
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yielded cell-associated radioactivity of 3,000 cpm in the a
sence of 2G2-IgM. and 40 cpm in the presence of 2G2-Igl
Hence, as in other cell types bearing EGF receptors, 2G2-Ig]
-blocks the binding of 1mI-EGF to EGF receptors on GH3 Cel
(11-13, 18).

Immunoprecipitation and Analysis of EGF Receptor fro]
GH3 Cells. The EGF-receptor-kinase system of GH3 cells wI
immunoprecipitated with antireceptor antibodies and the pho
phorylated receptor was compared to EGF receptor from A-43
cells. EGF receptor of GH3 cells is a 170,000-dalton protei
(Fig. 3A), which is phosphorylated at tyrosine and serine ret
idues (Fig. 3C). However, EGF receptor from A431 cells:
phosphorylated mainly on tyrosine residues (Fig. 3C) (1, 19
These differences could be due to an additional serine kinas
that is immunoprecipitated with the receptor molecule of GH
cells. Comparison of the phosphopeptide maps of EGF recep
tors from GH3 and A431 cells indicates that the two molecule
are similar but not identical (Fig. 3B). Eight phosphopeptide
derived from EGF receptor of GH3 cells appear to be simila
to phosphopeptides derived from EGF receptor of A431 cell
(Fig. 3B). Hence, EGF receptor from rat is similar to the hu
man receptor.

Monoclonal Antibody 2G2-IgM Induces Prolactin Synthesi
and Morphological Changes in GH3 Cells. We have examine(
the capacity of 2G2-IgM toinduce EGF-like effects in GH3 cells
Fig. 4 summarizes the effect of EGF, thyrotropin-releasini
hormone (TRH; Sigma), and 2G2-IgM on prolactin synthesis ir
GH3 cells. The concentration of prolactin secreted into the cul
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FIG. 3. Comparison of EGF receptors from GH3 and human epi-
dermoid carcinoma cells (A-431). (A) Autoradiograph of NaDodSO4/
polyacrylamide gel electrophoresis of immunoprecipitates of EGF-re-
ceptor-kinase system that were phosphorylated in the immunoprecip-
itate from either GH3 (lane a) orA431 (lane b) cells. The arrow denotes
the 170,000-dalton polypeptide. (B) Two-dimensional tryptic maps of
phosphopeptides derived from the 170,000-dalton EGF receptor bands,
depicted inA of either GHi3 (a) or A-431 (b) cells. (C) Identification of
the phosphorylated amino acid residues of EGF receptor from either
GHi3 (a) or A431 (b) cells.
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FIG. 4. Analysis of prolactin synthesis in GH3 cells by radioim-
munoassay. GH3 cells were induced for 96-110 hr with the following
hormones- and antibodies: control medium (A); 100 ng of EGF per ml
(B); 20 ng of TRH per ml (C); 27 ,ug of 2G2-IgM per ml (D); and 50 ,ug
of control IgM per ml (E) (11).

U ture medium of GH3 cells was determined with a sensitive ra-
s. dioimmunoassay that detects prolactin at concentrations as low
9 as 0.5 ng/ml. Prolactin production in the medium can be di-
n rectly related to synthesis because storage of prolactin by GH3

cells and degradation of prolactin in these cells and in the me-
dium are negligible (20). Moreover, it was recently shown that
the increase in prolactin synthesis induced by EGF is a result
of an increase in prolactin mRNA (21).
The basal synthesis and secretion (mean ± SEM) of prolactin

by GH3 cells is 1.2 ± 0.25 ptg/mg of cell protein. In the pres-
ence of EGF, the GH3 cells produced 2.7 ± 0.30 pug of pro-
lactin per mg of cell protein. TRH induced the synthesis of 6
+ 0.25 Ag of prolactin per mg of cell protein and 2G2-IgM
stimulated the synthesis of 4.2 ± 0.25 tig of prolactin per mg
of cell protein. Control IgM antibody did not have any effect
on prolactin synthesis. Interestingly, 2G2-IgM is more potent
than EGF in inducing the synthesis of prolactin in GH3 cells.
We also studied the morphological changes induced by 2G2-

1gM on GH3 cells (Fig. 5). In the absence of EGF, GH3 cells
appear as round cells (Fig. 5 A and B), whereas in the presence
of either TRH (Fig. 5C) or EGF (Fig. 5D) the cells change their
morphology and become flat and -elongated. Similar changes
were observed in GH3 cells treated with 2G2-IgM (Fig. 5 F and
G). Control IgM antibody did not change the morphology of
the GH3 cells (Fig. 5E). Hence, 2G2-IgM mimics EGF and TRH
by inducing similar morphological changes in GH3 cells.

DISCUSSION
EGF stimulates the proliferation of various cell types in vitro
and in vivo (1). After binding to its membrane receptors EGF
activates numerous early responses, including the activation of
a tyrosine-specific cyclic nucleotide-independent protein ki-
nase (18, 22-24), enhancement of the uptake of various nu-
trients (for review, see ref. 1), and induction of changes in cell
morphology (25) and the organization of the cytoskeleton (26).

In rat pituitary GH3 cells, EGF stimulates the transcription
of prolactin gene, resulting in increased prolactin synthesis (21).
Moreover, EGF partially inhibits the proliferation of the GH3
cells (8). It has been reported that EGF accumulates in the nu-
cleus of GH3 cells (9, 10) and therefore has been postulated that
direct interactions between EGF and nuclear receptors may
mediate the expression of specific genes (10). Similar mecha-
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FIG. 5. The effect of hormones and antibodies on the morphology
of GH3 cells. Phase-contrast micrographs of GH3 cells maintained in
35-mm dishes for 3 days in the presence of various hormones and an-
tibodies. (A andB) Control medium; (C) 50 ng of EGF per ml; (D) 20 ng
of TRH per ml; (E) 50 pug of control IgM per ml (11); (F) 15 ;pg of 2G2-
IgM per ml; and (F) 37.5 mg of 2G2-IgM per ml. Photographs of phase-
contrast images of the cells viewed with a Zeiss IM-35 inverted micro-
scope were taken with Kodak Plus-X film. (x88.)

nisms were proposed for the initiation of the delayed effects
mediated by insulin (27) and nerve growth factor (28, 29).

In this study we probed the EGF receptor of GH3 cells with
monoclonal antibodies directed against the EGF receptor of A-
431 cells. Furthermore, we examined the capacity of the mi-
togenic monoclonal antibody 2G2-IgM (11-13, 18) to induce
prolactin synthesis in GH3 cells.

It is possible that the mechanism of EGF-induced differ-
entiation response in GH3 cells is different than the mitogenic
response induced in fibroblasts by EGF and that the difference
may lie in the receptor itself. However, the binding data with
2G2-IgM and TL5-IgG indicate that the antigenic determinant
on EGF receptor that is recognized by 2G2-IgM is similar in
the GH3 cells, HFF, and A-431 cells. This result is consistent
with the similar binding affinity determined for 125I-EGF to
EGF receptor of these cells (1, 8, 11). Thus, it further dem-
onstrates that 2G2-IgM binds to a domain on EGF receptor that
is part of, or close to, the combining site for EGF-a domain
of the receptor molecule that is conserved along evolution.
However, TL5-IgG binds to an antigenic determinant on EGF
receptor that is remote from the combining site for EGF and
is significantly different in GH3 cells in comparison to a similar
determinant on HFF and A-431 cells.
The membrane receptor of EGF is a 170,000-dalton glyco-

protein, which, upon the binding of EGF and in the presence
of ATP, becomes phosphorylated at tyrosine residues (19). The
EGF-sensitive kinase appears to be an integral part of the re-

ceptor molecule (13, 24).
EGF receptor from GH3 cells is very similar to EGF recep-

tor from A431 cells. The difference in the phosphopeptide map
could be due to the differential specificity of the EGF-recep-
tor-kinase system in A-431 and GH3 cells. Interestingly, EGF
receptor of HFF is also phosphorylated at both serine and ty-
rosine residues (unpublished data). Nevertheless, EGF recep-
tor of GH3 cells is similar to the receptor identified in other
cells from other species.

The capacity of 2G2-IgM to induce the expression of pro-
lactin genes in GH3 cells provides an important insight into the
mechanism of action of EGF in this system. Several models
were proposed for the action of EGF in this system with ob-
vious implications on the mode of action of EGF in general:
model 1, the internalized intact EGF molecule binds to nuclear
EGF receptors, which induce changes in chromatin structure
leading to the expression of the prolactin gene; model 2, a frag-
ment of the internalized EGF acts as a "second messenger" to
activate a putative nuclear site; model 3, EGF receptor either
on the cell surface or inside the cell contains all of the biological
attributes necessary for the induction of biological response.
The appropriate change in the receptor induced by EGF (i.e.,
conformational change, phosphorylation, or proteolytic cleav-
age) renders activation of the receptor (11-13, 18).
The data presented in this report support model 3. The

structural similarity between 2G2-IgM and EGF is very small,
thus reducing the feasibility of a fragment of EGF as an in-
ternal stimulus of EGF (model 2). Schreiber et al. reported (12)
that 2G2-IgM clustered on the cell surface and became rapidly
internalized into HFF with a similar kinetics observed for the
internalization of EGF into these cells. Hence, it is possible
that like EGF, 2G2-IgM has intracellular sites that are required
for the stimulation of various delayed responses. However, we
could not detect nuclear accumulation of fluorescently labeled
EGF analogues or fluorescently labeled 2G2-IgM in HFF, even
in the presence of chloroquine, an inhibitor of degradation by
lysosomal enzymes (unpublished data). Nevertheless, this could
be due to insufficient sensitivity of the image-intensification
microscopy system (2, 4) to detect a minute accumulation of
labeled probe on the nucleus.

In spite of the different response mediated by EGF on GH3
cells compared to its action on fibroblasts or epidermal cells
(differentiation versus proliferation), the membrane receptors
of the two systems are very similar. Hence, we propose that the
different response of EGF in GH3 is not mediated via a dif-
ferent class of EGF receptor; rather, it is a manifestation of
another pathway that is stimulated by the same EGF-receptor-
kinase system. Moreover, the EGF receptor of GH3 cells, when
properly triggered, contains all of the biological information
necessary for the initiation of prolactin gene expression in these
cells. The initiation could occur as a consequence of direct in-
teractions between the activated receptor and intracellular sites
or via a putative intermediate molecule that acts as an internal
stimulus of the activated EGF receptor.
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