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ABSTRACT
A new approach has been introduced to characterize the epidermal
growth factor receptors and their relation to the mechanism of cell
growth control using hybrid cells made between human EGF responsive
cells and mouse A9 cells incapable of EGF binding.

BALBc mice were

immunized with human carcinoma A431 cells carrying an extraordinary
high number of EGF receptors; antisera were used to identify the
human nature of EGF receptors in these hybrid cells.

One of the

hybrid lines, C2B5, that retains only one human chromosome, an X/7
translocation, and a nearly complete mouse parental genome was used
to analyze the relationship of the binding ability and certain postreceptor functions to the cellular mitogenic response.

It was shown

that the ability to bind, internalize and degrade the ligand and/or
its receptor is not sufficient for cells to respond to the mitogen.
Spleen cells from mice immunized with A431 cells were fused with
mouse myeloma P3NP cells.

One of the isolated hybridoma lines, B4G7,

secreted a monoclonal antibody of the IgG class which inhibits the
binding of 125 I _EGF to A431 and human fibroblasts, but not of mouse
3T3 cells.

This inhibition was partial (65-70%) and Scatchard analy-

sis of the binding data suggested that antibody preferentially
interacts with a low affinity class of EGf receptors.

The antibody

specifically precipitated EGF receptor from radiolabeled cells.

ix
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This monoclonal antibody was crosslinked to subunit A of toxic
ricin through a disulfide bond.

The resulting conjugate inhibited

protein synthesis of A431 cells at 4 x 10-11 M and exhibited substantial cell killing.

Using this conjugate we isolated a variant of

A431 cells, designated Cl-B7, with approximately 30 times less EGF
binding capacity.

Contrary to the parental A431 , this variant is

resistant to EGF-induced suppression of cell growth and appears to
have lost most of the low affinity receptors.

The high affinity type

EGF receptors retained by the variant are 170,000 Mr and suceptible to
EGF-induced phosphorylation, presumably on tyrosine residues.

In

membrane prepared from this variant, besides the EGF receptor, a low
molecular weight component of as yet unknown nature is highly phosphorylated in an EGF-independent manner.

CHAPTER I
INTRODUCTION
Growth factors are substances which stimulate the growth, proliferation, and to some extent differentiation of mammallian cells.
Many of these growth factors are polypeptides with a wide range of
molecular weights, from 6,000 (insulin and epidermal growth factor)
to 26,000 (nerve growth factor).

They are best characterized by the

presence on the cell surface of highly specific binding sites through
which they exert their biological effects in target cells.

Impetus

for studies of growth factors was initiated by the early observation
that the growth and proliferation of mammalian cells in culture
requires the presence of animal serum.

Great efforts have been made

to purify growth factors from serum and glandular organs.
The outlook for growth factor studies became more promising with
the finding that transformed cells, to a great extent, have a lower
serum requirment in culture.

In some cases (eg. sarcoma virus

transformed cells), cells produce an endogeneous growth factor
(Delarco and Todaro 1978).

Many types of transformed cells possess

great alterations in their cell surface receptor for a particular
growth factor.

The interrelationship between growth factors and

transformation becomes even more exciting when we consider the plausible connection between tyrosine phosphorylation of some cellular

1
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proteins and control of cell growth.

It has been recently discovered

that some growth factors such as epidermal growth factor, insulin,
and platelet-derived growth factor induce a kinase activity which
phosphorylates their receptors and other cellular proteins on tyrosine residues.

The kinase activity is likely an intrinsic property

of the receptors.

The transforming proteins of five different

classes of RNA tumor viruses have also tyrosine specific kinase
activity.

However, the significance of growth factor-induced tyro-

sine phosphorylation in the ultimate physiological effects of growth
factors or in transformation has yet to be elucidated (Soderquist and
Carpenter 1983, Hunter and Cooper 1981).
Recent observations support the notion that most of the biological events that are initiated in the cell by ligand-receptor interactions and result in cell proliferation are brought about by modified
receptors which are internalized as a ligand-receptor complex.

In

other words, intracellular receptor processing after internalization
of the ligand-receptor complex, which concomitantly results in
"receptor down regulation", not only suggests the growth regulatory
role of the receptor but also supports the idea that receptor itself
might play the major role in generating secondary messengers or
signals involved in mitogenicity.

In this regard, attempts have been

made to induce receptor internalization by means of modified and
partially inactivated ligands or by agonists such as anti-receptor
antibodies and then monitoring the cellular response.

We will refer

3

to some experimental examples later in this chapter, but it seems
necessary to first provide a brief summary of some of the most wellstudied growth factors and their receptors.

Epidermal growth factor

and its receptor will be discussed last, not only because it has been
the subject of this writer's investigation but also because the
unique characteristics of this system have allowed it to be extensi vely studied.
Somatomedins (Insulin-like Growth Factors)
Several years ago it was realized that the effect of a pituitary
growth hormone, somatotropin (STH), on cartilage growth is not due to
direct activity of STH on the tissue.

Instead, the growth stimula-

tion of STH is mediated through other factors from unknown sources
which are present in serum.

At first these serum factors were termed

"sulfation factors" because they stimulate incorporation of sulfate
into cartilage, but now they are refered to as "somatomedins", a
group of polypeptides with different actions on a variety of target
cells.

In serum they are usually bound to very high molecular weight

carrier proteins so that they can not penetrate the blood vessels.
As a result, the level of peptide concentration in the tissue remains
very low.

The purification and characterization of the individual

peptides has been difficult because they have very similar molecular
structures and weights (Mr about 7,000).

Also, they show cross-

reactivity in binding to receptor sites, presumably because they
share some homology in amino acid sequences with each other and with
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pro-insulin.

Five different peptides have thus far been identified

as somatomedins: somatomedin A (SMA), somatomedin C (SMC), insulinlike growth factor I (IGF-I), insulin-like growth factor II (IGF-II)
(Rinderknecht and Humble 1976), and multiplication stimulating activity (MSA) (Bhaumick et ale 1981).

The insulin-like growth factors

have been defined as the substances displaying insulin-like activity
in human serum that were not suppressed by antibodies to insulin and
were designated "nonsuppressible insulin-like activities"
(Rinderknecht and Humble 1978).

Upon further fractionation (acid

ethanol extraction) the soluble component was found to consist of two
closely related polypeptides with molecular weights of about 7,000
and with mitogenic activity about ten times greater than insulin.
Insulin-like growth factors also act as promoters of sulfate incorporation into the proteoglycans of cartilage and therefore they may be
classified as somatomedins, the mediators of growth hormone action
(Philips and Vassilopoulou-Sellin 1980).
Platelet-derived Growth Factor (PDGF)
Some years ago it was found that cultured cells grow better in
the presence of serum rather than platelet-poor plasma.

It was

predicted that during blood coagulation some factors might be released by platelets which have mitogenic action (Black 1971).

This

idea was confirmed by the ?bservation that the addition of platelet
extracts to cultures supplemented with platelet-poor plasma produced
a mitogenic potential equal to that of serum.

Human PDGF then was
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purified and characterized as a polypeptide of 13,000 molecular
weight which has a mitogenic effect on a variety of cell lines of
mesenchymal origin (Antoniades and Willingham 1983).

This mitogenic

effect, however, is very weak if pure PDGF is added without plasma or
serum.

Platelet derived growth factor and plasma act synergenisti-

cally in the stimulation of cell proliferation.

Such a complementa-

tion effect of serum has been observed for other mitogenic peptides
including EGF.

An interesting experimental pl'ocedure with plasma and

PDGF has provided an exciting theory about cell proliferation and
growth control.

If resting fibroblasts are treated with PDGF for

only a short time, the additive effect of plasma on cell proliferation can be observed up to 13 hr after removal of PDGF.

However,

regardless of the time interval between removal of PDGF and addition
of plasma, another 12 hr is required for cells to respond to plasma
(Scher et ala 1979).

They postulated that PDGF and plasma factors

mediate two different events in the cell cycle.

Platelet derived

growth factor induces the cells to become "competent" for entry from
GO into G1 phase of the cell cycle and the plasma factors stimulate
the competent cells to undergo "progression" through G1 and consequently to enter S phase.

Having this model in hand, researchers

have assayed the competence activity and the progression activity of
several different growth factors.

Platelet derived growth factor,

FGF, Oa 2+ , and wounding (scraping some cells off the dish from a
confluent monolayer) are recognized to have "competence activity",
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whereas somatomedins A and C, IGFs, MSA, and also insulin and EGF
have "progression activity" (Scher et ale 1979).

Wrann and coworkers

have reported that even though PDGF does not compete with EGF for
binding to its receptor, it induces a transient down regulation of
EGF receptors.

This observation, together with the finding that PDGF

inhibits the down regulation of EGF receptors by EGF, suggests that
these two growth factors share a common cellular internalization
mechanism" (Wrann et ale 1980).

It has recently been discovered that

the transformig protein of simian sarcoma virus (SSV) is similar in
both amino acid and nucleic acid sequences, with PDGF.

This simila-

rity may suggest a relationship between viral transformation and
production of growth factors in a cell (Waterfield et ale 1983,
Doolittle et ale 1983).
Transforming Growth Factors
In 1976 Todaro and his coworkers reported that transformation by
murine and feline sarcoma retro viruses specifically blocks binding
of epidermal growth factor to cells.

They suggest that a product of

the sarcoma virus genome specifically modifies EGF receptors (Todaro
et ale 1976).

In 1978 they purified from murine sarcoma virus-

transformed mouse fibroblasts three major polypeptide growth factors,
called sarcoma growth factors (SGFs), with molecular weights of
25,000, 12,000 and 7,000 (Delarco and Todaro 1978).

These polypep-

tides, like EGF, stimulate cell division in monolayer cultures,
however, they are distinguished from EGF by their molecular weights
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and by their inability to react with anti-EGF antibodies.

Also, in

contrast to EGF, SGFs stimulate untransformed rat and mouse fibroblasts to form colonies in soft agar.

The ability to grow in soft

agar has been shown to correlate with other parameters of cell transformation and with tumorigenicity in animals (Delarco and Todaro
1978).

It should be noted that the induction of anchorage-indepen-

dent growth by SGFs is a reversible phenomenon.

After the SGF is

removed from the growth medium, the cells regain normal growth
properties.

By 1980 it was found that the production of an intra-

cellular growth factor similar to SGFs is common to both virally and
chemically transformed tumor cells growing either in animals or in
cuI ture (Roberts et al. 1980).

The term "transforming growth

factors" (TGFs) was then used to refer to a class of polypeptides
(including SGFs) which are produced by tumor cells of different
origins and are able to promote cell proliferation and anchorage
independence in normal untransformed cells (see also Ozanne et al.
1982, Moses and Robinson 1982).

It is not clear yet if these pep-

tides are sarcoma virus gene products or growth factors encoded by
the cellular genome which are expressed as a result of the murine
sarcoma virus transformation.

These findings also suggest that neo-

plastic cells are capable of auto stimulation by producing their· own
growth factors.
Using high pressure liquid chromatography (HPLC) for further
purification, Roberts et al. (1983) have proposed a reasonable
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classification of the TGF family with respect to their relationship
to EGF.

The first group,

~-TGFs,

compete with EGF for receptor

binding and can induce the formation of colonies in 80ft agar only if
they are added with another set of TGFs.

The second

group,~-TGFs,

do not compete with EGF for receptor binding but need to be added
with

~-TGFs

to induce colony growth in 80ft agar.

The third group,

g-TGFs, do not compete with EGF for receptor binding and do not require «-TGFs for colony formation.

A recent study by Kaplan and

Ozanne (1983) indicates that some other factors like platelet-derived
growth factor (PDGF) and EGF as well as whole serum induce, to some
extent, anchorage-independent growth of normal cells.

They also

reported that there is a direct correlation between the degree of
cellular responsiveness to growth factor-induced anchorage-independent growth and suceptibility to transformation by Kristen murine
sarcoma virus or Abelson murine leukimia virus.
Insulin
Insulin is a pancreatic hormone secreted from the B cells of the
islets of Langerhans into the blood stream and is most commonly
recognized for its effects on carbohydrate, lipid and amino acid
metabolism.

About 60 years ago the growth activity of insulin was

recognized both in vivo and in tissue culture (Gey and Thalhimer

1924).

However, it is still not clear whether insulin is a physiolo-

gically important mitogen in vivo since a high concentration of
insulin (10-7 M) is required to stimulate cell proliferation in
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culture.

The mitogenic effect of insulin is usually small compared

to the other mitogenic peptides (Gospodarowicz and Moran 1976).
However, it generally acts synergestically with other growth factors.
This is probably due to its effects on the uptake of glucose and
other nutrients.
The insulin receptor has been characterized as a multi-subunit
glycoprotein consisting of two 90,000 Mr subunits, VJ-subuni ts) and
two 130,000 Mr subunits, (~-subunits) which are linked covalently by
disulfide bonds.

The 4 -Subuni t is sucepi tble to protease cleavage,

producing a 45,000 Mr glycoprotein and the

~-subunit

is the major

insulin binding subunit (Jacobs et ale 1979, Czech et ale 1981).
When insulin binds to its receptor, the binding affinity decreases
gradually as more insulin-receptor complexes are formed "negative
cooperativi ty" (DeMeyts et ale 1973).

The IGF-I receptor has a

similar structure to the insulin receptor, consisting of two
two 8-subunits linked together by disulfide bonds.

~

and

This receptor

binds with high affinity to IGF-I, with low affinity to IGF-II, and
with still lower affinity to insulin itself.

The IGF-II receptor has

been identified as a single polypeptide of about 250,000 which displays a lower affinity for IGF-I than for IGF-II, but does not bind
to insulin at all (Czech et ale 1983).

The cross reactivity of

insulin with the IGF-I receptor, particularly where it is used in
high concentration for in vitro studies, may mimic the mitogenic
activity of IGF-I, which is ten times more mitogenic than insulin as
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was indicated earlier in this chapter (Rinderknecht and Humble 1976).
Epidermal Growth Factor (EGF)
Epidermal growth factor was discovered in 1962 through the
observation that daily injection of mouse submaxillary gland extract
into newborn mice caused precocious eyelid opening and incisor eruption (Cohen 1962).

Although the only known tissue of origin for EGF

in mice is the submaxillary gland, its removal does not decrease the
basal plasma level of EGF (Bynny et ale 1972).

The epidermal growth

factor which has been isolated from human urine (hEGF) (Cohen and
Carpenter 1975) is identical to the human

-urogastrone, a potent

inhibitor of stimulated gastric acid secretion (Heitz et ale 1978).
Human EGF, which has similar biological activity to that of mouse EGF
(mEGF), is found in several tissues, but its primary tissue source is
as yet unknown (Elder et ale 1978, Heitz et ale 1978, Hirata and Orth
1979).

Human EGF and mEGF, in spite of slight differences in their

amino acid sequence, are interchangeable in terms of their binding to
human or mouse cells (Cohen and Carpenter 1975).

This experimental

observation, of course, does not imply that the EGF receptor sites
among different species are identical (Behzadian et ale 1982, Waterfield et ale 1982, Carlin and Knowles 1982).
EGF is a heat stable, non-dialyzable, single polypeptide chain
of 53 amino acid residues including three disulfide bonds, with a Mr
of 6045 (Taylor et ale 1972).

It exerts a wide range of short term

and long term biological effects, both in vivo and in vitro.

Because
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of its significant physiological activities and also because of its
remarkably specific binding to target cells, EGF has provided an
excellent model for studying the interaction between ligand and
target cell and has attracted the attention of many investigators in
the field of cellular and molecular biology, cancer biology, endocrinology and biochemistry.

Short term effects of EGF include increases

in active transport of some low molecular weight compounds such as
hexose (Barnes and Colo wick 1976) and potassium ions (Rozengurt and
Reppel 1975).

In the long term it exhibits a potent mitogenic effect

in a variety of quiescent cultured cells by remarkably stimulating
DNA synthesis and cell division (Gospodarowicz et ale 1978, Carpenter
and Cohen 1979).

Some enzyme activities such as poly ADP-ribosyla-

tion (Shimizu and Shimizu 1981), ornithine decarboxylase (Morarity et
ale 1981), and topoisomerase(s) (Miskimins et ale 1983), which are
possibly related to DNA synthesis and cell proliferation, are also
stimulated by EGF.

Epidermal growth factor-induced increases in the

level of cellular RNA synthesis and protein synthesis have also been
measured (Roober and Cohen 1967).

!Q! Receptor
The EGF receptor, an integral membrane glycoprotein, was first
identified on mouse Swiss/3T3 cells by covalently crosslinking it
with a photoreactive derivative of 125I _EGF and was shown to be a
190,000 Mr component (Das et ale 1977, Das and Fox 1978). In a
similar type of experiment using glutaraldehyde as the cross linker,
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Hock and his coworkers (1979) reported molecular weights of 180,000
and 160,000

for human placenta receptors.

In 1979 Linsely and his

coworkers reported that the surface receptor tends to become spontaneously crosslinked to bound 125I _EGF (Linsely et ale 1979).
Attempts have been made to verify the biological significance of this
crosslinking phenomenon (Linsely and Fox 1980a).

However, it was

revealed later that this covalent linkage is in fact "a useful
artifact" which"occurs when the receptor interacts with an oxidized
form of 125 I _EGF, which is generated during the course of iodination
by the chloramine T method (Comens et ale 1982).

This spontaneous

cross linking of 125 I _EGF with the receptor, photoaffinity labeling,
and 32p labeling have aided in the identification of receptors of
many cell lines as a single polypeptide species with the reported Mr
ranging from 190-160,000.

There is now general agreement that the

molecular weight of the intact receptor is 170,000 as estimated by
SDS-polyacrylamide gel

electrophoresis ( Cohen et ale 1982,

Fernandez-Pol 1981, Linselyand Fox 1980b, Rubin and Earp 1983).
Plasma membrane preparations, which involve scraping cells off the
substratum, contain more than one electrophoretic class of EGF
receptors. This is due to the action of calcium-activated neutral
protease (CANP) released from the cytosol during scraping, which
cleaves the intact receptor, producing lower molecular weight species
of Mr=145-155,OOO (Gates and King 1982, Gates and King 1983, Cohen et
ale 1982, Yeaton et ale 1983) and, in some preparations, of Mr
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115,000 (Linsely and Fox 1980b).

This cleavage does not affect EGF

binding or the phosphorylation of the receptor, and one can avoid it
by scraping the cells in a cold buffer lacking Ca 2+ or in the presence of a chelating agent such as ethylene glycol-bis ($-aminoethyl
ether)-N,N'-tetraacetic acid (EGTA), (Gates and King 1982).
The EGF-Receptor Interaction
The biological effects of EGF, including its mitogenic effect,
are initiated by its binding to specific receptors, which are diffusely distributed and laterally mobile on the cell surface.

Upon

binding to EGF, rapid clustering of the receptors occurs in the
clathrin-coated regi'on of the cell membrane (Schlessinger et ale
1978, Haigler et ale 1978, 1979).

This aggregation is followed by

internalization of the EGF, presumably as an EGF-receptor complex,
into endocytic vesicles (Das and Fox 1978, Das et ale 1977).

The

endocytic vesicles then interact with other intracellular organelles
such as lysosomes and the Golgi, where the EGF and presumably also
the receptor are processed for either degradation or further intracellular translocation (Carpenter and Cohen 1976a, Das and Fox 1978,
Willingham and Pastan 1982, Miskimins and Shimizu 1982).
The 125 I _EGF binding level of the cells decreases drastically
subsequent to treatment with subsaturating doses of EGF, and is'
maintained at a low steady state level (20% of the maximum) for
12 hr.

The binding level is not restored at this time if the cells

are incubated in the presence of actinomycin D or cyclohexamide,
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indicating that the receptors are not recycled and the recovery of
binding requires
Cohen 1976a).

~~

mRNA and protein synthesis (Carpenter and

This was further confirmed by the finding that the

reduction of 125I _EGF binding activity induced by EGF is solely due
to a decrease in the number of binding sites rather than any change
in the affinity of the receptors (Aharonov et ale 1978, Krupp et ale
1982).

This kind of modulatory effect of a ligand has been termed

"down regulation" (Raff 1976).

Down regulation of the EGF receptor

is a temperature and dose-dependent phenomenon.

Epidermal growth

'factor bound to the cell at a low temperature (4·) is not internalized and does not induce down regulation of the receptor.
The receptors from A431 cells (Carpenter et ale 1978, 1979,
Cohen et ale 1980, King et ale 1980b), from placenta (Carpenter et
ale 1980), and from rat kidney cells (Fernandez-Pol 1981) are associated with a protein kinase activity which is stimulated by EGF.
This kinase, whether an intrinsic property of the receptor molecule
or tightly associated with it (Cohen et ale 1980), phosphorylates the
receptor itself, some cellular proteins and certain exogenous proteins in vitro.
by EGF.

The phosphorylation level is drastically increased

Interestingly, this kinase phosphorylates tyrosine residues

of the substrate proteins (Ushiro and Cohen 1980).

Tyrosine kinase

activity is extremely low or absent in normal cells but is found in
high levels in cells transformed with certain retroviruses.

The

transforming proteins of five different classes of RNA tumor viruses
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1979,1980).

This finding has been further confirmed by us and others

(Davies et a1. 1980b, Behzadian et a1. 1982, Goodfellow et a1. 1982,
Kondo and Shimizu 1983).

The locus encoding for c-erb-B is also

mapped in the same region of human chromosome 7 (Spurr et ale 1984).
These observations support the concept that the c-erb-B locus encodes
the human EGF receptor or is very closely linked to the EGF receptor
gene.
The Role of EGF and the EGF Receptor in Mitogenic Action
Many hormones are known to implement their biological effects in
effector cells through transmembrane signals which produce intracellular second messengers such as cAMP and cGMP (Fain 1978).

In

such cases, internalization of the hormone or rec.eptor may not be
required for hormonal action.

There is no evidence thus far that EGF

changes cyclic nucleotide levels in target cells.

The role of inter-

nalization of either EGF or the EGF receptor in the mode of action of
the hormone is also as yet unclear.
sy in this respect.

There is in fact some controver-

For example, several reports by Schechter and

Schreiber indicate that cyanogen bromide-cleaved EGF, which maintains
receptor binding ability and. induces early cell responses, does not
induce DNA synthesis.

They provided evidence that the modified EGF-

bound receptor does not aggregate on the cell surface, but when
aggregation is induced by anti-EGF antibodies, the mitogenicity is
restored (Schechter et ale 1979, Yarden et ale 1982, Schreiber et ale
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have been reported to have tyrosine specific protein kinase activity
with autophosphorylation properties (Levison et ale 1980, Hunter and
Sefton 1980).
Attempts have been made to find some correlation between the
tyrosine kinase activity of the EGF receptor and that of the transforming virus gene products.

In EGF-treated A431 cells, besides the

receptor, two major proteins of 81,000 Mr and 36,000 Mr are phosphorylated on tyrosine residues.

In RSV-transformed A431 cells a 36,000

Mr protein was found to be constitutively highly phosphorylated.
Tryptic peptide analysis of this phosphoprotein showed the same
phosphopeptides as those found in the 36,000 protein from EGF-treated
A431 cells, suggesting that RSV and EGF may both induce phosphorylation of the same 36,000 protein, probably at the same position
(Hunter and Cooper 1981).

The most recent studies by Waterfield and

his colleagues show some similarity between the EGF receptor and
v-erb-B oncogene protein sequences, suggesting that the avian erythroblastosis virus may have acquired the cellular" gene sequences
encoding for the transmembrane domain of the EGF receptor (Downward
et ale 1984).

Based on the observations that the kinase activity and

the substrate for autophosphorylation activity reside in the intracellular domain of the EGF receptor, these authors have speculated
that this domain, although lacking the EGF binding site, is involved
in the stimulation of cell proliferation.
We have previously reported that the structural gene for the EGF
receptor is located on the human chromosome 7 (Shimizu et ale

17

1981a).

contrary to these results, Pastan and others have shown that

inhibitors of the enzyme transglutaminase enhance the mitogenic
activity of EGF by preventing the aggregation and internalization of
the EGF-receptor complex (Maxfield et ale 1979, Davies et ale 1980a).
Furthermore, Schreiber and his coworkers (1981b) reported that a
monoclonal antibody of the IgM class binds to EGF receptors and
promotes DNA synthesis.

They also demonstrated that monovalent Fab

fragment of their IgM antibody, when bound to EGF receptors, induces
DNA synthesis if aggregation on the cell surface is stimulated by the
use of a second antibody (rabbit anti mouse IgM).

This observation

support their previous finding that the aggregation of the ligandreceptor complex is crucial for stimulation of DNA synthesis.

In

contrast, the conventional rabbit IgG antibody which was also directed against EGF receptors did not generate any biological effects of
EGF (Haigler and Carpenter 1980).

A monoclonal antibody of IgG class

prepared by Waterfield and his coworkers (1982), as well as the
monoclonal antibody we present in this thesis (Behzadian and Shimizu
1983), does not induce DNA synthesis.

Another preparation by Kawamo-

to inhibits cell growth (Kawamoto et ale 1983).

It is probable that

aggregation is the limiting step for internalization, but what the
significance of internalization might be presumably depends on the
intracellular pathway through which the complex is processed •
The mitogenic action of EGF is routinely estimated by the rate
of [methyl-3H]thymidine incorporaion into the DNA.

To obtain a
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mitogenic response, the presence of EGF in the medium is continuously
required for several hours (Carpenter and Cohen 1976b, Schechter et
al. 1978, ~avion et al. 1980).

Maximum incorporation of 3H-thymidine

is usually observed 18-24 h after initiating the incubation of the
cells with hormone (1-10 ng/ml) (Hollenberg and Cuatrecasas 1973).
Experiments by Schechter et al. (1978, 1979) demonstrate that binding
of a small portion of the receptors, presumably with high affinity,
is sufficient for stimulation of DNA synthesis by EGF.

Data provided

in this thesis also show that when 80% of the receptors are blocked
by monoclonal antibodies, the remaining, apparently high affinity
receptors are sufficient for full cellular response to the mitogen.
Looking at these and other examples, one may think that the role
of the ligand is in fact terminated upon binding to the receptor.
Thereafter, either a transmembrane signal such as the production of a
second messenger(s) or other events related to the internalization
and degradation of the receptor influence the growth regulatory
machinery of the cell to produce the mitogenic response.

When EGF is

covalently crosslinked to its receptor, followed by incubation at
37·, a loss of cell surface binding activity is observed in a timedependent manner.

This loss is parallel to the internalization of

the EGF-receptor complex and its lysosomal degradation to 62,000,
47,000 and 37,000 Mr proteins (Das and Fox 1978).

This simply shows

that receptors are internalized together with ligand and degraded
presumably through the same pathway.

Furthermore, based on the

19

finding that the EGF concentration required to produce half-maximal
stimulation of DNA synthesis is the same as that required for halfmaximal receptor down regulation, Fox and Das (1979) have postulated
that the internalization and degradation of receptor molecules, but
not of EGF, has the major role in mitogenicity.

There is no

evidence, however, that crosslinking does not change the intracellular fate of the receptor.

Although the lysosomal degradation of EGF

and the EGF receptor has frequently been confirmed, its role in the
production of a putative second messenger involved in mitogenicity
has been questioned.

Clear evidence shows that intracellular degra-

dation of EGF in lysosomes does not correlate with its degree of DNA
synthesis stimulation in cells (Savion et ale 1980, Miskimins and
Shimizu 1984).

Lysosomal degradation may be a phenomenon to remove a

large portion of receptor from the surface thereby desensitizing the
cells to the mitogen and providing a natural growth controlling
mechanism (Adamson and Rees 1981).

In addition, a second intracellu-

lar pathway for EGF has recently been described which clearly correlates with increased DNA synthesis in mouse Swiss/3T3 and human
fibroblast cells (Miskimins and Shimizu 1984).

If the existence of

such a pathway for the receptor molecule is confirmed, it will support the hypothesis that the receptor is involved in the process of
mitogenicity.
The number of EGF receptors per cell usually ranges between 0.52 x 10 5 , but in some cell lines, such as A431 human epidermoid
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carcinoma, it is as high as 2-3 x 10 6 (Haigler et al. 1978, Fabricant
et al. 1977).

The total number of receptors present in a given cell

is not related to its mitogenic responsiveness.

For example, END

cells derived from an embryonal carcinoma cell line, OC15, carrying
only_30,OOO receptor site per cell, show a good proliferative
response to nanogram quantities of EGF (Rees et al. 1979, Adamson and
Rees 1981), whereas the proliferation of A431 cells, with 20 times
more receptors than human fibroblasts, is suppressed by EGF.
Similarly, a pancreatic carcinoma cell line, UCVA-1, possessing a
very high EGF binding capacity has no response to EGF (Gamou et al.
1984).

The inhibitory effect of EGF has also been observed in some

cell lines which have a normal number of EGF binding sites, such as
rat pituitary tumor GH4C1 cells (Schonbrunn et al. 1980), and some
types of human breast cancer cells (Imai et al. 1981).
Heterogeneity of EGF Receptors
The binding of EGF to its receptor is a complex interaction as
shown by curvilinear Scatchard plots with upward concavity.

Such

results can be interpreted as a negative cooperativity phenomenon or
as an indication of the existence of multiple binding sites with
varying affinities for the ligand.

There is no evidence for negative

cooperativity in EGF binding since unlabeled EGF does not stimulate
the dissociation of prebound 125I _EGF (Carpenter et al. 1975).
Therefore, the curvilinear Scatchard plot must be due to the presence
of high and low affinity receptors.

The heterogeneity of EGF
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receptors has thus far been demonstrated in several types of cell
lines, such as Hela cells (Shoyab et ale 1979), Rat1 cells (Matrisian
and Magun 1979), Mink lung cells (Todaro et ale 1976), UCVA-1 cells
(Gamou et ale 1984), A431 cells (Gill and Krupp et ale 1982) and
human KB cells (King and Cuatrecasas 1982).

In some cell lines, such

as mouse 3T3 and human fibroblast, it seems that the EGF is binding
to a homogeneous class of receptors, but indirect evidence indicates
that in human fibroblasts a small population of high affinity receptors exists which is involved in the mitogenic response (Schechter et
ale 1978, 1979, Baker et ale 1978, Baker and Cunningham 1978).

It is

possible that for many cells, the presence of a small number of high
affinity sites has gone unidentified as a result of performing the
assay in the presence of a high concentration of labeled EGF (Adamson
and Rees 1981).

The exact biological role of high and low affinity

receptors is unknown and also it is not clear whether these properties are an intrinsic or a transitional feature of EGF receptors.
King and Cuatrecasas (1982) have reported that upon exposure to EGF a
small population of high affinity binding sites appears in a time,
temperature and de

~

protein synthesis-dependent manner.

Also

Kawamoto and his coworkers have recently reported that a small population of high affinity receptors in A431 cells are involved in the
mitogenic response to EGF when EGF is added at concentrations below
0.1 nM.

At concentrations above 3 nM, however, EGF has growth inhi-

bitory effects on A431 cells (Kawamoto et ale 1983).
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In addition to the heterogeneity in binding affinity, some other
diversities for EGF receptors have been reported.

There are recep-

tors which aggregate over coated pits and receptors which cluster
over uncoated regions of the plasma membrane upon EGF binding
(Maxfield et a1. 1978, Schechter et a1.1979, Schlessinger et a1.
1978).

Also, it is possible that a subclass of EGF receptors either

are or subsequently become attached to a cytoske1eta1 system when
they bind EGF and thereafter become excluded from, or delayed for,
intracellular degradation.

In this regard, Fox and his colleagues

have demonstrated that after Triton X-100 solub1ization of the membrane, some EGF binding sites remain precipitable and are in fact
associated with cytoske1eta1 elements.

The heterogeneity of recep-

tors for some other peptide growth factors such as NGF and insulin
has also been described.

The kinetic heterogeneity of NGF receptors

has been studied in chick embryq sensory ganglia cells (Sutter et a1.
1979) and pc12 cells (Schechter and Bothwell 1981).

The last group

was able to find a relationship between the cytoske1eta1 association
(Triton X-100 insoluble) of a subclass of NGF receptors, "slow recep
tors", and their distinct high affinity binding.

In the case of

insulin-receptor system, it is interesting that the ligand

can also

bind (with low affinity) to the IGF-I receptors. The possibility of
the existence of a similar phenomenon for the EGF-reseptor system
will be discussed in the last chapter.
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Finally, it would be interesting to find a genetic basis for the
kinetic heterogeneity of receptors and for other types of receptor
diversities as well.

For example, there might exist distinct genes

for EGF receptor, each being regulated by separate mechanisms, which
code for the various types of receptors.

In contrast, all receptor

types might be encoded for by a single gene but the gene product may
be differentially modified post transcriptionally.

This may in turn

influence the insertion of the receptors into the membrane, their
avaialbility on the cell surface, their affinity for binding to the
ligand and also their intracellular route during internalization.
Thus, any evidence for the presence of multiple structural genes or
regulatory mechanisms would be of importance for a better understanding of cellular growth control.
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The above introduction provides an overview of some of the most
prominent work performed on the system of EGF and the EGF receptor,
their interaction, physiological fates, and biological activities.
It is evident that not much is known about the mechanism of this
rather complicated system.

Epidermal growth factor is bound to

specific receptors, the modified receptors aggregate and are internalized along with hormone and degraded presumably in the lysosomes.
As a result, (1) membrane transport is increased, (2) some cellular
proteins as well as the receptor itself are phosphorylated, (3) the
number of avaiable receptors decreases (receptors are down regulated), (4) certain enzyme activities are stimulated, (5) RNA synthesis, protein synthesis, and DNA synthesis are increased, and (6) cell
proliferation is stimulated.
cause from effect.

In most cases we can not distinguish

Many of these diverse biological effects may be

connected together as sequential events leading to cell proliferation
and some may be independent from the process of mitogenicity and
serve as regulatory mechanisms.

For example, activation of the

membrane transport system may result in an increase in the nutritional uptake and facilitate protein synthesis.

This,in turn, by the

production of enzymes and catalysts requried for DNA synthesis and
cell growth, may ultimately lead to cell proliferation.

On the other

hand, mecahnisms such as down regulation of receptors which require
shorter incubation times seem to be independent from the mitogenic
process.

While some of the elements involved in the process of
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mitogenic response may potentially be present within the cell in an
inactive form and become activated by reactions such as phosphorylation and dephosphorylation, some other elements may need to be synthesized during the incubation period.
The general approach taken in this thesis emphasises the dissection of the sequential events of a process which starts with EGFreceptor binding, followed by intracellular processing, and leads to
cell proliferation.

One might attempt to monitor the process by

fractionating the putative elements involved and reconstituting back
one by one in vitro.

This kind of procedure may at first seem to be

fruitful, but in most cases the results obtained from in vitro systems are not applicable to what is actually going on in a live
cellular environment.

The application of ligand antagonists and

agonists, as well as inhibitory drugs, may provide useful information
about the short term events occuring in the system.

However, since

they may have a wide range of influence on several vital activities
of the cell, they do not seem to be feasible for such prolonged
experiments as monitoring the mitogenic response.

A more promising

approach would be the selection of EGF nonresponsive or partially
responsive mutant cells.

First, each mutant by itself may provide

some information about the genetic basis and mechanism of the pellular response to the mitogen.

A second and more exciting experiment

would be to perform complementary hybridization among the mutants.
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When human cells are hybridized with other mammalian cells, the
human chromosomes in the hybrid cells tend to randomly segregate out.
As a result, each hybrid clone expresses only those genes corresponding to the retained chromosome.

A set of such hybrid clones (like a

set of living test tubes) would provide a powerful system to determine to what extent a particular gene product is involved in the
process of mitogenicity or other cellular responses to the hormone.
In this regard, we have demostrated here how hybrid cells which
are made between EGF nonresponsive mouse cells and EGF responsive
human cells can be useful for verification of the EGF processing
mechanism and its degree of involvement in mitogenicity.

Taking this

approach we have reported that the structural gene for the EGF receptor is located on human chromosome 7 (Shimizu et ale 1980,
Behzadian et ale 1982, Kondo and Shimizu 1983), and that a certain
translocational rearrangement of chromosome 7 correlates with the
overproduction of EGF receptors in human carcinoma A431 cells
(Shimizu et ale 1984).

By application of hybridoma technology we

have been able to reveal the heterogeneity of the receptors and their
participation in mitogenic action and cell growth suppression.
Finally, by preparing a cytotoxic chimeric monoclonal antibody we
have extended the specificity of mutant selection to the level of the
specificity of antibody-antigen recognition.

One mutant isolated by

this method has been characterized in some detail.

CHAPTER II
PROCEDURES
Cell Cultures
All cells, unless otherwise mentioned, were grown in Dulbecco's
modified Eagle's (DME) medium supplemented with 10% fetal calf serum
(GIBCO), penicillin'(100 U/ml), and streptomycin (100 ug/ml) in
plastic culture dishes (Falcon) under a humidified atmosphere cons is
ting of 5% CO 2 and 95% air at 37·C. Selecting medium (HAT medium)
was prepared by adding hypoxanthine (13.6 ug/ml), aminopterin (0.191
ug/ml) and thymidine (3.86 ug/ml) to the DME medium.

Hybridoma

medium (HY medium) consisted of 70% DME, 10% NCTC-109 (M.A. Bioproducts), 0.15 gil oxaloacetic, 0.5 g/ml pyruvate and 20 U/l bovine
insulin (Sigma).
Cell Lines
The C2B5

hybrid cell line is a clone of the AUG-series human-

mouse cell hybrids, which were produced by fusing mouse L-cellderived A9 cells with human diploid GM 1696 fibroblasts, which carry
an X/7 chromosome translocation (Shimizu et ale 1980, Sauer et ale
1977).

The hybrid cell lines, B5B2, C3B4 and D5B1 are also clones of

the AUG-series hybrids. These hybrids were always maintained in HAT
medium.

C2B5AG cells are a subpopulation of C2B5 that survived 8-

azaguanine back-selection.

Mouse fibroblasts, BALBc/3T3 and
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Swiss/3T3, were from the American Type Culture Collection.

Human

fibroblasts (HFK) were established in our laboratory and human epithelioid carcinoma cells, A431, were obtained from Dr. S. Cohen.

The

mouse myeloma line, P3NP, which is a non-producer and deficient in
hypoxanthine phosphoribosyltransferase was obtained from Dr. M.
Scharff.

Hybridoma line (B4G7) is one of a group of clones which

secrete monoclonal antibodies against the EGF receptor and were
produced in our laboratory.

The CI-B7 cell line is a variant of A431

cells selected for by a cytotoxic hybrid protein prepared by conjugating the A subunit of ricin toxin with our monoclonal antibody.
Iodination of Proteins
EGF was iodinated by chloramine T method.

A 100)Ul reaction

mixture consisted of 5.5flg EGF (receptor grade from Collaborative
Research), 0.5 mg/ml chloramine T, and 1 mCi sodium iodide (1 25I ,13_
17

mCi/~g,

Amersham) in 0.25 M potassium phosphate, pH 7.5.

The

reaction was carried out at room temperature for 50 seconds and was
terminated by the addition of sodium metabisufite to 1 mg/ml.

An

equal volume of 30 mg/ml potassium iodide (KI) was then added and the
mixture was immediately applied to a Sephadex G-10 column (10 ml
plastic pipet) equilibrated with 10 mM potassium phosphate buffer at
pH 7.5 containing 0.15 M NaCl.

In another procedure, Iodo-beads

(Pierce) were used as the oxidizing agent instead of chloramine T.
The reaction was carried out for 10 min on ice and was stopped by
removing the bead and the addition of an equal volume of 1 mg/ml
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tyrosine.

A column of Biogel P-4 equilibrated with EBSS-BSA (see EGF

binding assay) was used to remove low molecular weight material.
Protein A (Sigma) was also iodinated by the chloramine T method.

The

reaction was the same as described for EGF except that 10flg of
protein A was used with 0.5 mCi of 125 I _Na and the mixture was
incubated for ,0 seconds at room temperature.

Sodium metabisulfite

and KI were used to stop the reaction and purification was on a
Biogel P-10 column equilibrated with 10 mM potassium phosphate and
0.15 M NaCl pH 7.5.

For iodination of monoclonal antibody, Iodo-

beads were used as for EGF and a column of Sephadex G-150 was used
for purification.

Iodinated antibody stored at -20· in the presence

of EBSS was not stable for more than a week as judged by acrylamide
gel electrophoresis.
125 I _EGF Binding Assay
A standard binding assay was carried out as follows:

Confluent

cell cultures were placed on ice and washed twice with ice-cold EBSS
buffer.

The EBSS buffer was composed of Earle's balanced salt solu-

tion (5.4 mM KC1, 116 mM NaCl, 1 mM NaH 2PO 4' 1.4 mM CaC1 2 , 0.8 mM
and 5.5 mM glucose) with 5 mM HEPES buffer (pH 7.4) and 0.1 %
4
bovine serum albumin (Sigma, RIA grade). The washed cells were then
MgS0

covered with EBSS buffer containing different concentrations of
125 I _EGF (130-150"uCi/,i\lg) for different times and temperatures.
After incubation the monolayers were washed three or four times with
ice-cold EBSS buffer and solubilized in 0.5 N NaOH; the radioactivity
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the lysate was then measured in a Beckman 4000 gamma counter.

The

nonspecific binding was determined by the addition of excess (usually
200 fold) unlabeled EGF to the equivalent dishes 10 min prior to the
additon of 1251_EGF.

The non-specific binding was subtracted from

the total binding to estimate specific binding.

Where the inhibition

of 1251_EGF binding by antisera or by the monoclonal antibody was to
be assayed, washed cells were covered with appropriately diluted
antiserum, hybridoma medium, or purified monoclonal antibody and
incubated for 30-90 min at 22· before the addition of 125 1 _EGF •
Serum from unimmunized mice, normal mouse 19G, and parental P3NP
hybridoma cell culture spent medium were used for negative controls.

125~rotein A Binding Assay
This was performed under the same conditions as those for 125 1 _
EGF binding except that 1251-protein A (8-9~Ci/~g) was added to the
antibody-treated cells and excess unlabeled protein A was used for
estimation of nonspecific binding.
Assay for EGF Binding to Membrane Fractions
For a standard binding assay, 10pg of membrane protein was used
in 200fol of EBSS-BSA containing different concentrations of
1251 _EGF•

The reaction was carried out at room temperature for

20 min and then

180~1

of reaction mixture was rapidly filtered on

glass fiber filters (Whatman GF/C).
each with 1 ml of cold EBSS-BSA.

Filters were washed six times

Radioactivity was measured in a
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Beckman 4000 gamma counter and nonspecific binding was determined in
the presence of excess unlabeled EGF.
Gel Filtration of Cell Bound 125 I _EGF
125I _EGF binding was carried out by the standard method described above at either 23' or 37'.
EGF, cells

~ere

After washing off the unbound

treated in two different ways: (1) they were immedi-

ately solubilized in 0.5 ml of a solution consisting of 4 M urea, 1 M
acetic acid, 0.1 % Triton X-1OO and 0.1 % ethylmaleimide, or (2) they
were treated with 1 ml of 0.2 M acetic acid containing 0.5 M NaCl
(pH 2.5) for 6 min at 4' and rinsed with 0.5 ml of the same solution
to remove cell-surface bound EGF (Haigler et ale 1980); then they
were solubilized as in (1).

The cell lysate was clarified by centri-

fugation at 30,000 X g for 30 min.

Small aliquots of the acid wash

and the lysates were counted to determine the amount of radioactivity.

The remaining portions of the samples were separately loaded

on to a column of Sephadex G-75 (0.9 x 28 cm) equilibrated with the
urea-acetic acid-Triton-X 100 solution described in (1).
of 0.5 ml were collected and counted.
rial from the column was 95-100%.

Fractions

Recovery of radioactive mate-

The void volume and the elution

position for native EGF were determined with Blue Dextran 2,000
(Pharmacia) and with 125I_EGF, respectively.
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Immunological Procedures
The A431 cells grown as

monolayers were washed twice with warm

Dulbecco's phosphate-buffered saline (PBS: 8g/1 NaCI, 0.2g/1 KCI,
0.2g/1 KH 2 P0 and 1.144 gil Na2HP0 4) containing 0.5 mM EDTA and were
4
incubated with the same buffer for 15 min at 37·C.

Cells were

detached by tapping the dishes, collected by centrifugation at 800 xg
for 5 min and washed two more times with PBS.

BALB/c mice, 5-6 weeks

of age, were injected weekly with 1 x 107 washed A431 cells for 7-9
weeks.

The first injection was split between the foot pads and the

intraperitoneal route, and subsequent injections were exclusively
intraperitoneal.

Afterwards, they received three booster injections

every three days.
venously.

In some cases the last booster was given intra-

Serum samples were usually diluted 10-200 times with EBSS

buffer and were assayed for blocking of 125I _EGF binding to A431
cells as described above.

The adsorbtion of serum was performed by

incubating with an excess number of BALBc/3T3 cells for 60 min at 4·
and used for the 125I_EGF binding assay (see results in chapter III).
Fusion of Spleen and Myeloma Cells and Selection of Hybridomas
Three to four days after the booster injections, the animal with
the best serum titer was sacrificed and the spleen was sterilely
removed (the animal's blood was also collected and the serum was
stored at-70·).

The spleen was placed in a petri dish with 10 ml of

serum-free medium (DMEM), perfused by injecting medium in several
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points through a 21- gauge needle, and finally was teased with a
scalpel.

The medium containing spleen cells was left for 5 min in a

50 ml conical tube to allow large debris to settle, and the supernatant was transferred to another tube.

Cells were washed once more in

serum-free medium and a small aliquot of the suspension was taken.
Nucleated spleen cells were counted and viability was determined in
0.1% trypan blue.
Cell fusion was conducted by a modification of the method of Oi
and Herzenberg (1980) as follows:

Spleen cells and myeloma cells

which have been washed twice with DMEM were mixed at a ratio of 5:1
and were copelletted in a 50 ml polypropylene conical centrifuge tube
(Corning).

The pellet was loosened by gentle tapping and 0.6 ml of a

freshly prepared polyethylene glycol (PEG) solution, consisting of
45% PEG (Baker PEG-1450) and 5% dimethylsulfoxide (DMSO) in DMEM, was
added dropwise over a period of one minute at room temperature.

Six

ml of DMEM was added slowly during the next 6-7 min, followed by
addition of 10 ml DMEM containing 20% FCS.

Cells were pelletted by

centrifugation at 700 rpm for 7 min, suspended in HY medium containing HAT (hypoxanthine, aminopterin, and thymidine) to a cell density
of 7-8 x 10 5 P3NP cells/.ml and distributed in 96-well microtiter
plates, 1 drop

(80~1)

per well.

The next day one drop of HAT-HY

medium, containing 1-2 x 10 5 mouse peritoneal cells per ml, was added
to each well.

On day 7, half of the medium was replaced with fresh

HY medium containing only HT.

On days 12-15,

80~1

of medium were
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taken from 170 growing colonies for protein A binding assays.

The

cultures were fed with fresh HY medium and protein A binding assays
were repeated three days later.

At this time, 36 IgG-producing

colonies were transferred to 24-well culture plates.

Media from the

latter cultures were assayed for inhibition of EGF binding.

Two of

these lines which exibited inhibitory activity were subcloned by the
limiting dilution method and expanded.

At appropriate stages,

cultures were frozen in liquid nitrogen.
Preparation of Mouse Peritoneal Cells
Adult BALB/c mice were killed and the abdominal skin was removed
under a sterile hood.

Three to four ml of warm sucrose solution

(11.6%) was injected peritoneally with an 18-gauge 4 cm needle.
After gentle massage of the abdomen, the fluid was withdrawn with the
tip of the needle resting over the right lobe of the liver (Groth and
Scheidegger 1980).

Cells were collected and washed with HY medium.

They were incubated in HY medium overnight and the next day the
unattached cells (macrophages) in their spent medium were used as
feeder cells.
Producing Ascites Tumor
Mice were primed by intraperitoneal injection of 0.5-1 ml.of
pristane (2,6,10,14-tetramethyl-pentadecane).

Three to four days

later 1-2 x 107 hybridoma cells,washed and resuspended in 1 ml of
serum-free medium, were injected.

When syngenic BALB/c mice were

35
used, no ascites tumors were produced.

Instead, 4-6 weeks after

injection, approximately one out of four animals, produced only solid
tumors.

When cells from the solid tumors were reinjected into other

mice, the animals which produced ascites tumors died before sufficient amounts of fluid could be collected.

Intraperitoneal tumors

have been successfully grown in (BALB/c x DBA/2) F1 mice in other
laboratories (Kehry et ale 1979, Anderson and Grimes 1982),
probably because DBA mice are relatively strong in bearing ascites
tumors.

Male DBA/2 mice were bred with female BALB/c mice and the F1

progenies were used to produce ascites tumors.

Fluid was drained by

18-gauge 4 cm needles from slightly etherized animals 3-4 times a
The animals were then terminated with chloroform.

week.

Purification of IgG
One of the hybridoma subclones, designated B4G7, was grown in a
large volume of HY medium containing 18% FCS to a density of 1 x 10 6
cells per ml.

Cells were collected, washed with serum-free DMEM,

suspended in serum-free HY medium at a density of 5 x 10 6 cells per
ml,and kept in a CO 2 incubator for 30 h.
viable and secreted IgG.

About 80% of the cells were

Immunoglobulin G was purified from this

spent serum-free culture by the conventional method using ammonium
sulfate precipitation and DEAE-cellulose column chromatography (Fahey
and Terry 1978).

Briefly, ammonium sulfate crystals were gradually

dissolved in ice-cold cell-free spent medium to a final concentration
of 50%.

The mixture was left in an ice bath for 2 hr and was then
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centrifuged at 15,000 x g for 30 min.

The pellet was dissolved in a

solution of 20 mM Tris-HC1, 40 mM NaCl, pH 7.3, and dialyzed extensively against Tris-buffer containing 20 mM NaCl.

The dialysate was

then mixed with an equal volume of Tris-buffer to reduce the salt
concentraion to 10 mM and was loaded onto a DE-52 column equilibrated
with Tris-buffer containing 20 mM NaCl.

The column was washed

extensively (10 bed volumes) with the same buffer and protein was
eluted with a 20-400 mM NaCl gradient in 20 mM Tris-HC1, pH 7.8.
Optical density of the fractions was measured at 280 nm.
fractions were combined and stored at-70·.

The peak

Aliquots were analyzed by

Ouchterlony double immunodiffusion and acrylamide gel electrophoresis.

Immunoglobulin G was purified from the ascites fluid by the

same method.

Ascites fluid stored at-70· was thawed and centrifuged

at 50,000 x g for 30 min.

The supernatant was diluted four-fold with

cold PBS and ammonium sulfate precipitation was performed as described above.
Iodination of Cell Surface Proteins
Cell surface proteins were iodinated by a modification of the
method of Marchalonis et ale (1971).

Cells grown in 10 cm diameter

plastic dishes were washed three times with phosphate-buffered saline
(PBS), pH 7.4, and covered with 5 ml of a PBS solution containing 5 x
10-7 M NaI, 0.5 mCi 125I _Na and 0.1 mg lactoperoxidase (Sigma).

The

reaction was carried out at room temperature for 15 min, during which
5,.,ul of 1 mM hydrogen peroxide was added every minute.

At the end of
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the incubation, the culture dishes were placed on ice and rinsed with
5 ml of ice-cold phosphate-buffered saline containing 1 mM phenylmethylsulfonyl fluoride (PBS-PMSF).

The cells were then covered with

1 ml of lysis buffer (0.5% Triton X-100 and 0.5% egg albumin in PBSPMSF) and kept on ice for 30 min.

The cell lysate was collected in a

1.5 ml Eppendorf centrifuge tube and centrifuged at 12,000 x g for 30
min.

The supernatant

~as

used immediately for immunoprecipitation.

In Vivo Labeling of Cellular Phosphoprotein
Exponentially growing cells were labeled by the method of Hunter
and Cooper (1981), using 0.5 mCi/ml 32P-orthophosphate (ICN) in
phosphate-free DME medium supplemented with 2% FCS and 8% FCS that
had been dialyzed against Tris-buffered saline.

At the end of 16 hr

incubation in a tissue culture incubator, EGF was added to duplicate
cultures to a concentration of 40 ng/ml, and incubation was continued
for two more hours.

Monolayers were then washed three times with

PBS-PMSF and were solubilized as described above.
Preparation of Cell Membrane
Membrane fractions were prepared by the procedure of Thom et ale
(1977).

Briefly, cells grown in 530 cm 2 tissue culture plates to 90-

95% confluency were placed on ice and rinsed with a buffered borate
saline solution consisting of 0.05 M boric acid, 0.15 M NaCl, 1 mM
MgC1 2 and 1 mM CaC1 2 , pH 7.4.

Cells were then scraped off the dishes

with a Teflon-coated razor blade in the same buffer, pelletted, and
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resuspended in a small volume of buffer.

Alternatively, in order to

avoid the action of calcium-dependent neutral protease, which cleaves
the intact receptor (170,000) to lower molecular weights of 145155,000 (Gates and King 1982, 1983), monolayers were rinsed twice
with warm PBS-EDTA and incubated in a small volume of the same buffer
at 37'

for 15 min.

Cells were detached by gently tapping the

plates, collected and pelletted at 4'.

Then they were resuspended in

a small volume of calcium-free borate saline buffer as above.

The

cell suspension was then added dropwise to a large volume (30 volumes
of cell suspension) of ice-cold hypotonic borate solution made of
0.02 M boric acid and 0.2 mM EDTA, pH 10.2.
gently on ice for 15 min.

The mixture was stirred

Then a 0.5 M borate solution, pH 10.2, was

added (3 volumes of the original cell suspension) and the lysate was
centrifuged at 1200 rpm for 10 min (in a table top centrifuge) to
precipitate unbroken nuclei.

The supernatant containing membrane

vesicles was centrifuged at 20,000 x g for 60 min at 2' and the
pellet was suspended in phosphate-buffered saline.

The mixture was

layered over a solution of 35%(w/v) sucrose in PBS in polyallomer
centrifuge tubes, and centrifuged at 40,000 x g in a swinging bucket
rotor (SW41 Ti, Beckman) for 45 min at 2'.

The material which preCi-

pitated at the buffer-sucrose interphase was collected, resuspended
in Hepes buffer, pH 7.4, and recentrifuged at 75,000 x g for 30 min
at 2'.

The final pellet, consisting of membrane vesicles, was sus-

pended in 10 mM Hepes ph 7.4.

Aliquots were frozen in liquid
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ni trogen and stored at -70·C until use.
Solubilized membrane was prepared according to the method of
Cohen et a1. (1980).

A1iquots of the membrane preparation were

suspended in 20 mM Hepes buffer, pH 7.4, containing 1% Triton X-100
and 10% glycerol.

The suspensions were incubated at room temperature

for 20 min, and centrifuged at 100,000 x g for 60 min at 4'.

The

supernate was collected and used immediately for different assays •
In Vitro Phosphorylation of Membrane Proteins
Phosphorylation of the membrane protein was performed by the
method of Carpenter et a1. (1979).

A standard reaction mixture (500

.,u1) consisted of 20 mM Hepes buffer, pH 7.4, 1mM MnC1 2 , 600 ng/m1
EGF, 0.01% BSA, 40,uM ['Y_32pJ, ATP and 125..ug of membrane protein.
Membrane was preincubated with EGF for 10 min at 0·, and the phosphory1ation reaction was initiated by the addition of labeled ATP.
At each time point, 25 All a1iquots (6.25.A1g of membrane protein) were
taken, and placed on a piece of filter paper (Whatman No.3), which
was immediately dropped in ice-cold 10% tric1oroacetic acid (TCA)
containing 0.01 M sodium pyrophosphate.

For Triton X-100-so1ubi1ized

membranes, the same procedure was used except that preincubation with
EGF was carried out at room temperature, then reaction tubes were
placed on ice before the addition of ATP.

Equal a1iquots were added

to s3mple buffers, placed in boiling water for 10 min, and were used
for gel electrophoresis.

For immunoprecipitation of phosphorylated

receptors, reaction was terminated by the addition of EGTA to the
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concentration of 5mM.

Membrane fraction was then pelletted in a

microfuge tube and was solubilized in lysing buffer at 4".

Precipi-

tation was then performed as will be described later in this chapter.
The filter papers were washed extensively with TCA/pyrophosphate at
room temperature and then with a cold mixture of ethanol/ether (1/1
V.) for 5 min.

Radioactive phosphate incorporated into TCA insoluble

material was measured in a scintillation counter.
Labeling of Receptor ~ 125 I _EGF
This labeling procedure was based on the finding that cell
surface receptors tend to become crosslinked with an oxidized form of
iodinated ligand which is appa"rently generated during the course of
iodination (Linsely et al. 1979, Comes et al. 1982).

Cells were

incubated with 40 ng/ml of 125 I _EGF in a CO 2 incubator for 50 min.
They were then washed with PBS-PMSF and lysed as described above.
Immunoprecipitation procedures
Protein A-conjugated Sepharose 4B (SPA, Pharmacia) was swollen
in 0.1 M potassium phosphate buffer (pH 8.0) for 1 hr at room temperature and mixed with the B4G7 IgG solution or concentrarted spent
hybridoma culture medium.

The mixture was gently shaken at 4· over-

night or at room temperature for 1 hr.

The SPA, now loaded with IgG

monoclonal antibody, (SPA-Ab) was collected by centrifugation and
washed three times with potassium-phosphate buffer.
4· and used for immunoprecipitation within 4 days.

It was stored at
Control beads

41
loaded with normal mouse IgG were used to absorb nonspecific binding
proteins in cell lysates.

Various radioactively labeled cell lysates

were mixed with SPA-Ab and gently shaken at 4· overnight.

The beads

were washed twice with PBS-PMSF containing 0.25% Triton X-100 and
once with the same buffer containing 0.5 M NaCI.

They were then

mixed with an equal volume of 2X-sample buffer consisted of 2% SDS,
10% glycerol, 50 mM dithiothreitol and 0.001% Bromophenol Blue (BPB)
in 0.625 M Tris-HCI buffer, pH 6.8 (Leammli 1970), and placed in a
boiling water bath for 5-10 min, centrifuged, and the supernatant was
used for gel electrophoresis.
Assay for DNA Synthesis
Cells were grown to confluency in 3 cm diameter dishes.

Epider-

mal growth factor or antibody was added into one-day conditioned
cultures at the desired concentrations and the cultures were incubated for an additional

20 hr.

In the cases where the effects of

antibody on EGF stimulation of DNA synthesis was studied, antibody
was added 1 hour prior to the addition of EGF.

After 20 hr incuba-

tion with EGF, 3H-thymidine (77 Ci/mmol, ICN) was added at 1 ~Ci/ml
and incubation was continued for another 3 hr.

Medium was removed

and the monolayers were then rinsed twice with cold EBSS-BSA, covered
with 5% cold trichloroacetic acid, and left at 4· overnight.

The

next day, dishes were rinsed three more times with 5% cold TCA.

The

TCA insoluble material was removed from each dish by incubation with
0.5 ml of 1N NaOH at 37' for at least 5 hr.

Samples were transferred
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into vials, acidified with 6N HCl and mixed with seven volume of
Riafluor (NEN).

Radioactivity was counted in a Packard liquid scin-

tillation spectrometer.
Preparation of Ricin Toxin Fragment

! (RicA)

Ricinus communis beans were purchased from Carolina Biological
Co., Burlington, North Carolina.

One hundred grams of decorticated

beans were stirred overnight in 500 ml of 5% acetic acid at 4·,
homogenized in a Waring blender, and centrifuged at 12000 x g for 20
min. The oil was removed from the top and the supernatant, was cooled
to 4·, and ammonium sulfate crystals were added while stirring until
80% saturation was obtained.

Precipitated protein was collected by

centrifugation as above, redissolved in distilled water, and dialyzed
against several changes of distilled water overnight.

The resulting

solution was passed through a DEAE-Sephacel column (3 x 35 cm) equilibrated with 5 mM sodium acetate pH 5.8.

The eluated protein was

concentrated on an Amicon YM10 membrane and was applied to a Sephadex
G-100 column (3 x 52 cm) equilibrated with 10 mM potassium phosphate
buffer, pH 7.5.

The middle peak fractions (ricin) were combined and

applied to a Sepharose 4B column (2 x 22 cm) equilibrated with 0.1 M
Tris-HCl, pH 7.6, containing 0.1 M NaCl.
against 0.1 M Tris-HCl, pH 8.5.

Eluted protein was dialyzed

Galactose was added to a concentra-

tion of 0.5 M and then p-mercaptoethanol was added to a concentration
of 5%.

This solution was left at room temperature overnight and the

pH was readjusted to 8.5 with 0.1 M Tris-HCl and the sample was
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applied to a DEAE-cellulose column (DE52, 3 x 35 cm) equilibrated
with 0.1 M Tris-HC1, pH 8.5.

Unbound protein (RicA) was collected

and dialyzed against 5 mM potassium phosphate buffer, pH 6.5, containing 0.1%

mercaptoethanol and

rated with the same buffer.

applied to a CM-52 column equilib-

Pure RicA was eluted with a salt

gradient (0-0.1 M NaCl) in the same buffer.
from this column was used for

th~

The major peak eluted

rest of the experiments.

Preparation of RicA-Antibody Conjugate (RicA-Ab)
Ten

~l

of a 40 mM solution of N-succinimidyl 3-(2-pyridyldithio)

propionate (SPDP from Pharmacia) in ethanol was added to 5 mg of B4G7
monoclonal antibody which was in 2.5 ml of potassium phosphate
buffer, pH 7.8.

The reaction mixture was left at room temperature

for 30 min, then passed through a Sephadex G-25 column ( 2.5 x
30 cm), and

washed with 0.1 M phosphate buffer, pH 7.8, containing

0.1 M NaCl.

The number of 2-pyridyl disulfide molecules bound per

molecule of antibody was calculated to be 1.2 (Stuchbury et ale
1975).

To 9 ml of RicA solution (0.6 mg RicA/ml of potassium phos-

phate buffer), 1 ml of 1 M dithiothreitol (DTT) was added.

After 30

min incubation at room temperature, the reduced RicA was passed
through a Biogel P-4 column (2.5 x 30 cm) equilibrated with 0.1 M
potassium phosphate buffer, pH 7.8, containing 0.1 M NaCl.

Reduced

RicA and modified antibody were mixed at a molar ratio of 1:1.3.

The

mixture was dialyzed against phosphate- buffered saline overnight and
then in 50% glycerol in the same buffer for 3 hr.

The reaction
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mixture was run through a Sephacryl S-200 column (110 x 3 cm) equilibrated and washed with the same buffer.

The RicA-Ab purified by this

method was mixed with glycerol and stored at -70· in small aliquots
until use.
Protein Synthesis Assay
To assay the rate of amino acid incorporation into cellular
polypeptides in the presence or absence of RicA-Ab, conjugate was
added to exponentially growing cells in 3 cm dishes and incubated for
different times.

At the end of the incubation period the medium was

removed and monolayers were rinsed twice with 1 ml PBS.

They were

then covered with a solution consisting of 5% minimal essential
medium (GIBCO), 95% PBS, and 1 flCi/ml 14C-amino acids (New England
Nuclear).

After 30 min incubation at 37·C, the cells were rinsed

with PBS, dissolved in 1 N NaOH, and then an equal volume of 10% icecold trichloroacetic (TeA) was added to the lysate.

Precipitated

material was collected on glass fiber filters (Whatman type GF/C),
washed extensively with 5% cold TCA, and the radioactivity remaining
on each filter was measured in a Packard scintillation counter.
Selection of Variant
A431 cells grown in T75 tissue culture flasks were treated with
a low dose of RicA-Ab (1-2 x 10- 11 M) for 24 hr.

Dead cells were

removed by changing the medium for two consecutive days and thereafter the medium was changed every three days until the surviving
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cells grew to near confluency.

This treatment was repeated four

times and then 12 independent colonies of surviving cells were transferred to a 24-well culture plate.
were

su~cessfully

Only three colonies at this step

expanded and one of these, which showed a higher

growth rate and a change in cell morphology, was treated with higher
doses of conjugate (up to 1 x 10- 10 M) two more times.

Finally, a

single colony (A431-clone B7) was isolated and expanded for further
studies.
Suppression of Cell Growth and DNA Synthesis

~

EGF

A431 and Cl-B7 cells were transferred to 3 em dishes at 1:10
dilution.

After two days the medium was replaced by fresh medium

containing 100 ng/ml EGF.

Duplicate dishes of EGF-treated and con-

trol cells were removed from the incubator each day, rinsed twice
with phosphate-buffered saline and dissolved in 1 N NaOH.

The pro-

tein concentration in each dish was estimated by a fluorometric
method (Udenfriend et ale 1979).

The rate of cellular DNA synthesis

was assayed using different concentrations of EGF as described previously in this chapter.
Hydrolysis and Electrophoretic Analysis of 32P-labeled
Membrane Proteins
The phosphorylation reaction was carried out as described above,
using 20 Alg of membrane proteins.

After a 10 min incubation, 100"All

of 10% TCA/p,yrophosphate was added to the reaction mixture and
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incubated on ice for several hr.

Trichloroacetic acid insoluble

material was pellet ted in an Eppendorf microfuge and the pellets were
washed four times with 10% TCA/ p,yrophosphate and once with ethanol/
ether.

The dried protein was hydrolyzed in 0.4 ml of 6 N HCl at 110'

for 2 hr under N2 atmosphere.

Hydrochloric acid was evaporated under

reduced pressure and, to the dried hydrolysate,

20~1

of a marker

mixture containing phospho serine, phospho threonine, and phosphotyrosine (Sigma) was added.

Samples were then analyzed on cellulose

thin-layer sheets (Kodak Chromagram, NO 6064) by electrophoresis at
pH ,.5 (1 kV; 75 min) in acetic acid/pyridine/H 20 (10:1:189, v/v).
Electrophoresis was carried out at constant voltage (1,000 V) for 60

•

min at 4'.

Al ternativly 6.9% formic acid was used as buffer and the

electrophoresis was carried out under the same conditions for 2 hr.
The positions of the markers were located by staining with ninhydrin.
Sheets were then submitted to autoradiography or the stained areas
were excised off the sheets and radioactivity was measured in the
scintillation counter.
Double Immunodiffusion
Agar solution made of 1% agar (Seakem, from FMC) and 0.15 M NaCl
in 5 mM potassium phosphate buffer, pH 7.2, at 90' was cast evenly
onto clean glass slides (38 x 75 mm).

Slides were placed at 4' for

one hr to obtain a uniform opaque layer of agar.
were cut using a gel puncher.

Then uniform wells

Samples were applied into individual

wells and slides were left on a level surface in a moist chamber at
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4· overnight.

On the next day, agar plates were pressed under seve-

ral layers of filter paper and a piece of heavy wooden board
(10g/cm 2 ) for 15 min; they were then washed extensively in several
changes of 0.15 M NaCI for 6-8 h at 4· and stained with a solution of
0.5% Coomassie brilliant blue, 10% acetic acid and 45% ethanol in H20
and destained in ethanol/acetic aCid/water (45/10/45).
Polyacrylamide Gel Electrophoresis and Autoradiography
Polyacrylamide (7% or 4.5-12% gradient) gels were prepared with
a 3% stacking gel according to Laemmli (1970).

Electrophoresis was

performed at 4· with a constant voltage (200 vOlts).

Molecular

weight markers used: myosin, 200,000; p-galactosidase, 116,500; phosphorylase-b, 94,000; bovine serum albumin, 68,000, and ovalbumin,
43,000.

Gels were stained with Coomassie brilliant blue and des-

tained in 7% acetic acid.

They were then soaked in a solution of 10%

acetic acid, 10% glycerol and 25% ethanol in water before drying.
Autoradiography of dried gels was performed using Kodak XAR-5 film
and Dupont Cronex intensifier screens at -70·.

CHAPTER III
RESULTS
In the course of assigning the gene(s) corresponding to the
expression of EGF binding to human chromosome 7, we have previously
reported the isolation of hybrid clones resulting from the hybridization between human and mouse cells (Shimizu et ale 1979, 1980).

The

parental cells were a mouse L-cell derived mutant, A9, deficient in
EGF binding and HPRT (hypoxanthine phosphoribosyltransferase), and
human GM1696, which has EGF binding ability and bears an X/7 chromosome translocation.

Only the hybrid clones retaining the human X/7

translocation chromosome were able to bind EGF, raising the question
of whether this EGF binding ability acquired by the hybrid clones is
the result of expression of a previously inactive mouse gene from the
parental A9 cell now activated by the aid of the human chromosome 7,
or the human chromosome 7 in fact carries the structural gene
for the EGF receptor.

This question could be answered by identifying

the EGF receptors in the hybrid cells to be of either mouse or human
origin.
Identification of Human and Mouse EGF Receptors
Since EGF receptors from human cells and from mouse cells have
similar molecular weights and both bind mouse EGF, it was not possible to distinguish one from the other on these bases.

We therefore

decided to prepare antibody against human EGF receptors.
48

Human
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epithelioid carcinoma A431 cells, which possess an extraordinarily
high number of EGF receptors, were injected into mice and sera were
assayed for their ability to inhibit binding of EGF to cells.

The

antisera obtained inhibited EGF binding to both human and mouse
cells.

However, after adsorption with mouse cells (BALBc/3T3), the

antisera retained their inhibitory action on human cells to the same
extent as before adsorption.

Table 1 shows that the adsorbed anti-

serum was specific to human receptors and that it almost totally
inhibited the EGF binding to the human/mouse hybrid clones which
retained the human X/? translocation chromosome, C2B5, B5B2 and D5B1.
The inhibitory action was due to the presence of specific IgG's in
the immunized serum since serum from unimmunized animals did not show
such an effect.

Also, cells treated with immunized serum were able

to bind 125I-protein A, a Staphylococcal protein which specifically
binds gamma globulins.

Thus, the EGF receptors expressed in the

hybrid cells are immunologically of human nature.
EGF Binding and the Fate of Bound EGF in the Hybrid Cell.
Among several hybrid clones selected, one, C2B5, was found to be
unique in that it retains a nearly complete mouse genome but only one
human chromosome, the product of an X/? translocation.

We chose this

hybrid line to further characterize the EGF receptor and certain
post-receptor functions of EGF.

Fig 1 shows the time course of

125 I _EGF binding to C2B5, C2B5AG, and their parental cell lines,
human GM1696 and mouse A9.

It is clearly seen that the inability of
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Table 1.

Inhibition of [125 I ]EGF Binding by Anti-A431 Antiserum a
Inhibition by
antiserum
['2.lI]EGF bound (cpm)/well

Cell line

(A)

(B)

With
unlabeled
EGF(C)

A431
BALBc/3T3
C2B5
B5B2
D5BI

5101
717
1445
2450
2965

1743
706
4S
61
S8

525
41
84
53
53

Without
antiserum

With
antiserum

- B]
(A - B) [AA-C
x 100
3358
11
1400
2389
2907

73.4
1.6
100
99.7
99.8

aCells grown in 24-well culture plates were incubated with absorbed
anti-A43l antiserum or unlabeled EGF for 30 min at l5·C. Bind ing of
[l25I]EGF was then measured under standard conditions at l5·C for2 hr.
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Fig 1. Time course of [125 r JEGF bindng to cultured cell lines at
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mouse A9 cells to bind EGF is restored in the C2B5 hybrid cells and
that the binding activity was lost in the back selectant C2B5AG
cells.

This is best interpreted as a consequence of retaining or

losing the human X/7 translocation chromosome.

This chromosome

is

necessary for cells to survive in HAT medium but causes the cells to
die in 8-azaguanine-containing medium.
We examined the fate of the EGF bound to the receptors of the
C2B5 hybrid cells (human receptors which are now embedded in a virtually mouse cell membrane).

For this, hybrid cells were incubated

with 125I_EGF at 23· or at 37· for various times and washed with
cold EBSS buffer to remove unbound hormone.

Then, by washing the

cells with ice-cold acetic acid solution, we were able to preferentially remove the cell surface-bound 125 I _EGF (Haigler et ale 1980).
The radioactivity which remained with the cells after the acid wash
corresponded to 125 I _EGF which had been taken into the cells.

As

shown in Fig 2-A, at 23- the acid-removable portion of cell-bound
radioactivity reached a plateau within 15 min.

The internalized

portion kept increasing during 120 min of incubation.

There is a

transition of radioactivity from the acid-removable form (exterior)
to the acid-insensitive form (interior), indicating the internalization of 125 I _EGF •
The acid-removed fraction and the lysate of the acid-washed
cells were subjected separately to chromatography on a Sephadex G-75
column (Fig 2-C and 2-D).

The majority of radioactivity from the
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Distribution of the receptor-bound [125I JEGF into exterior and
Cells were incubated with
[
IJEGF (1 x 10- M) for the indicated time, washed to remove unreacted EGF, and then treated with 0.2 M acetic acid containing 0.5 M
NaCl. Incubation was at 23· (A) and at 37· (B). (-A-) total,
(-e-) acid-removable fraction12~-o-) lysate of the acid-washed cells.
Gel filteration patterns of [
I]EGF bound at 23· to C2B5 hybrid
cells (C,D). Samples were obtained as described in Fig.5A and subjected to gel filteration on Sephadex G-75. (C) lysate of the acidwashed cells, (D) acid-removed fraction; 15 min (-e-), 30 min (-e-),
60 min (-0-), and 120 min (-A-). Void volume was fraction 10.
iY~5rior of the Cl~5 hybrid cells (A,B).

S4
acid-removed fraction eluted at the position corresponding to intact
EGF.

This was also the case for the radioactivity recovered from

chromatography of the cell lysate, the amount of which continuously
increased with incubation time.

Thus, at 23·, receptor-bound EGF

was internalized, but practically no degradation of the internalized
EGF took place during 2 hr of incubaion. When similar experiments were
carried out at 37· (Fig 2-B), accumulation of the acid-removable and
internalized 125I_EGF was faster than that at 23· and reached a
plateau in 5 min and 60 min, respectively.

Cells bound to EGF at

37· were lysed (lysing solution consisted of urea, acetic aCid, and
Triton X-100, see methods) and the lysates were subjected to column
chromatography as above (Fig 3).

A substantial amount of radioacti-

vity eluted just before the position of the total included column volume
(peak III), corresponding to 125I-1abe1ed tyrosine or .iodotyrosinecontaining oligopeptides.

These are the products of intracellular

degradation of 125I_EGF. Interestingly, however, there was no decrease in the total cell-bound radioactivity (Fig 2-B).

Thus, at 37·,

the receptor-bound EGF is rapidly internalized and intrace11u1ar1y
degraded, but in C2B5 hybrid cells the degradation products are
either not excreted or excreted at a very slow rate.
We also examined the effects of chloroquine and methylamine on
the rate of degradation of 125I _EGF in C2B5 hybrid cells.

These

drugs permeate cellular membranes and accumulate in 1ysosomes, where
they raise the intralysosomal pH and thereby inhibit lysosomal
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Fig. 3. Gel filteration patterns [125 1 ] EGF bound at 37· to C2B5
hybf3d cY25s. (A) C2B5 hybrid cells were incubated at 37· with 2 x
10- M [
I] EGF under a standard assay condition. At the indicated
times, cells were washed, lysed in the solution of urea-acetic acidTri ton X-100 and subj ected to gel fil teration ~~ Sephadex G-75. Void
volume was fraction 12, elution position of [ 1 1]EGF was fraction
24, and total column volume was fraction 34. (B) same experiments as
in Fig. 3A except that C2B5 hybrid cells were pretreated with 0.1 mM
chloroquine (-~~ or 10 mM methylamine (-X-) for 20 min before the
addition of.[
1]EGF (.) control.
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proteolytic enzymes (De Duve et ale 1974).
wi th 0.1 mM chloroquine or

Cells were preincubated

10 mM methylamine in binding buffer for

20 min at 37· and then incubated with 125 I _EGF for another 60 min in
the presence of the drugs.

As shown in Fig 3-B, chloroquine and

methylamine substantially inhibited the formation of degradation
products.

Little change in the other peaks was observed when the

cells were treated with chloroquine, while methylamine treatment
resulted in increased accumulation of intracellular intact EGF.
These observations indicate that degradation of endocytosed 125 I _EGF
in C2B5 hybrid cells is through a lysosomal pathway.
Down Regulation of EGF Receptors in Hybrid Cells
The ability of a hormone to negatively modulate the level of
its own receptors is termed "down regulation" (Aharanov et ale 1978,
Krupp et ale 1982).

Cells (C2B5) were incubated with a wide range of

EGF concentrations for 4 hr at 37·.

They were then washed and

incubated with fresh culture medium for an additional 3 hr.
remaining 125 I _EGF binding capacity of the cells was assayed.

Then the
As is

shown in Fig.4, approximately 50% of the available receptor population was lost when cells were pretreated with EGF at a concentraion
of 8 x 10- 10 M, which by calculation occupies only 18% of the EGF
receptors.

Therefore, it follows that the receptors on C2B5 hybrid

cells are susceptible to down regulation induced by nonsaturating
levels of its ligand.
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.Fig. 4. Down regulation of EGF receptor in the C2B5 hybrid cells.
C2B5 hybrid cells grown in 35-mm dishes were incubated in DME medium
containing different concentrations of EGF at 37· for 4 hr. The
cells were then rinsed with fresh DME medium containing 5% fetal calf
serum and incubated with same medium 1~~ an additional 3 hr. The
medium was changed once. Then the [
rJEGF binding capacity
of cells was measured under standard conditions.
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Mi togenic Action of EGF 2!! C2B5 Hybrid Ce1ls.
We have studied the mitogenic action of EGF on human/mouse
hybrid cells by two different methods.

The first method, as now

routinely used by many laboratories, is based on the uptake of
labeled precursor 3H-thymidine into cellular DNA.

Epidermal growth

factor is added to confluent monolayers for 18-20 hr, then pulse
labeling is carried out for 2-3 hr.

Table 2 shows that the uptake of

radioactivity in control cultures of C2B5 hybrid cells is the same as
in the EGF-treated ones, and it is very high compared to mouse Swiss
3T3 or human fibroblast cells.

In the second method, low density

cultures maintained in low serum containing media are treated with
EGF and sample dishes are counted for cell numbers in successive
days.

Fig 5 shows that the difference in cell number under experime-

ntal versus normal conditions is negligible for C2B5 hybrids compared
to mouse fibroblast cells.

Another hybrid line, C3B4, exhibits some

response to EGF's mitogenic action.

It is also evident from Fig. 5

that under low serum conditions (0.5%) the growth rate of mouse
fibroblasts decreases whereas C2B5 hybrids continue to grow exponentially to a very high saturation density.

The growth rate of C3B4

hybrid cells slightly decreases under this condition and in fact
shows an intermediate status between C2B5 hybrids and Balb/C fibroblasts.

In Figure 6, the morphology of these two hybrid cells is

compared to the mouse parental A9 and normal fibroblasts.

The C2B5

cell looks more similar to parental A9, having a small cobble shape
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Table 2.
Cell line

Effects of EGF on DNA synthesis
3H-thymidine incorporation into
DNA (CFMI dish) b
-EGF

+EGF

Ratio

HF

11,709

53,027

4.5

Balb3T3

71,798

156,497

2.2

C2B5

135,214

140,544

1.04

C3B4

86,893

110.125

1.27

(b) numbers are average of duplicate dishes.
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Fig. 6. Comparison of hybrid and parental cell morphology. A, C2B5;
B, C3B4; C, A9; D, Balbi c; and E, GM 1696. (All pictures are taken
wi th the same magnification).
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and growing to a high density without contact inhibition.

But C3B4

hybrid cells are more similar to the fibroblasts which have a flat
shape with extensions and growing with a density-dependent inhibition
of growth in a monolayer.
Preparation of Monoclonal Antibody for EGF Receptor
From our previous work we learned that it is possible to immunize mice with human cells and obtain an antiserum which immunoreacts
with species specificity with the EGF receptor.

It seemed feasible

then, that spleenic lymphocytes from these immunized mice could be
hybridized with myeloma cells to obtain a hybridoma clone producing
homogenous anti-EGF receptor antibody in a permanently growing
culture.

Spleen cells from BALB/c mice which had been immunized with

human A431 cells (methods) were fused with mouse myeloma P3NP cells,
which are nonsecreting and deficient in HPRT, and hybridomas were
isolated in HAT medium.

One

hundred and seventy hybridoma colonies

were screened in one of the successful fusions and 36 colonies were
found to be IgG producing.

These IgG producing colonies were then

selected for the ability to inhibit the binding of 125I _EGF to the
human A431 cells.

Two of these hybridomas showed strong inhibitory

activity and were subcloned by the limiting dilution method.
One selected clone, designated B4G7, was grown in large quantities and IgG was purified from culture media by amonium sulfate
precipitation followed by DEAE-cellulose column chromatography.
purified monoclonal antibody was confirmed as IgG by its

The
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precipitation with rabbit anti-mouse IgG antibody in a double immunodiffusion plate (Fig 7-A).

The B4G7 IgG preparation revealed only

one protein band of Mr=160,OOO on a polyacrylamide gel and was dissociated into 2 protein bands of Mr=52,000 and 24,000 when treated with
the reducing agent dithiothreitol (DTT), (Fig 7-B).

These properties

are consistent with the molecular structure of immunoglobulin G
(Stanworth and Turner, 1978) and indicate the homogeneity of the
preparation.
Specificity of B4G7

~

to EGF Receptor

To determine the specificity of the B4G7 monoclonal antibody, we
performed immunoprecipitation of EGF receptors from A431 and human
fibroblast cells which were labeled in many different ways.

Since

monoclonal antibody does not form a lattice, we used protein Aconjugated Sepharose 4B (SPA) loaded with B4G7 IgG for precipitation.
We labeled surface proteins of A431 cells with 12 5 I by the lactoperoxidase method and extracted the membrane proteins.

This preparation

consisted of numerous labeled proteins which formed a totally smeared
pattern after autoradiography of the SDS gel.

We then incubated B4G7

IgG-loaded SPA with this mixture of labeled membrane proteins and,
after extensive washing with high salt, extracted the proteins from
the beads by boiling them in a Tris buffer containig SDS and DTT.
This preparation was then subjected to SDS polyacrylamide gel electrophoresis.

Figure 8-A2 shows that B4G7 antibody immunoprecipitated

almost exclusively two protein components. The molecular weights of
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Fig. 7. IgG nature of B4G7 monoclonal antibody. (A) ouchterlony
immunodiffusion plate. The central well contained rabbit anti-mouse
IgG antibody. Samples were: (1) normal mouse IgG, (2 and 3) purified
monoclonal antibody, and (4) B4G7 hybridoma medium. (B) SDS-polyac~
lamide gel electrophoresis of purified B4G7 antibody. (Middle lane)
in the presence of 5mM dithithreithol, (left lane) without reducing
agent, (right lane) molecular weight markers:myosine, 200,000;
galactosidase, 116,500; phosphorylase-b, 94,000; bovine serum
albumine, 68,000 and ovalbumine, 43,000.
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these components were 170,000 and 155,000, and are coincident with
the doublet of EGF receptors of A431 cells that were directly
crosslinked with 125I-labeled EGF (Fig 8-A1 and A3).

It is noted

that the direct crosslinking method resulted in additional minor
bands of smaller molecular weights.

This is in agreement with the

observation made by others (Linsely et al. 1979).

These minor bands

may correspond to the degraded EGF- receptor complex (Fig 8-A3).
From this directly crosslinked sample, only two major components
corresponding to the EGF receptors were precipitated by B4G7 monoclonal antibody (Fig 8-A1).

The same molecular weight components were

precipitated from the lysate of A431 cells, which were metabolically
labeled (in vivo) with 35S-methionine (Fig 8-A4).
The B4G7 antibody precipitated the two components of Mr=170,000
and 155,000 from surface 125I~1~beled human fibroblast HFK cells (Fig
8-D2).

These two bands were no longer seen if HFK cells were pre-

incubated for four hours with 40 ng/ml EGF before the surface iodination (Fig 8-D1).

In this case, the EGF receptors are thought to have

been "down regulated" (Aharonov et al. 1978, Carpenter et al. 1975).
It is now well established that the EGF receptor is associated
with a kinase activity which phosphorylates the EGF receptor itself
as well as some other cytosolic proteins, and that the phosphorylation is enhanced several fold in the presence of EGF.

The B4G7 IgG

precipi tated a major phosphorylated protein component of Mr 170,000
from A431 cells which had been grown in the presense of radioactive
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phosphate (Fig 8-B2).

Phosphorylation of this component was enhanced

by 3-4 fold when cells were treated with 40 ng/ml EGF (Fig 8-B1).
The antibody also precipitated the two major components of Mr=170,000
and 155,000 from an A431 membrane preparation which had been phosphorylated in vitro in the presence of~2p-ATP (Fig 8-C2).

Phosphoryla-

tion of these proteins was remarkably stimulated by EGF (Fig 8-C1).
In summary, as Fig 8 shows, in most cases we observe a doublet of EGF
receptors, as reported by others (Das and Fox 1978, Linsely et ale
1979, Fernandez-Pol 1980, Cohen et ale 1981).

The Mr 155,000 compo-

nent is presumably a proteolytic product of the Mr-170,000 receptor
(Cohen et a1. 1982, Gates and King, 1983).

In addition to the recep-

tor, there appear to be other minor components immunoprecipitated in
some cases.

At present, the exact nature of these minor components

is not known.

However, it is possible that they are either the

products of degraded receptors or its precursors which under particular experimental conditions maintain their recognition site for
antibody binding.

Nevertheless, it is shown in Fig 8 that B4G7

antibody precipitates a protein that has characteristics thought to
be associated with the EGF receptor; therefore, it is specific to the
EGF receptor.
Inhibi tion of 125 I _EGF Binding

l2l

B4G7 ~

For further chracterization, we examined the effects of B4G7
antibody on 125 I _EGF binding to three different cell lines.

Cells

were incubated with different concentrations of antibody and then the
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Fig. 8. SDS-polyacrylamide gel electrophoresis of immunoprecipates.
Samples were immunoprecipitates1~repared from: (A-1) A431 cells which
5I - EGF, (A-2) A431 cells which were
were directly crosslif~5d with
surface-labeled with
I by the lacto~~oxidase method, (A-4) A431
cells which were labeled ~_ vivo with
S-methionine. (B) A431 cells
were in vivo labeled with-,zP-orthophosphate, with (B-1) or without
(B-2) 40 ng/ ml EGF trea tm ez:.t..: (C), A431 cell membrane pre para tions
which were incubated with .~2P-ATP in the presence (C-1) or absence
(C-2) of 0.6 uf.{~l EGF; (D) human fibroblasts which were surface
labeled with
'I before (D-1) or after (D-2) treatment with 40 ng/ml
f~F.
The lysate of A431 cells which were directly crosslinked with
5I - EGF was used as markers without immunoprecipitation (A-3).
4.5-12% gradient gels were used for A, Band C, and 7% gel was used
for D.
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binding activity of the cells was assayed in the presence of 20 ng/ml
125 I _EGF at 15·C (Fig 9-A).

The B4G7 IgG inhibited EGF binding to

human fibroblasts by 70%, but did not show any inhibition on mouse
3T3 fibroblasts.

To our surprise, the B4G7 antibody inhibited EGF

binding to human A431 cells, to which the antibody was raised, by
only 35%.

Increasing the concentration of antibody up to 10-fold

(for A431) or 100-fold (for HFK) the amount required for maximal
binding-inhibition did not give further inhibition.

This indicates

that the inhibition of EGF binding is not due to any change in the
overall structure or affinity of the receptor by the antibody.
Instead, the inhibition activity can be attributed to the antibodyblockage of EGF binding sites on the receptor, since a decrease in
125 I _EGF binding correlates with an increase in 125I-protein A binding, which is dependent on antibody concentration (Fig 9-B).

There

was no antibody binding to mouse 3T3 cells as evidenced by a lack of
protein A binding (Fig 9-B).

This observation together with the

inability of the antibody to block the EGF binding to mouse 3T3 cells
(Fig 9-A),indicate the human specificity of B4G7 IgG.
We have further investigated the phenomenon of partial inhibition.

Figour 10-A shows the profile of EGF binding to A431 cells in

the presence or absence of the B4G7 IgG.
binding was saturable in both cases.

Epidermal growth factor

However, in the presence of

antibody, saturation of EGF reseptors was obtained with much lower
concentrations of EGF than without antibody.

In fact, the degree of
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Fig. 9. Binding of 125I_EGF and 125I-protein A to the cells treated with
B4G7 antibody.
A: Human A431 (-e-), HFK fibroblast (-0-) and .mouse Swiss/3T3 (-A.-)
cells were incubated with the indicated amounts of antibody at 22· for 90
min, and then EGF binding was carried out at 15· for 90 min under the
standard conditions using 20 ng/ml 125I _EGF•
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inhibition by antibody is increased when measured in the presence of
high 125I _EGF concentrations (Fig 10-B).

Only 35% inhibition is seen

at 20 ng/ml EGF, the concentration used for measuring the standard
binding assay

(Fig 9) while at a high concentration of EGF (200

ng/ml), in which more low affinity receptors can bind EGF, the
inhibition increased up to 65%.

These results suggest that the low

affinity EGF receptors are preferentially blocked by the B4G7 antibody.

This proposition was further supported by Scatchard analysis

of the same data.

As seen in Fig 11, the curvilinear profiles indi-

cate the existence of two classes of EGF receptors in terms of
affinity. The dissociation constants were calculated to be Kd 1 = 2.5
x 10-YM and kd 2 = 3.3 x 10-8 M, and receptor numbers were calculated
to be 0.36 x 10 6 and 2.6 x 10 6 per cell for high and low affinity
receptors, respectively, according to the method of Bylund (1980).
In the presence of B4G7 antibody, the Scatchard profile still
indicates the existence of two classes of EGF receptors (Kd 1 = 1.6 x
10- 9M and Kd2 = 3.0 x 10-8 M). However, antibody treatment substantially reduced the number of the low affinity type recf>~{ irs (from
2.6 x 10 6 to 0.77 x 10 6 per cell), while it had little

. ;:ct on the

high affinity receptors (from 0.36 x 10 6 to 0.2,' x

per cell).

I,

This difference can be more clearly seen by comparing the best
fitting lines drawn in Figure 11.
Previously, Schreiber at ale (1981) showed that the monoclonal
IgM antibody to EGF receptors mimics EGF's early and delayed effects
on resting human fibroblasts.

When the B4G7 IgG antibody was tested,
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Fig. 10. Binding of 125I _EGF to A431 cells at various EGF concentrations
in the presence and absence of BlG7 antibody.
A. A431 cells were incubated with Ce) or without CO) 10}.lg/ml B4G7 antibody
1~ 22·
for 90 min, and then incubated with the ind icated concentrations of
5I -EGF at 15· for 120 min. Nonspecific binding was measured for each point
using 100 fold excess of unlabeled EGF. Nonspecific binding ranged from 2-10%
of the total binding and was subtracted from each point. All assays were
performed in duplicate. B. Data from figure A was replotted as % inhibition
of EGF binding. The difference of the radioactivity between antibody-treated
and untreated cells were divided by the radioactivity of untreaed cells.
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it did not stimulate DNA synthesis in quiescent.human HFK fibroblasts
(Table 3).

However, when the antibody-treated HFK cells were further

treated with EGF, their DNA synthesis was significantly stimulated.
Separate experiments showed that through the 20 hr incubation period,
the EGF binding capacity of the antibody-treated cells was continuously at reduced levels (-30% of control, data not show).

These

observations suggest that stimulation of DNA synthesis in the antibody-treated cells was mediated by the binding of EGF to high
affinity receptors.
Synthesis of Ricin A-Antibody Conjugate
Pure ricin was extracted from castor beans by a modification of
the method of Lappi et al. (1978), followed by the method of Lin and
Li (1980) for Sepharose 4B column chromatography.

Purification of

RicA was by the method of Olsnes and Pihl (1973).

RicA purified by

this method was a uniform preparation consisting of a single band of
Mr 30,000 on SDS-PAGE and was completely free of subunit B and intact
toxin (Fig 12-E).

Disulfide exchange between reduced RicA and modi-

fied antibody resulted in a uniform conjugate consisting of a single
molecule of RicA per molecule of antibody, as judged by electrophoretic analysis on an SDS polyacrylamide gel (Fig 12-B).

In the

presence of a reducing agent, the conjugate molecule is dissociated
into three components which appear on the slab gel as three protein
bands corresponding to the heavy and light chains of immunoglobulin
and the A chain of ricin (Fig 12-D).

After Sephacryl S-200 column
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Table 3.

Addition

Effects of EGF and B4G7 Monoclonal IgG on DNA Synthesis (a)

Concentration
(ug/ml)

none

3H-thymidine
incorporated
into DNA
(cpm/dish) (b)

Ratio

13,204

1.00

EGF

0.01

53,093

4.00 ±C. 37

B4G7 IgG

0.3

11,848

0.90 ±C. 03

B4G7 IgG
+ EGF

0.3
0.01

43,929

3.30 ±C.19

(a)The resting hUman HFK cells were treated with the indicated
amounts of EGF and/or B4G7 IgG for 20 h, and then incubated with 3H_
thym id ine for 3 h.
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chromatography, some free antibody copurified with the conjugate due
to the excess amount of antibody used in the reaction mixture in
order to obtain conjugate molecules of 1/1 tOXin/antibody.

The

amount of antibody contamination was estimated by densitometry and
was taken into consideration in the calculation of conjugate concentration.

This contamination did not affect the experiments reported.

Cytotoxici ty of RicA-Ab and Selection of

~

Variant Cell

When toxin conjugated-antibody was added to exponentially
growing A431 cells at 2 x 1o-10 M, cellular morphology was drastically
changed within 24 hr.

The cells rounded up and gradually detached

from the culture dish and finally died within two to three days (Fig
13).

None of these changes were observed when cells were treated

with 10-7 M RicA or B4G7 antibody.

To determine the degree of

cyto-

toxicity, the rate of cellular protein synthesis was measured in the
absence or presence of RicA-Ab for different exposure times and
concentrations.

When 5 x 1o-10M conjugate was used, protein synthe-

sis decreased by more than 50% within 4 hrand further decreased to a
minimum of 14% within 8 hr (Fig 14-A).

When cells were incubated for

8 hr at different concentrations of conjugate, 50% inhibition of
protein synthesis was observed at 1 x 1o-11 M and 98% inhibition at
6.35 x 1o- 1 0 M (Fig 14-B).
The conjugate is thus a potent toxin for A431 cells and was
therefore used to select resistant cell lines.

When A431 cells were

incubated with low doses (1-2 x 1o-11 M) of the conjugate for 24 hr, a
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Fig. 12. SDS-polyacrylamide gel electrophoresis of toxin-conjugated
antibody. Slots contain (a) B4G7 monoclonal antibody. (b) toxinconjugated antibody, (c) antibody in the presence of 5mM dithiothreiol (DTT), (d) conjugate reduced with DTT and (e) purified RicA.
H:lgG heavy chain. L:lgG light chain. RicA:ricin toxin fragment A,
Ab:antibody.
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A

Fig. 13. Effects of toxin-conjugated antibody on A431 cells. (A)
control cells, (B) cells treated with 2 x 10-10M of RicA-Ab for
30 hr.
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few cells were able to survive and proliferate.

By gradually increa-

sing the concentration of toxin up to 1 x 10-10M during six
consecutive treatments, we were able to isolate a conjugate-resistant
clone which we designated "Clone B7".

As shown in Figure 14-B, the

Cl-B7 variant is highly resistant to the conjugate.
EGF Binding to A431 and Cl-B7 Membrane
Figure 15 shows the 125I_EGF binding to membrane preparations
from Cl-B7 and A431 cells.

The Cl-B7 membrane is saturated at EGF

concentrations of 10-20 ng/ml (Fig 15-B), whereas that of the parental A431 cells is saturated at 160-200 ng/ml (Fig 15-A).

Similar

results were obtained when intact cells were incubated with different
concentrations of 125I_EGF at O· or at 15· (data not shown).

At the

saturating points, A431 membrane bound 59 pmol of 125I_EGF per mg
protein, whereas membrane from Cl-B7 cells bound 1.4 pmol per mg.
Thus, the number of EGF receptors in Cl-B7 cells is 45 times lower
than that of the A431 membrane.

Scatchard plots of the binding data

is shown in the insets in Fig 15 and dissociation constants (Kd) are
calculated to be 6.3 x 10- 9M for A431 and 1 x 10- 9M for Cl-B7 membranes, indicating that the variant receptors have higher affinity
for EGF binding.

As described previously, the monclonal antibody

used for conjugate preparation immunoreacts only with low affinity
type receptors.

Cells treated with antibody retain some of their

high affinity EGF binding capacity.

The greatly reduced number of

binding sites, along with the high binding affinity of the remaining
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receptors maintained in the selected variant, is in agreement with
the fact that the cytotoxicity of the toxin-conjugate in A431 parental cells is implemented through the low affinity type of EGF
receptors.
CI-B7 cells were incubated with 40 ng/ml of 125 I _EGF at 37' for
50 min in order to label the EGF receptors.

Cell lysate was prepared

and subjected to SDS-PAGE as described in the "methods".

Autora-

diography revealed two major protein bands of Mrs 170 K and 155 K
which comigrated with those identified as EGF receptors in A431
parental cells (Fig 18-A).
Growth Inhibitory Effect of EGF

~

A431 ahd CI-B7 Cells

Cells A431 and CI-B7 were grown in the absence or presence of
100 ng/ml EGF.

As shown in Fig 16-A, in A431 cells a significant

decline of cell growth started one day after the addition of the
growth factor.

This growth inhibitory effect was also observed when

cellular DNA synthesis was assayed in the presence of different
concentrations of hormone (Fig 16-B).

In contrast to the parental

A431 cells, the CI-B7 variant did not show any sensivity to EGF.
Phosphorylation of Membrane Proteins from A431 and CI-B7 Cells
The incubation of both A431 and CI-B7 membranes with 'Y _3 2p ATP
at O' resulted in the incorporation of 32p into trichloroacetic acid
insoluble material (Fig 17).

Phosphorylation of A431 membrane is

saturated in 5 min and is stimulated by EGF by two fold within the
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same time.

The basal phosphorylation of Cl-B7 membrane is relatively

high and is saturated wi thin 40 min incubation at 0·.

However, the

rate of EGF-stimulated phosphorylation in Cl-B7 membrane is maximum
at the 5 min time point and does not exceed 17% of the basal phosphorylation level.

When the phosphorylated membrane preparations are

subjected to SDS gel electrophoresis and autoradiography, a major
phosphorylated band of Mr 170,000 is revealed which comigrates with
the EGF receptor protein band labeled with 125I_EGF in both A431 and
Cl-B7 cells (Fig 18-B).
170,000

In both cells the phosphorylation of the

Mr proteins are enhanced in response to EGF.

At the present time, we do not know the nature of the kinase
involved in the high level of "EGF-independent" phosphorylation in
Cl-B7 membrane preparation.

As shown in Figure 19, the substrate is

a low molecular weight component which migrates faster than the front
dye marker on SDS-PAGE.

The same phosphorylation profile was obser-

ved when membrane preparations were solubilized in Triton X-100
before incubation with ATP.

After TCA precipitation, the phosphory-

lated membrane components were subjected to HCl hyrolysis as
described under "methods".The thin layer electrophoretic analysis of
the hydrolized A431 membrane showed a very high level of phosphorylated tyrosine (Fig 20-B), but that of the B4G7 membrane revealed a
large radioactive spot which comigrated with phospho threonine (Fig
20-A).

However, this spot moved much faster than phosphothreonine,

when 6.9% formic acid was used instead of pyridine/acetic acid as
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18.

Fig.
Comparison of EGF receptor in t~51 and CI-B7 cells: A
receptors were directly crosslinked with
I-EGF. B-membranes
prepared from the cells which had been cOllec~ed in the presence of
EDTA (see procedures), were phosphorylated by 2p - AT P in the presence
(2,4) and absence (1 ,3) of EGF.
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Fig. 19. EGF independent phosphorylation of the low molecular weight
component in Cl-B7 membrane protein. The phosphorylation reaction
was carried out on ice for 30 min in the presence (+) or absence (-)
of EGF, as described in methods. 25 ul aliquots of the reaction
mixture were added to an equal volume of sample buffer and were
boiled for 10 min. Electrophoresis was carried out for 2 hr at 4·
using a 4.5-15% gradient polyacrylamide gel at 200 volts.
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electrophoretic buffer.

Experiments are underway to further charac-

terize the nature of this substrate.
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Fig. 20. Electrophoretic separation and autoradiography of
phosphoamino acids derived from phosphorylated membrane proteins.
Electrophoresis at pH 3.5 of acid hydrolysates of A431 (A) and Cl-B7
(B) membranes (50 ug of protein per sampOe). Phosphorylation in the
absence (-) and presence (+) of 1 x 10- M EGF. Spots; 1:
unhydrolized labeled peptides; 2:phosphotyrosine; 3:phosphothreonine;
4: phospho serine; 5:inorganic phosphate. The arrow heads mark the
points of sample application.

CHAPTER IV
DISCUSSION
The general goal of this study was to understand the mechanism
of action of polypeptide mitogens by developing a system which
enables us to dissect the multitude of short term and long term
biological events induced by the mitogen and to specify those events
which lead to cell proliferation.

Hybridization of EGF responsive

cells with EGF non-responsive cells has been suggested as a good
model system with which to approach this problem.

Using such hybrid

cell lines, it has been found that some cellular responses such as
internalization and intracellular degradation of either ligand or
receptor, although possibly necessary, are not in themselves sufficient for mitogenicity.

An additional focus of this work has been

the role of receptors in the mode of the cellular mitogenic response.
By applying hybridoma technology, it has been concluded that EGF
receptors, even though specific for the ligand, are of different
types and that one of these subtypes may be necessary for mitogenic
action while the other may have a growth suppressive effect.
Finally, by preparing a cytotoxic chimeric monoclonal antibody, we
have extended the technique of mutant selection to a highly specific
level.

One of the EGF semi-responsive mutants isolated has been

characterized in Bome detail.
89
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Identification of Human EGF Receptors in Human-Mouse Cell Hybrids
We have previously demonstrated the expression and segregation
of EGF-binding activity in a series of human-mouse cell hybrids and
showed that human chromosome 7 carries a gene(s) which is necessary
for producing functional receptors for EGF binding on the cell surface (Shimizu et ale 1980).

It should be noted that this initial

assignment has been confirmed by three recent works (Robin et ale
1980, Goodfellow et ale 1982, Kondo and Shimizu 1983).

We Rsked

then, whether this EGF binding ability acquired by the hybrid clones
is the result of expression of a previously inactive mouse gene now
activated by the aid of the human chromosome 7, or the human chromosome 7 in fact carries the structural gene for the EGF receptor.
This question could be answered by identifying the EGF receptors in
the hybrid cells to be of either mouse or human origin.

In this

regard, we raised antibody aginst human EGF receptors, which could
block the binding of 125I _EGF to human cells but not to mouse cells
(Behzadian et ale 1982).

It has been shown here that this human-

specific antibody almost totally inhibited the EGF binding to the
human-mouse hybrid clones which retained the human X/7 translocation
chromosome.

The inhibitory action was due to the presence of speci-

fic IgG's in immunized serum since serum from unimmunized animals did
not show such an effect.

Also, cells treated with immunized serum

were able to bind 125I-protein A, a Staphylococcal protein which
specifically binds gamma globulins.
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EGF Action.£!! Human-Mouse Hybrid Cells
Binding kinetics with 125I _EGF showed that the inability of
mouse parental cells to bind EGF is restored in the C2B5 hybrid cells
and that the binding activity was lost in the back-selectant C2B5AG
cells.

This is best interpreted as a consequence of retaining or

losing the human X/7 translocation chromosome.

The EGF receptors of

hybrid cells are in fact coded for by a human gene and are embedded
in a virtually mouse cell membrane.

We have shown that EGF bound to

these receptors is readily internalized and is degraded in the lysosomes.

These processes have been observed in other cell lines which

normally respond to EGF (Aharanov et a1. 1978, Krupp et a1. 1982).
The number of cell surface receptors in hybrid cells drastically
decreases after incubation with suboptimal concentrations of EGF.
This phenomenon has also been observed in other EGF responsive cell
lines and is termed "down regulation".
The role of internalization and intracellular degradation of EGF
and that of the EGF receptors in the mitogenic response of cells have
been frequently questioned.

Some laboratories using lysosomotropic

drugs have attempted to find correlations between the level of intracellular degradation of EGF and the degree of cellular mitogenic
response and controversial results have been reported.

Many other

reports indicate that the internalization and intracellular degradation of receptors are crucial for the mitogenic activity of EGF.

We

have not been able to see an EGF-induced mitogenic response in C2B5
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hybrid cel].s either in confluent cultures or under serum starvation.
Thus, the least we can say here is that the possession of EGF receptors or the ability to internalize and degrade the ligand and/or its
receptors is not sufficient for the cellls to respond to the mitogen.
The lack of mitogenic response in C2B5 cells can be interpreted
in two different ways.

First, the expression of the EGF receptor

gene by a single human chromosome is simply not adequate and requires
some other human chromosomes for full cellular response to EGF.

In

fact, in some other hybrid lines such as C3B4 which retain additional
human chromosomes, we have observed mitogenic responses.

It may be

worthwhile to find a correlaton between the presence of other chromosomes and their gene products with mitogenicity.

Second, as has been

observed in some cell lines, the property of being transformed,
namely, having

anchorage independence or lack of contact inhibition,

abolishes cellular responses to mitogens.

Furthermore, serum starva-·

tion does not restore the mitogenic response of transformed cells
since they have a highly reduced serum requirement for culture
growth, and moreover, some of these lines are in fact producers of
growth factors. The parental mouse A9 cell does not become quiescent
in confluent culture and its morphological characteristics resemble
those of a transformed cell.

Although we have ruled out the possibi-

lity of growth factor secretion by C2B5 hybrid cells and mouse A9
parental cells, the morphology of C2B5 is similar to the transformed
A9 parental cells.

In contrast, C3B4 is closer to epithelial cells
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in appearance, as it is flatter with more processes.
cells

These hybrid

do not become totally quiescent in confluent cultures, but on

the other hand, they do not grow as well in low serum cultures.
Preparation of Monoclonal Antibodies for EGF Receptor
The conventional antisera raised in animals usually consists of
heterogenous antibody molecules, each of which interacts with a
different antigenic determinant site of the antigen.

If one can

clone a single antibody-producing cell and expand it in culture, one
can obtain a homogenous antibody which immunoreacts with a single
determinant site of the antigen.

Kohler and Milstein (1975) were

able to do this by fusing immunized mouse spleen cells with a mouse
myeloma line.

Since then, the hybridoma. technique has spread to

nearly all areas of biological, biochemical and biomedical research,
including the use of monoclonal antibody to study cell surface molecules such as differentiation antigens, histocompatibility antigens,
tumor specific antigens and receptors.
b~en

Using this technique, we have

able to produce a monoclonal antibody of the IgG class directed

against human EGF receptors.

The antibody (designated B4G7IgG) immu-

noprecipitated the EGF receptors of human A431 and human fibroblast
cells but it did not

re~ct

with the receptors of mouse 3T3 fibro-

blasts.
This antibody specifically binds to EGF receptors, but its
binding does not trigger a mitogenic response in the cells.
Schreiber et ale (1981b) have reported a monoclonal antibody from the
IgM class directed against the EGF receptor that could induce early
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and delayed biological responses to EGF.

They concluded that the EGF

receptor is responsible for the biological activities induced by EGF.
On the contrary, the conventional IgG antibody purified from immunized rabbit by Carpenter et ale (1980) did not generate any biological effects of EGF.

Instead, it blocked-EGF induced phosphorylation

of the receptor and EGF stimulation of

D~A

synthesis.

A monoclonal

antibody of the IgG class prepared by Waterfield and his coworkers
(1982) also did not induce any DNA synthesis.

Another preparation by

Kawamoto even inhibited cell growth (Kawamoto et ale 1983).

These

'apparent differences in IgM and IgG antibodies in terms of mitogenic
action may be related to the valency of the antibody as described by
(Schreiber et ale 1981b).

The IgM antibody causes aggregation of

receptors on the cell surface, which may subsequently facilitate its
internalization.

Moreover, the mitogenic activity

induced by recep-

tors may well depend on the particular intracellular route that the
receptor takes.

The route of internalization may be affected by the

antigenic site to which the antibody binds, hence affecting the way
the receptor molecule is modified as a result nf

t~is

interaction.

Our B4G7 antibody blocks 125I _EGF binding to the cells, but the
rate of 125I-labeled antibody binding is not decreased by treating
the cells with EGF at low temperature before the addition of 125 I _
B4G7IgG (data not shown).

This observation may indicate that the

antibody recognition site is not precisely at the EGF bindng site.
The most interesting feature of our monoclonal antibody is its
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selective reactivity with a subclass of human EGF receptors.

The

antibody blocked approximately 65% of the EGF binding in human A431
cells and about 70% of the binding in human HFK fibroblasts.

The

partial inhibition may be an indication of the existence of two
immunologically distinct classes of receptors.
The A431 and human fibroblast cells used in this study possess
EGF receptors of two different affinities (Gill and Lazar 1981, Krupp
et ale 1982, Kawamoto et ale 1983).

In the experiments in which

125I - EGF binding of A431 cells was assayed at a low concentration of
EGF (20 ng/ml), the inhibitory effect of the antibody did not exceed
35% of the total binding.

Increasing the concentration of antibody

did not give further inhibition, indicating that the decreased binding was not due to any change in the overall structure or affinity
of the receptor by the antibody.

But, at a constant antibody concen-

tration, when we increased the concentration of EGF (up to 200
ng/ml) , at which more low affinity receptors could bind the ligand,
the inhibition increased up to 65%.

Furthermore, Scatchard analysis

of the EGF binding data obtained in the presence or absence of B4G7
antibody suggested that the antibody preferentially bound to the
receptors which were in the low affinity category.
It is not known whether this heterogeneity is an intrinsic
property of EGF receptors or a transient phenomenon.

Another

possibility is that the antibody binds to all the EGF receptors, but
a subpopulation of these receptors maintains or obtains a particular
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folding configuration such that their EGF binding sites are still
accessible to EGF binding.

King and Cuatrecasas (1982) have reported

that EGF receptors exist in a low affinity state, and upon exposoure
to EGF, a small population of high affinity binding sites appears in
a time, temperature and de

~

protein-synthesis dependent manner.

A mechanism similar to this proposal may apply to the B4G7 antibody;
namely, antibody binding to low affinity receptors may generate a
small population of high affinity receptors.
In fact, in addition to the heterogeneity in binding affinty,
other diversities for the EGF receptor have been reported.

There are

receptors which aggregate over coated pits and receptors which cluster over uncoated regions of the cell membrane (Maxfield et al 1978,
Schreiber et al 1978, 1979, Schlessinger et al 1978).

Also, it has

been demonstrated that a portion of the EGF receptors are cytoskeleton associated (Linsely and Fox 1980).

Cytoskeleton associated NGF

receptors are reported to be of the high affinity class (Schechter
and Bothwell 1981), but in the case of EGF receptors, this type of
correlation has not yet been studied.

Nevertheless, although the

B4G7 antibody did not induce DNA synthesis by itself, under conditions in which the antibody blocks low affinity receptors, we were
able to observe EGF-dependent stimulation of DNA synthesis in resting
human fibroblasts.

Since during the 20 hr incubation period the EGF

binding capacity of antibody-treated cells continuously remained at
reduced levels (-,0% of control), we postulated that the stimulation
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of DNA synthesis by EGF in the presence of antibody is mediated
through the high affinity receptors.

This provided additional evi-

dence to the previous conclusion made by dose response studies that
distinct high affinity receptors are important for the mitogenic
activity of EGF (Schecter 1978, 1979).
It is now well established that the EGF receptor is a phosphoprotein and its phosphorylation is enhanced at the tyrosine moiety in
an EGF-dependent manner.

Furthermore-, evidence suggests that the EGF

receptor itself contains a domain of the protein kinase (Carpenter et
ale 1978, 1979, Cohen et ale 1980, Ushiro and Cohen 1980, Gill and
Lazar 1981).

Schreiber et al (1981) produced a cyanogen bromide-

cleaved analogue of EGF and they found that this modified EGF fails
to induce DNA synthesis but is as potent as EGF in enhancing receptor
phosphorylation.

Therefore, they postulated that receptor phosphory-

lation may be a necessary reaction but not a sufficient biochemical
signal for the EGF activation of DNA synthesis.

In this regard, it

is interesting to note that the EGF receptors which were precipitable
by B4G7 antibody were apparently subject to enhanced phosphorylation.
It is, however, not yet clear whether the remaining high affinity
receptors are also subject to EGF-dependent phosphorylation.

This

may become crucial in clarifying the role of EGF receptor phosphorylation in the stimulation of DNA synthesis.

Further studies using

monoclonal antibodies should help in elucidating the structural and
functional relationships of the multiple forms of receptors in mitogen action.
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Synthesis of RicA-Antibody Conjugate
We have used the B4G7IgG monoclonal antibody to prepare a
cytotoxic hybrid protein which efficiently kills EGF receptor-bearing
cells.

Our intention was to develop a highly specific system for

selecting variant cells deficient in binding sites or altered
post-receptor function for mitogen polypeptides.

Monoclonal anti-

bodies directed against tumor-specific antigens have been used for
synthesizing tumor cell-specific toxins (Gilliland et ale 1980).
Peptide hormones such as insulin and EGF have been used successfully
in our laboratory and others to make cytotoxic agents utilizing
fragment A of diphtheria toxin (Cawley and Herschman 1980, Miskimins
and Shimizu 1979, 1981, Shimizu et ale 1982).

In addition, variants

of cultured fibroblasts have been selected by their resistance to the
cytotoxicity of these agents (Miskimins and Shimizu 1981, Shimizu
1984).
Pure ricin was extracted from castor beans and was reduced to
fragments A and B, which in the intact molecule are linked by disulfide bonds.

Fragment A was highly purified as a uniform preparation

consisting of a single band of 30 K on SDS-PAGE and completely free
of fragment B and intact toxin.

Reduced ricin A was reacted with

modified antibody in an appropriate ratio so that only one molecule
of RicA was bound to each molecule of antibody through a disulfide
link.

In the last purification step, some free antibody was copuri-

fied with the conjugate.

This contamination did not interfere with
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the purpose of our experiments; however, one can circumvent this
problem by an additional purification step using an anti-toxoid
antibody column (Olsnes et al. 1978).
Cultured human A431 cells were totally killed when they were
treated with 2 x 10-10M toxin-conjugated antibody, and 98% of cellular protein synthesis was inhibited within 8 hr incubation with
10-10M conjugate.

6 x

B,y treating the A431 cells with low doses of RicA-

Ab (1-2 x 10-11 M), we were able to select a variant cell line (Cl-B7)
with greatly reduced EGF binding.
The cytotoxicity of intact ricin is known to be implemented by
the A subunit of the toxin, which inactivates the 60s ribosomal
subunit and shuts off protein synthesis in the cell.

The B subunit

of the toxin is necessary for binding and delivery of the A subunit
to the cytosol (Olsnes and Pihl, 1973).

Hence, the purified A subu-

nit is not cytotoxic unless it can be delivered into the cell by
means of a carrier protein.
In toxin-conjugated antibody, the IgG molecule serves as the
carrier protein. Binding to the EGF receptors, it may then be internalized and carry the A subunit probably into the lysosomes where it
is usually hydrolyzed.

If one molecule of the A subunit escapes the

lysosomal barrier, it would be enough to totally cease the cellular
protein synthesis and ultimately cause cell death.

Lysosomotropic

agents have been shown to increase the cytotoxicity of ricin Aconjugated EGF (Cawley and Herschman 1980), perhaps by increasing the
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lysosomal pH, thus delaying or inhibiting the lysosomal deactivation
of the toxin.

It should be mentioned here that ricin toxin acts by a

catalytic mechanism.

In other words each single molecule of ricin A

can inactivate 1500 ribosomes per minute in vitro (Olsnes et ale
1975).
Another possibility is that the IgG molecule of the conjugate
(or the B subunit of the intact toxin) brings the A subunit close
enough to the membrane where, by hydrophobic attraction, it can be
absorbed to the lipid bilayer and enter the cytosol.

However, it is

not yet clear whether the A subunit carried by the antibody or
another ligand would take the same intracellular pathway as it would
if carried by the B subunit of the native toxin.

In other words, if

the first hypothesis for the mechanism of cytotoxicity of the conjugate is accepted and if different ligand-bound receptors have different intracellular pathways, then the mechanism and the degree of
cytotoxicity implemented by chimeric toxin molecules would depend
upon the intracellular localization of the conjugate, which in turn
may define the process of selection of variant cells.
The Cl-B7 variant we have selected is highly resistant to
Ric-Ab.

The number of EGF binding sites in the varisnt was estimated

to be 30-45 times less than that of the A431 parental cells.

The

receptors were identified as a major protein band of 170 K specifically labeled by 125I_EGF which comigrates with that of the A431 cells
on SDS-PAGE.

This major protein band is phosphorylated in vitro in
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the presence of ~_32p_ATP and, similar to A431 receptor, its phosphorylation is enhanced in the presence of EGF.

Scatchard plot analysis

of the binding data indicates that the EGF receptors retained by ClB7 cells have 6.3 times higher affinity for EGF binding.
Since the monoclonal antibody used for conjugate preparation
immunoreacts only with low affinity receptors, the greatly reduced
number of binding sites, along with the high affinity of the remaining receptors in the selected variant, indicates that the cytotoxicity of the conjugate in A431 cells is implemented through the low
affinity receptors.

In other words, we have been able to specific-

ally select a variant cell with high affinity EGF receptors.
Using hybrid cells prepared between A431 and mouse A9 cells (AA
series), we have recently reported that the hyperproduction of EGF
receptors in A431 cells correlates with the presence of a marker
chromosome M4 (Shimizu et ale 1984), which is a translocation of
chromosome 7, previously shown to contain the EGF receptor gene.
This translocation has resulted in the enhanced expression of EGF
receptors, probably by either the amplification of the EGF receptor
gene or by locating this gene in the proximity of a highly active
promoter gene.

We may be able to find a genetic basis for the loss

of the low affinity receptors in the CI-B7 variant as well.

For

example, the possibility exists that this cell has lost the translocation chromosome M4.

If this is proven to be the case, it is

conceivable that the receptors expressed by the translocation
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chromosome M4 are of the low affinity type.

Buss and his coworkers

(1982) have isolated variants of A431 cells with varying number of
EGF receptors.

Chromosome analysis of these clones 1n our laboratory

has recently confirmed the correlation between the presence of chromosome M4 and the overproduction of EGF receptors.

It may be intere-

sting to compare the affinity of the receptors in these variants or
in our AA hybrid clones.
Another consideration, however, would be that the distribution
of receptors between the two classes of high and low affinity is a
phenotypical characteristic and a transient phenomenon regulated by
the rate of receptor gene expression, that is, the total number of
receptors available on the cell surface.

Gill and Lazar (1981) have

reported that A431 cells, while growing in low density cultures, have
a low number of receptors with high affinity, but cells grown to a
high density have an increased number of receptors with low affinity
for EGF binding.

This kind of affinity adjustment by the cell may

serve as an autoregUlatory mechanism for control of the cells'
response to mitogens present in the surrounding medium.
Effect of EGF

~

CI-B7 Cells

We have further characterized the CI-B7 variant for its response
to EGF.

In contrast to its mitogenic effects on other cell types,

EGF, if used in high concentration, inhibits the proliferation and
DNA synthesis in A431 cells.

This inhibitory effect has been attri-

buted to the high level of EGF-induced kinase activity associated
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with the receptor, which may consume a large amount of cellular ATP
(Buss 'et al. 1982).

We have assayed the growth rate and DNA synthe-

sis of Cl-B7 cells under different treatment times and concentrations
of EGF.

In contrast to the parental A431 cell, the variant is resis-

tant to EGF-induced supression of cell growth.

Since it has

apparently lost most of the low affinity receptors, the high number
of low affinity receptors in A431 cells may be responsible for the
EGF inhibition of cell growth.
The incubation of a Cl-B7 membrane preparation with ~_32p_ATP
resulted in the incorporation of radiolabeled phosphate into TCAinsoluble material.

The same result is obtained if the membrane is

solubilized in Triton X-100 and clarified by centrifugation (Cohen et
ale 1980) before incubation with ATP (data not shown).

This phospho-

rylation was slightly stimulated by preincubating the membrane with
EGF.

The EGF-induced phosphorylation, although not significant when

compared with the high level of basal phosphorylation, is mostly
detectable on the 170,000
receptor.

protein band corresponding to the EGF

The high basal phosphorylation "EGF-independent phosphory-

lation" can

be accounted for by a low molecular weight substrate

whose characteristics and the kinase involved are as yet
unidentified.
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In summary, hybridization of EGF responsive cells with EGF nonresponsive cells has been suggested as a good model system to analyze
the role of receptors in the mode of action of mitogens.

Using such

hybrid lines, it has been shown that a single human chromosome
(chromosome 7) harbored by a mouse cell can express EGF receptors of
human type.

The human EGF receptor embedded in the essentially mouse

cell membrane functions quite normally in terms of binding, internalization and intracellular processing of ligand, but these functions,
although they may be necessary, do not provide a cell with the ability to respond to mitogen.

Probably, additional human chromosomes

might be necessary in order to (1), produce additional putative
elements involved in the process of mitogenicity, or (2), as in the
particular case described in this thesis, to suppress the transformation chracteristics of the hybrid cells inherited from the mouse
parental A9 cells so that they can respond to mitogen.

In order to

rule out this second possibility, isolation of untransformed, EGF
nonresponsive variants seems to be mandatory.

These variants can be

used to provide additional experimental support for the first
hypothesis.
One limitation is that the hybrid cells must have a selective
advantage over the parental cells.

There are several ways to achieve

this goal; for example, growing the EGF nonresponsive mouse cells in
a medium containing low doses of 8-azaguanine may result in the
selection of HPRT negative mutants.

These mutants, which are
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sensitive to HAT-containing medium, can be used for hybridization
with EGF+/HPRT+ human cells and the resulting hybrid clones will
survive in HAT medium only if they retain HPRT gene.

The human

parental cells can be eliminated from the culture by their high
sensitivity (compared to mouse cells) to drug ouabain.

Similarly,

human parental cells can be transfacted with a bacterial gene conferring resistance to a particular antibiotic (neomycin-Kanamycin; SoutSouthern and Berg, 1982), or with an E.coli gene coding for Xanthineguanine phosphoribosyl transferase (XGPRT); Mulligan and Berg 1981).
Using these transduced cells for hybridization, one may select the
hybrid clones in a medium containing ouabain/neomycin or Xanthineouabain/mycophenolic acid,respectively.
Application of hybridoma technology has now expanded to different fields of biological sciences.

Recently, monoclonal anti-EGF

receptor antibodies have been developed to study the biological
functions of the EGF receptor (Schreiber et ale 1981, Waterfield et
a1. 1982, Kawamoto et ale 1983) as well as to purify the EGF receptor
protein for amino acid sequencing (Downward et ale 1984).

Our B4G7

IgG monclonal antibody has enabled us to distinguish the low affinity
type receptors from the high affinity type and to show that the
blockage of the former does not hamper the role of the latter in the
cellular mitogenic response to EGF.

Monoclonal antibodies of this

kind which immunoreact with a subclass of receptors may help us to
understand the cross-reactivity of different ligands with cell
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surface receptors.

For example, it has been demonstrated that

insulin binds with low affinity to IGF-I receptors, through which,
presumably, the cellular mitogenic response to insulin is provoked
(Czech et ale 1983).

Similarly, IGF-I binds to IGF-II receptors,

TGFs bind to EGF recptors (Roberts et ale 1983, Marquardet et ale
1984), and PDGF, even though it does not compete with EGF to bind EGF
recptors, induces "down regulation" of these receptors (Wrann et ale
1980).

The possibility exists that under certain physiological

conditions, the low affinity type EGF receptors bind with more specificity to other growth factors such as PDGF, TGF, or as yet unidentified ligands.

Another possibility is that the EGF stock now commonly

used in laboratories is in fact a heterogeneous preparation consisting of ligands which cross-react, with more or less specifi-city, to
the cell surface glycoproteins of closely related chracteristics
known as EGF recptors.

Developing highly specific monoclonal antibo-

dies in combination with somatic cell genetic techniques seems to be
the best way to approach the analysis of ligand-receptor
interactions.
Cytotoxic chimeric ligands have been frequently used to isolate
variant cells with altered receptors or post-receptor functions for
mitogenic peptides.

Tumor-specific monoclonal antibodies also have

been used as carriers of toxins and anti-tumor drugs for targetting
malignant cells.

We have combined these two strategies to isolate

variant cells with specifically predefined characteristics.

Taking
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this approach, one may be able to isolate, for example, variant cells
deprived of IGF-II receptors but maintaning insulin receptors or
cells lacking PDGF receptors but possessing EGF receptors.

Undoubt-

edly, such variants would help in further analyzing functions of
mitogenic peptides and their cell surface receptors in the mechanism
of cell growth control.
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