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ABSTRACT 

The mechanism of action of insulin and epidermal growth factor 

was studied by genetic and biochemical means. Particular emphasis 

was placed on the ability of these factors to induce DNA synthesis and 

the relationship of endocytosis to that ability. 

Insulin was crosslinked to the active fragment A of diphtheria 

toxin. This conjugate specifically killed cultured mouse cells 

through an insulin receptor-mediated process. The conjugate was used 

to select genetic variants resistant to its cytotoxic effect. Six 

resistant variants were isolated. 2 of which retained very low insulin 

receptor activity. When these two variants were further analyzed both 

displayed altered cell shape and growth properties. The CI-3 variant 

also was shown to have a deficient lysosomal system and failed to 

efficiently degrade epidermal growth factor. This variant was. 

however. fully responsive to the mitogenic action of EGF. This 

suggested that lysosomal processing is unimportant in the production 

of a mitogenic stimulus by EGF. 

EGF was found to be endocytosed by fibroblasts through 2 

separate pathways. One pathway involves an unidentified organelle and 

correlated with increased degradation of the ligand. The other 

pathway involves a Golgi-like component and is correlated with a lack 

of degradation and uptake into a dense. non-lysosomal organell~. 

xi 



Uptake of EGF into this non-lysosomal component. which we named 

mitosomes. correlated with the ability of EGF to induce DNA synthesis. 

From these results. a model was constructed for the coupling 

of endocytosis. uptake into mitosomes and the stimulation of DNA 

synthesis. 

xii 



CHAPTER 1 

INTRODUCTION 

Polypeptide hormones and growth factors play a crucial role in 

the regulation of mammalian cell growth and differentiation. Discern

ing the mechanism by which these factors influence cellular structure, 

metabolism and gene expression is central to understanding the control 

of cell division and is the key to the unravelling of numerous abnor

malities including tumorigenesis and diabetes. 

Insulin and epidermal growth factor (EGF) are two well charac

terized polypeptide hormones. Both of these factors are potent mito

gens to cultured cells and apparently act through similar mechanisms. 

Each of the factors is a member of a family of functionally and 

structurally related polypeptide hormones. The biochemical and struc

tural properties of both insulin and EGF are well known. Thus these 

two factors are ideal model systems for exploring the mechanism of 

action of polypeptide hormones. 

The initial interaction of both insulin and EGF with cells is 

binding to specific cell surface receptors. This binding is rapid, 

saturable, and dependent on time, temperature and pH. The insulin 

receptor has been characterized as a multi-subunit glycoprotein by 

photoaffinity labelling (Jacobs et ale 1979, Yip et ale 1980, Yip et 

ale 1980a, Hofmann et ale 1981), affinity labelling (Czech et ale 

1981), and purification (Jacobs et ale 1977, Jacobs et ale 1979, Van 
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Obberghen et al. 1981). It has been proposed that the receptor con

sists of two 90,000 Mr subunits (0( subunits) and two 130,000 Mr sub

units (~subunits) which are linked covalently by disulfide bonds in a 

manner similar to immunoglobulins (Czech et al. 1981). The subunit 

has been shown to be particularly susceptible to proteolysis, produc

ing a ~5,000 Mr glycoprotein (Czech et al. 1981). The subunit has 

been proposed to be the major insulin binding subunit based on affin

ity and photoaffinity labelling studies (Czech et al. 1981). The EGF 

receptor has been identified as a glycoprotein of Mr:170,000 (Das et 

al. 1977, Das and Fox 1978, Carpenter et al. 1978, Carpenter et al. 

1979, Hock et al. 1979, Baker et al. 1979, Linsley et al. 1979). It 

apparently consists of a single subunit but may exist as a multimer 

in its native membrane environment. Interestingly, the EGF receptor 

also has a proteolytic sensitive site which is cleaved to produce a 

150,000 Mr receptor species (Linsley and Fox 1980, Cohen et a!. 1982, 

Gates and King 1982). 

Binding of both EGF and insulin to their respective receptors 

is a complex interaction as shown by curvilinear Scatchard plots with 

upward concavity. Such results have been interpreted as a negative 

cooperativity phenomenon or as an indication of the existence of 

multiple binding sites with varying affinities for the ligand. In the 

case of insulin the negative cooperativity model is supported by the 

finding that unlabelled insulin stimulates the dissociation of pre

bound insulin (De Meyts et al. 1973) and the finding that insulin is 



able to convert a high molecular weight component, which displays 

complex binding properties, into a lower molecular weight component 

with only low affinity binding (Ginsberg et al. 1976, Maturo and 

Hollenberg 1978, Maturo et al. 1978, Krupp and Livingston 1978, Krupp 

and Livingston 1979). The multiple site model for insulin binding is 

supported by the ability of insulin to bind with lower affinity to 

insulin-like growth factor receptors (Rechler et al. 1980). There is 

no evidence for negative cooperativity in EGF binding and the 

curvilinear Scatchard plot is thought to be due to the 

presence of high and low affinity receptors. The exact biochemical 

nature of high and low affinity receptors is unknown. It is believed 

that high affinity binding is responsible for the biological effects 

of these hormones. 

3 

An important question is whether binding of these hormones to 

their cell surface receptors is by itself enough to produce their 

biological effects or whether further intracellular processing of the 

hormones or their receptors is necessary. It now appears to be likely 

that both are necessary for production of a full mitogeniC response. 

Binding and movement of the hormone/receptor complex on the cell 

surface may be sufficient to generate transmembrane Signals which 

activate the early effects of these hormones. These early effects 

include stimulation of membrane transport of sugars and amino acids, 

stimUlation of mono- and divalent ion fluxes, stimUlation of enzymes 

involved in glycolysis, lipid metabolism, and glycogen synthesis. 
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However, the later effects of these hormones, which include the stimu

lation of protein, RNA, and DNA synthesis, may require signals gener

ated by internalization and intracellular processing. 

What are the signals which activate these effects of the 

hormone? In the case of membrane transport it is possible that the 

hormone receptors interact directly, or through an effector molecule, 

with the transport system on the plasma membrane. This idea is 

consistent with the increased membrane fluidity and receptor mobility 

which is observed upon binding of the ligands. However, Suzuki and 

Kono (1980) and Cushman and Wardzala (1980) have recently provided 

evidence that an intracellular pool of glucose transporters is rapidly 

mobilized from an intracellular loca tion to the cell surface upon 

stimUlation by insulin. Such a mechanism for the increase in glucose 

transport would argue against direct interaction by the hormone/re

ceptor complex. 

Another possibility which has been proposed for the activation 

of the early effects of these hormones is the formation of a second 

messenger. This is analagous to the action of glucagon and @-adren

ergic hormones which bind to cell surface receptors and, through an 

effector molecule, interact with adenylate cyclase and stimulate the 

production of cyclic AMP (cAMP). cAMP, the second messenger, then 

interacts with specific protein kinases which in turn regulate the 

activities of target enzymes (Glass and Krebs 1980, Cohen 1982). At 

present it appears that cyclic nucleotides are not involved as second 
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messengers for insulin or EGF. Recently, however, a chemical mediator 

of insulin action has been described (Larner et ale 1979, Jarett and 

Seals 1979, Larner et ale 1981). This mediator or "second messenger" 

is reported to be a heat stable glycopeptide and has been proposed to 

be formed by a proteolytic event following insulin binding to its 

receptor (Larner et ale 1981). This proposed mediator can be gener

ated in a cell free system composed of cellular membranes and 

mitochondria from adipocytes (Seals et ale 1979a). This low molecular 

weight material has been isolated from adipocytes (Seals and Czech 

1981) and can stimulate mitochondrial pyruvate dehydrogenase activity 

as well as glycogen synthase phosphatase (Larner et ale 1981). In 

addItion, trypsin and concanavalin At which have the ability to pro

duce insulin-like effects on cells, both stimulate the production of 

this proposed chemical mediator (Larner et ale 1981). A second "me

diator" has also been detected from rat liver which can inhibit pyru

vate dehydrogenase as well as adenylate cyclase activity (Sal tiel et 

ale 1982). 

Ion fluxes have also been proposed to act as "second messen

gers" of insulin and EGF actio~ Such influxes may cause membrane 

hyperpolarization which could result in perturbations in the structure 

of membrane bound proteins, altering their actiVity. Calcium ions, on 

the other hand, have been shown to bind with high affinity to, and 

activate, a specific intracellular protein, calmodulin. A multitude 

of activities have been attributed to calmodulin including activation 



of a specific protein kinase and alterations in the cytoskeleton 

(Means and Dedman 1980, Wang and Waissman 1979, Cheung 1980). The 

involvement of Ca++ and calmodulin in the mechanisms of EGF and insu

lin are at present uncertain. Interestingly, however, calmodulin has 

recently been shown to be an important factor in progression of cells 

through the cell cycle with levels of the protein doubling in late G 

or early S phase (Chafouleas et ale 1982). 

6 

An additional mechanism of signal transduction by cells stimu

lated with these polypeptide hormones may be through phosphorylation

dephosphorylation reactions. It is well known that many of the target 

enzymes of insulin action are regulated by their state of phosphoryla

tion. For example, addition of insulin to adipocytes stimulates the 

activity of mitochondrial pyruvate dehydrogenase by a dephosphoryla

tion event (Coore et ale 1971, Jungas 1971). This dephosphorylation 

results from the stimulation of pyruvate dehydrogenase phosphatase 

(Severson et ale 1974). A similar mechanism of phosphorylation

dephosphorylation in the control of glycogen synthase by insulin is 

well known. 

Both EGF and insulin have been shown to rapidly stimulate 

phosphorylation of specific cellular proteins (Seals et ale 1979, 

Carpenter et ale 1978) These proteins include membrane associated 

proteins. These observations led to the conclusion that a primary 

action of these hormones is the stimulation of specific protein kinase 

activities. Indeed, it has recently been shown that both EGF (Cohen 
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et ale 1980) and insulin (Kasuga et ale 1982) stimulate phosphoryla

tion of their own receptors. Cohen and coworkers have provided strong 

evidence that the EGF receptor is itself a protein kinase (Cohen et 

ale 1980, Cohen et a1. 1982). 

Interestingly, both the EGF receptor and insulin receptor are 

phosphorylated on tyrosine residues (Ushiro and Cohen 1980, Kasuga et 

ale 1982a). This may be an important finding because of the similari

ty to the transforming proteins of numerous RNA tumor viruses which 

have been found to be tyrosine-specific protein kinases (Beemon 1981, 

Witte et ale 1980, Eckhart et ale 1979, Hunter and Sefton 1980). 

Indeed, antibodies to Rous sarcoma virus transforming protein, 

pp60src , are phosphorylated on tyrosine by the EGF receptor-associated 

kinase (Chinkers and Cohen 1981, Kudlow et ale 1981). This suggests a 

close relationship bewtween the two kinases. This finding is particu

larly interesting in light of the fact that a cellular homologue to 

pp60src exists in uninfected cells (Colett et ale 1978, Oppermann et 

ale 1979). 

An additional phosphorylation reaction stimulated by both EGF 

and insulin is that of the ribosomal protein 56. It is likely that 

stimulation of phosphorylation of ribosomal protein S6 by these hor

mones, which is not tyrosine specific, is related to their ability to 

stimulate protein synthesis. Recently evidence has been provided 

showing that 56 phosphorylation may enhance polysome formation thereby 

increasing the rate of initiation of protein synthesis (Thomas et ale 



1982). S6 phosphorylation is apparently not a sufficient signal for 

DNA synthesis in mitogen stimulated cells (Thomas et ale 1982). 

8 

Recently the ability of membrane lipids to act as "second 

messengers" in transmembrane control of intracellular events has been 

documented (Takai et ale 1979). Nishizuka and coworkers (1981) have 

found that when platelets are treated with thrombin a phospholipase C 

activity is stimulated. This leads to an increase in phosphotidyl

inositol turnover resulting in the formation of diacylglycerol. Di

acylglycerol acts as the "second messenger" and activates a specific 

protein kinase, C kinase. C kinase specifically catalyzes the phos

phorylation of a 40,000 molecular weight protein, the function of 

which is presently unknown. It is possible that a similar pathway is 

important for insulin action since insulin is known to affect phospho

lipid turnover. Furthermore, it has been shown that 12-D-tetradeca

noyl phorbol-13-acetate (TPA), a tumor promoting agent, can replace 

diacylglycerol and directly activate C kinase (Castagna et ale 1982). 

TPA has many EGF-like effects on cultured cells and causes alterations 

in cell surface EGF receptors (Lee and Weinstein 1978, Shoyab et al. 

1979, Brown et ale 1979, Magun et ale 1979). These observations 

suggest a role for C kinase in EGF actio~ 

EGF and insulin stimulate the ornithine decarboxylase (ODC) 

activity in certain cultured cells (Stastny and Cohen 1970, Tomita et 

ale 1981). ODC is the rate-limiting enzyme in the synthesis of poly

amines which have been shown to be related to cell growth (Tabor and 



Tabor 1976). Thus, polyamines are possible candidates for signal 

transduction by these hormones. 
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EGF and insulin may also act at the level of chromatin struc

ture. In this regard Shimizu and Shimizu (1981) have found these 

hormones to induce poly ADP-ribosylation in mouse fibroblasts. This 

induction was coincident with entry into DNA synthesis. Thus, altera

tions in chromatin structure caused by ADP-ribosylation of nuclear 

proteins may be an important event in the stimulation of DNA synthesis 

by these hormones. 

Alterations in the cytoskeleton are thought to be important 

for the production of a mitogenic signal by these hormones. 

Colchicine and other microtubule inhibitors have been shown to enhance 

the ability of EGF and insulin to stimulate DNA synthesis in certain 

cell lines (Otto 1982). On the other hand, taxol, an inhibitor of 

microtubule depolymerization, prevents EGF induced mitogenesis (Schiff 

et ale 1979, Crossin and Carney 1981). Dihydrocytochalasin B, a 

specific inhibitor of actin polymerization, also inhibits the ability 

of these hormones to induce DNA synthesis (Maness and Walsh 1982). 

A multitude of recent studies have led to the conception that 

EGF, insulin, and numerous other cell surface binding ligands are 

internalized and delivered to lysosomes where they are degraded (Gold

stein et ale 1979, Past an and Willingham 1981). Electron microscopy 

(Anderson et al.1977, Goldfine et al.1978, Gorden et a!. 1978, 

Gorden et ale 1978a, Bergeron et ale 1979, Haigler et ale 1979, Wall 
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et al. 1980, Willingham and Pastan, 1980), fluorescent derivatives 

(Haigler et al. 1978, Schlessinger et al. 1978), specific inhibitors 

(Carpenter et al. 1975, Carpenter and Cohen 1976, Marshall and Olefsky 

1979, Haigler et al. 1980, King et al. 1980, Shimizu and Shimizu 1980, 

Shimizu et al. 1981), and cell fractionation (Suzuki and Kono 1979, 

Fine et al. 1981) have all been applied to study this phenomenon. 

There seems to be general agreement that the intracellular fate of 

these ligands is the lysosome, yet the precise pathway by which they 

reach the lysosome remains unresolved. The first step in the pathway 

of receptor-mediated endocytOSiS appears to be the binding of the 

ligand to its receptor and clustering of the receptor/ligand complex 

in clathrin coated pits. In the case of low density lipoprotein 

(Goldstein et al. 1979) it has been suggested that the coated pits 

pinch off from the plasma membrane to form coated veSicles. The 

coated vesicles then serve to transport the receptor/ligand complex to 

lysosomes. However, recent studies utilizing alpha2-macroglobulin 

(Willingham and Pastan 1980, Dickson et al. 1981) and asialoglycopro

teins (Wall et al. 1980) as ligands suggest that the clathrin coat is 

lost during internalization and that the receptor/ligand complexes are 

transported intracellularly in uncoated vesicles. Willingham and Pas

tan (1980) have termed these vesicles receptosomes and have suggested 

that their function is to avoid early lysosomal fusio~ Furthermore, 

they have suggested that receptosomes accumulate in the Golgi region 

of the cell prior to the delivery of their contents to lysosomes. 
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These workers have recently shown tbat EGF is taken up through a 

similar pathway by a human carcinoma cell line (Willingham and Pastan 

1982). However, data from other laboratories indicate that EGF is 

taken up through both coated and uncoated pits and that endocytic 

vesicles containing EGF fuse directly with multivesicular bodies and 

lysosomes (Haigler et al. 1979). Likewise, apparently conflicting 

data bas been reported for the pathway of insulin internalization. 

Gorden et al. (1978a) have shown by electron microscopic autoradio

graphy that insulin is delivered 1ntracellularly to lysosomes. Ber

geron, Posner and coworkers (1979) have provided evidence that the 

Golgi is the major target organelle for insulin uptake. This group 

has also demonstrated uptake into an unidentified dense, non-lysosomal 

organelle. Other groups have observed insulin uptake into endoplasm

ic reticulum (Goldfine 1981) as well as nuclei (Goldfine et al. 1977). 

Thus, the endocytic pathways for these hormones remain unre

solved. Furthermore, the functional significance of endocytosis in 

relation to the biological effects of these hormones remains to be 

elucidated. Schechter et al. (1979) have provided evidence that at 

least the first step of EGF endocytosis, aggregation of the EGF/recep

tor complexes on the cell surface, is required to produce a mitogenic 

response. Kahn et al. (1978) reached a similar conclusion when they 

found that anti-insulin antibodies enhanced the stimulation of glucose 

oxidation by submaximaL doses of insulin, while monovalent Fab' anti

body fragments had no effect. Das and Fox (1978), based on their data 
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showing that the EGF concentration required for half-maximal receptor 

internalization is the same as that required to produce half-maximal 

stimulation of DNA synthesis, have proposed that endocytosis is re

quired to produce a mitogenic effect. Recently King et al. (1981) 

have published evidence that inhibitors of the last step of the path

way, lysosomal degradation, also inhibit the stimulation of DNA syn

thesis by EGF. In contrast, Savion et al. (1980) have found that 

inhibitors of the degradation process have no effect on the mitogen

icity of EGF. Alternatively it has been proposed that receptor

mediated endocytosis has no role in the production of the biological 

effects of these hormones, but rather exists to "down regulate" the 

number of cell surface receptors and thereby regulate the cell's 

responsivity (Adamson and Rees 1981). 

Some researchers have suggested that these ligands themselves 

may interact with intracellular binding sites to produce some of their 

biological effects. Specific binding sites for insulin have been 

found in both nuclei (Goldfine and Smith 1977) and Golgi fractions 

(Bergeron et al. 1977). Both insulin and EGF have been localized in 

nuclei following endocytosis (Goldfine et al. 1977, Johnson et al. 

1980) suggesting a direct role of the hormones in the control of 

cellular functions. However, recent data from studies using anti

receptor antibodies do not appear to support this idea. Using anti

insulin receptor antibodies from human patients with an autoimmune 

disease, Kahn and coworkers (Van Obberghen and Kahn 1981) have found 



that these antibodies are able to mimic nearly all of insulin's ac

tions on cultured cells. Likewise, Schlessinger and coworkers 

(Schreiber et ale 1981) have found that monoclonal IgM antibodies 

against the EGF receptor are able to induce a mitogenic response in 

cells. 

13 

From the discussion above it is apparent that the mechanisms 

of action of insulin and EGF remain entirely uncertai~ Although a 

multitude of phenomena have been associated with the action of these 

hormones it has not yet been possible to construct a unified concept 

as to how they regulate cellular processes. The studies described in 

this thesis were initiated in an attempt to better understand the 

mechanism of action of these hormones, with emphasis on their ability 

to act as mitogens. The approaches taken in this effort were 1) to 

select genetic variants which were deficient in some aspect of hormone 

responsiveness and 2) to biochemically analyze the variant and normal 

cells. Particular emphaSis was placed on the endocytic pathways and 

intracellular processing of these hormones and the relationship be

tween these events and the initiation of DNA synthesis. 



CHAPTER 2 

PROCEDURES 

Purification Qf Diphtheria l2x1n Fragment A 

Diphtheria toxin was purchased from Connaught Laboratories and 

was further purified by precipitation with 70% saturated ammonium 

sulfate. It was redissolved in 10 mM sodium phosphate, pH 7.0, and 

dialyzed extensively against 2 volumes of 150 mM Tris-Cl, pH 8.0, 

containing 3 mM EDTA. It was then treated with 1 ug/ml trypsin at 25 

C for 30 minutes. The reaction was stopped by adding 1.5 ug/ml soy

bean trypsin inhibitor. The nicked toxin was reduced by incubating 

with 100 mM dithiothreitol and 4 M urea for 60 minutes at 25 c. 

Fragment A was then isolated by the method of Kandel et ale (1974) on 

a column (2.5 x 90 cm) of Sephadex G-100 equilibrated with 50 m~ 

Tria-Cl, pH 8.0, 4 M urea, 1 mM EDTA, and 1% 2-mercaptoethanol. 

Synthesis Qf Insulin-Diphtheria lQx1n Fragment A Conjugate 

To produce an insulin-diphtheria toxin fragment A conjugate 

(Miskimins and Shimizu 1979), a procedure similar to that reported by 

Gilliland et ale (1978) to crosslink fragment A to concanavalin A was 

used. This technique utilizes a water soluble carbodiimide reagent to 

link cystamine to insulin's carboxyl groups (Figure 1). Cystamine

diHCl was added at a final concentration of 1 M to a 2 mg/ml solution 
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of insulin arid the pH was adjusted to 4.7. 1-Ethyl-3-(dimethy1 amino

propy1)carbodiimide-HC1 was added at a final concentration of 2 mM and 

the pH was maintained at 4.7 for 10 minutes. The reaction was stopped 

by adjusting the pH to 8.8 and excess reagent was removed by dialysis 

against 20 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid 

(TES) , pH 8.8, or by chromatography on Biogel P-6 equilibrated with 

the same buffer. The resulting cystaminyl-insulin could be used 

directly for conjugatio~ However, since insulin contains 6 free 

carboxyl groups, multiple species of conjugate are produced. We were 

able to eliminate the multiple species by applying the cystaminy1-

insulin to a column of DE52 equilibrated with 20 mM TES, pH 8.8, and 

eluting with a 0-0.3 M NaCl gradient in the same buffer. Multiple 

peaks of cystaminy1-insulin eluted from the column just prior to 

unmodified insulin. The extent of modification was determined using 

S,S'-dithiobis(2-nitrobenzoic acid) (Habeeb 1972), and the peaks cor

responding to a 1:1 ratio of cystamine to insulin were mixed with 

reduced fragment A at a molar ratio of 8:1. The mixture was concen

trated to a volume of 2 ml and then dialyzed extensively against 20 mM 

TES, pH 8.0. Spontaneous thio1-disulfide exchange led to the cross

linking of the two protein species. The conjugate was purified on a 

column of Sephadex G-75 equilibrated with 20 mM TES, pH 8.0, contain

ing 0.1 M NaCl. 
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~1Q£ Inhibition Qf Protein Synthesis 

To assay amino acid incorporation into polypeptides, medium 

was removed from monolayer cultures, which had been grown to 70% 

confluency in Dulbecco's modified Eagle medium (DMEM) containing 10% 

fetal calf serum. The cells were rinsed with phosphate buffered 

saline (PBS) and DMEM without serum was added. The desired amount of 

toxin or conjugate was added and the cultures were incubated at 37 C 

for 2 hours. At that time fetal calf serum was added to 10% and 

incubation was continued for 22 more hours. The medium was then 

removed and the cells were rinsed with PBS. 14C-amino acids (100 

uCi/ml, New England Nuclear), which were mixed with minimal essential 

medium diluted 20 fold with PBS, were added to the cultures. After 1 

hour at 37 C the medium was removed and the cells were rinsed with PBS 

and di~solved in 0.5 N NaOH. The trichloroacetic acid insoluble 

material was collected on a Millipore filter (0.45 u) and the radioac

tivity was measured in a Packard scintillation counter. 

Selection ~ Insulin-Diphtheria ~ Fragment A Resistant Variants 

Swiss/3T3 cells were grown to 70% confluency in DMEM supple

mented with 10% fetal calf serum. The cultures were rinsed with 

sterile PBS and DMEM lacking serum was added. Conjugate was added to 

an approximate final concentration of 4 x 10-8 M and the cultures were 

incubated for 2 hours at 37C. At that time fetal calf serum was added 

to 10% and incubation was continued. After 2 days the surviving 
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cells were transferred and allowed to expand in normal medium to 

approximately 50% confluency. The conjugate treatment was repeated 

once at a concentration of 4 x 10-8 M and once at a concentration of 8 

x 10-8 M. After 10 more days the surviving colonies were isolated and 

allowed to expand in normal medium (Miskimins and Shimizu 1981) • 

.lruL\!l1r! Binding ~ 

One day after reaching confluency cultures were rinsed twice 

with binding buffer consisting of 100 mM HEPES, pH 7.8, 120 mM NaCl, 

1.2 mM MgS04' 5 mM KCl, 10 mM glucose, 1mM EDTA, 15 mM sodium acetate, 

and 1% bovine serum albumin (Sigma, RIA grade). One ml of binding 

buffer was added and the cultures were placed on ice. 125I-insulin 

(New England Nuclear, 89 uCi/ug) was added to 2.7 x 10-10 M and the 

cultUres were incubated at the desired temperature for the given time. 

To ter~lnate the assay the cultures were placed on ice and rinsed 3 

times with cold binding buffer. The cells were then dissolved in 1 ml 

of 0.5 N NaOH and left overnight at room temperature in a mOisturized 

chamber. The samples were then placed in vials, neutralized with 6 N 

HCl, mixed with scintillation fluid and counted. To determine non

specific binding 10 ul of unlabelled porcine inSUlin (100 ug/ml in 

0.01 N HCl) was added immediately before the radioactive insulin. 

Non-specific binding was subtracted from total binding to get specific 

binding. 



19 

Colymn .An~.is ~ .c..e.J..kB.9..uru1 .lJLs.ll~in 

The cell-associated 1251-insulin following binding was ana

lyzed by chromatography on a column (29 x 0.8 cm) of Sephadex G-75 

equilibrated with 4 M urea, 1 M acetic acid, and 0.1% Triton X-100. 

Binding was carried out as described above except the cultures were 

solubilized in 0.3 ml of the column buffer and scraped from the dish 

with a rubber policeman. The dish was rinsed with an additional 0.3 

ml of buffer and the 0.6 ml suspension was centrifuged for 30 minutes 

at 30,000 x g to remove insoluble material. No significant radioac

tivity was found in the precipitate. The supernatant (0.4 ml) was 

applied to the top of the column and eluted with the same buffer in 

0.4 ml fractions. 

wl .pr.9~ration 
Cell growth rate was studied by plating 5 x 104 cells in 35 mm 

dishes. At the designated time intervals cells were removed from 

duplicate dishes by trypsinization and were counted by hemocytometer. 

Medium was changed on the cultures every third day. 

l.o!1.J..na.t.1.Qn ~ E..GF 

EGF was labelled with 1251 by two separate methods. Both 

methods yielded 1251-EGF with nearly the same specific activity and 

binding ability. The first method utilized Chloramine-To A 100 ul 

reaction mixture contained 5.5 ug EGF (receptor grade from Collabora

tive Research), 0.5 mg/ml Chloramine-T, 1 mCi sodium iodide (1251, 
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13-17 mCi/ug, Amersham), and 0.25 l-! potassium phosphate, pH 7.5. The 

reaction was at room temperature for 50 seconds and was stopped by 

adding 1 mg/ml sodium metabisulfite. The second method utilized 

Iodobeads (Pierce) in place of Chloramine-T as the oxidizing agent. 

The reaction was carried out on ice for ten minutes and was stopped by 

removing the Iodobead and adding an equal volume of 1 mg/ml tyrosine. 

In both methods low molecular weight material was removed by chromato

graphy on Biogel P-4 equilibrated with Earles balanced salt solution 

containing 1 mg/ml bovine serum albumin and 5 mM HEPES. pH 7.4 (EBSS

BSA) • 

.E.Gi' .lll..ruI..1..ng .As sAY 

Several different procedures were followed depending on the 

information which was to be extracted from the binding data (Miskimins 

and Shimizu 1982). For most experiments the cells were grown to 

confluency in 60 mm dishes and the cultures were washed twice with 

cold EBSS-BSA. They were then covered with 2-4 ml of EBSS-BSA and 

floated on a 6 C water bath or placed on ice. After 5-10 minutes 

125I-EGF was added to a concentration of 1-2 ng/ml. After the indi

cated time the dishes were placed on ice and the unbound 125I_EGF was 

removed by three rinses with EBSS-BSA. In some experiments binding 

assays were terminated at this point and the cella were solubilized 

with 1 N NaOH and counted in a Beckman gamma counter. In other 

experiments the rinsed cells were covered with the appropriate medium 
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and the temperature was raised to 37 C in a C02 incubator. Some 

binding assays were performed by adding 125I_EGF directly to the 

growth medium at 37 C. In some assays it was desirable to analyze the 

cell associated EGF by column chromatography. In this case the cells 

were solubilized in 0.1% Triton X-100, 4 M urea, and 1 M acetic acid 

as described above for insulin. 

In some experiments it was necessary to separate surface-bound 

125I_EGF from internalized ligand. This was done by the method of 

Haigler et ale (1980). Following binding the cultures were placed on 

ice and thoroughly washed. They were then covered with 0.5 ml of 0.2 

M acetic acid, 0.5 M NaCl. After 6 minutes this solution was removed 

and the cultures were rinsed with a second 0.5 ml of the same solu

tio~ This treatment has been shown to remove only cell surface bound 

125I_EGF. Internalized ligand was recovered by solubilizing the cells 

in either 0.5 N NaOH or 0.1% Triton X-100, 4 M urea, and 1% acetic 

acid. 

In all cases non-specific binding was determined by a control 

dish in which a 100 fold excess of unlabelled EGF was added. 

Acridine Orange Staining Q! ~ ~ 

Cells were grown on round polystyrene coverslips (Miskimins et 

ale 1981). For staining, acridine orange was added directly to the 

culture medium to a final concentration of 10 ug/ml. The cells were 

then incubated in the dark for 30 minutes at 37 C. At the end of this 
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incubation period the cells were rinsed with PBS in low light. After 

an additional 15 minutes at 37 C in fresh medium the coverslips were 

rinsed and mounted, cell side up, on a microscope slide. A drop of 

PBS was added and a glass cover slip was applied. The cells were then 

viewed using a Nikon Fluophot fluorescent microscope equipped with 

epi-illumination using an IF 420-490 excitation filter, DM 505 di

chroic mirror, and 520 W eyepiece-side absorption filter. Photomicro

graphs were taken using Kodak Ektachrome 200 film with a 15 second 

exposure. 

~..cJr.on Mi.Qr.o.s..cop'y: 

Pellets of either intact cells or subcellular fractions were 

fixed for 3 hours in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at 

room temperature. After a thorough rinsing in buffer the pellet was 

post-fixed for 1 hour at 4 C in 1% Os04 in 0.1 M cacodylate buffer. 

Embedding was in Epon 812. Sections were cut with a Sorvall MT-2 

microtome and observed in either a Phillips EM200 or a JEOL EM 100CX 

electron microscope. 

.f.er.Q.oll .Gr.ad..1..e.nt .Fr.ac.t.1ona t.1on 

Cells in 100 mm dishes were placed on ice and rinsed one time 

with EBSS-BSA. The cells were then incubated at 6 C for 2 hours in 

the presence of 10 ml EBSS-BSA containing 3-5 x 10-10 M 125I-EGF. 

They were then rinsed once with EBSS-BSA and covered with 10 ml of 

growth medium which had been conditioned for 1 day or 10 ml of 
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EBSS-BSA. The temperature was raised to 37 C in a humidified C02 

incubator. At the indicated time the dish was placed on ice and the 

cells rinsed once with EBSS-BSA. They were then scraped from the dish 

in 10 ml of 0.25 M sucrose. 10 mM acetic acid. and 10 mM triethanol

amine. pH 7.4. and pelleted by spinning at 800 rpm for 10 minutes. 

After resuspending the cells in 1 ml of 0.25 M sucrose. 1 mM EDTA. 10 

mM acetic acid. and 10 mM triethanolamine. pH 7.4 (SEAT buffer). lysis 

was achieved by pipetting the suspension 40-100 times with a Gilson P-

1000 pipetman. This lysis technique is extremely gentle and effi

cient. disrupting only the plasma membrane and leaving the other 

cellular organelles intact while limiting aggregation of subcellular 

elements (Harms et ale 1981). Nuclei and any unbroken cells were 

pel Ie ted by centrifuging at 800 rpm for 10 minutes. The post-nuclear 

supernatant (0.9 ml) was layered on a 9 ml suspension consisting of 1 

part 2.5 ~ sucrose. 9 parts Percoll. and 35 parts SEAT buffer in a 5/8 

x 3 inch polyallomer tube (Beckman). A gradient was formed by centri

fuging at 16.000 rpm for 90 minutes in an SS34 rotor in a Sorvall HC-

5B centrifuge. The gradients were fractionated either by dripPing 

from the bottom or injecting 70% glycerol into the bottom of the tube 

and fractionating from the top. 

Several variations on the above prQcedure were carried out 

when needed. In some experiments 125I-EGF was added directly to the 

cells at 37 C. In certain cases the cells were preincuhated with 

various concentrations of serum or inhibitors. In certain experiments 



denser Percoll gradients were employed. These variations are indi

cated in the text and figure legends. 

Organelle Marker Enzyme Assays 
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NADPH cytochrome c reductase and NADH cytochrome c reductase 

were assayed by a modification of the method of Dallner et ale (1966). 

The reaction mixture contained 50 ul of sample, 0.6 mg/ml cytochrome c 

(Sigma Grade III or IV), 0.17 mg/ml NADPH or NADH, 1 mM KCN, and 10 mM 

potassium phosphate, (pH 7.5). Activity was determined by the change 

in absorbance at 550 nm. 

UDP-galactosyl-glycoprotein galactosyl transferase was assayed 

by a modification of the method of Gottlieb et ale (1975). The reac

tion mixture contained 10 mg/ml ovalbumin, 12.5 mt1 MnC12 , 0.5% Triton 

X-100, 10 mM Tris-maleate (pH 6.8), 100 mM UDP(3H)-galactose (2.5 

uCi/umole, New England Nuclear), and 50 ul of sample. Incubation was 

at 37 C for 1 hour. The reaction was stopped with 1 ml of 1% phospho

tungstic acid in 0.5 N Hel. The resulting precipitate was centrifuged 

at 10,000 x g for 10 minutes and the pellet was washed once in 1% 

phosphotungsUc acid and once with ethanol. The pellet was redis

solved with 0.5 ml NaOH, neutralized with Hel, mixed with scintilla

tion fluid and counted in a Packard scintillation counter. 

~ -galactosidase, @-hexosaminadase, @-glucuronidase, and acid 

phosphatase were all assayed using 4-methylumbelliferyl derivatives as 

substrates (Miskimins et ale 1981). The 0.4 ml reaction mixtures 
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contained 0.1 M sodium acetate, 0.1 M Triton X-100, 1 mM 4-methylum

belliferyl substrates, and 5-50 ul of sample. The reaction was ini

tiated by addition of substrate and carried out at 37 C for the 

indicated times. The reaction was stopped with 2 ml of 0.5 M Na2C03. 

Fluorescence was read using a model 111 Turner fluorometer with a 7-60 

primary filter and a 2A secondary filter. Activity is given as rela

tive fluorescence. 

DNA Synthesis ~ 

Cells were grown to confluence in DMEM containing 10% fetal 

calf serum. For human fibroblasts the medium was changed 24 hours 

before the addition of mitoge~ EGF or insulin was added directly to 

the culture medium at 37 c. At various times after the addition of 

mitogen the cells were rinsed once with DMEM containing 0.1% BSA 

(DMEM-BSA). One ml of DMEM-BSA containing 1 uCl (3H)-thymidine (77 

Ci/mmole) was added and the cells were incubated at 37 C for 1-3 

hours. The cultures were then rinsed 3 times with PBS containing 100 

ug/ml thymidine and covered with 2 ml 5% trichloroacetic acid (TCA). 

After 24 hours at 4 C the fixed monolayer was washed 3 times with 5% 

TCA and then solubilized with 1 ml 0.5 N NaOH. Radioactivity was 

determined by neutralizing with HCl, mixing with scintillation fluid 

and counting in a Packard scintillation counter. 



26 

Sodium Dodecyl Sulfate Polyacrylamide ~ Electrophoresis 

Eleotrophoresis in the presence of sodium dodecyl sulfate was 

performed by the method of Laemmli (1970). Separating gels consisted 

of 10%, 7%, or a gradient from 4.5% to 12% polyacrylamide. Stacking 

gels were 3.5% polyaorylamide. 



CHAPTER 3 

RESULTS 

One approach taken in these studies was to select and charac

terize genetic variants which are deficient in various aspects of 

polypeptide hormone action. Using such a strategy it should be pos

sible to dissect the complex set of cellular events which occur upon 

stimulation by these hormones and to define the interrelationships 

between these events. For example, a mutant which is able to bind 

insulin in a normal manner but is unable to internalize and process 

the ligand would be a valuable tool for examining which cellular 

responses can be mediated from the cell surface and which require 

intracellular processing. 

In order to initiate such a study it was necessary to devise 

an efficient means of selecting variants which are deficient in the 

various steps of the mechanisms involved in hormone action. To this 

end, insulin and EGF were crosslinked to the catalytiC moieties of 

diphtheria toxin (DTa) and ricin. In this thesis the synthesis, 

characterization and use of only insulin-DTa will be described. 

Diphtheria toxin is a single polypeptide chain with a molecu- .. 

lar weight of 62,000 that produces its cytotoxicity through a trans

membrane mechanism. It consists of two functionally distinct moi

eties. The B moiety functions in binding to membrane receptors and 
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facilitates the entry of the A moiety into the cytoplasm. In the 

cytoplasm the A moiety inactivates elongation factor 2 by catalyzing 

the covalent attachment of the ADP-ribose moiety of NAD+ (Pappenheimer 

1977). This leads to the inhibition of protein synthesis and subse

quently to cell deat~ The functional domains of diphtheria toxin can 

be separated into A and B fragments by mild trypsin treatment followed 

by reduction of disulfide bonds. The A fragment retains its catalytic 

properties but is non-toxic because of its inability to bind to the 

plasma membrane and be translocated into the cytoplasm. Thus our 

hypothesis was that insulin could replace the B fragment from intact 

toxin by crosslinking insulin to fragment ~ Instead of binding to 

toxin receptors, the crosslinked molecule would bind to insulin recep

tors. The insulin receptor should facilitate the entry of the conju

gate irto the cell with the release of fragment A into the cytoplasm 

where it would inhibit protein synthesis and kill the cell. Only 

cells possessing functional insulin receptors and the ability to 

mediate entry of the conjugate would be killed. Variant cells lacking 

the ability to bind insulin or to correctly process bound insulin 

would survive conjugate treatment. 

Synthesis Qf lnsulin-DTa Conjugate 

DTa was produced from intact toxin by nicking the molecule 

with trypsin and reducing with 2-mercaptoethanol or dithiothreitol. 

It was purified by chromatography on Sephadex G-100. As seen in 
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Figure 2, fragment A is essentially pure and free of both intact toxin 

and fragment B after this column. In agreement with numerous reports 

in the literature, DTa prepared in this manner was fully active in 

ADP-ribosylating elongation factor 2 ln~ (Fukuda, Miskimins and 

Shimizu, unpublished data) but was non-toxic to cultured cells (Figure 

6E) • 

The purified DTa was conjugated to insulin by first coupling 

insulin to cystamine in the presence of a carbodiimide. Cystaminyl

insulin was mixed with fully reduced DTa under conditions which led to 

spontaneous disulfide linkage of the two molecules (Figure 1). The 

resulting conjugate was purified on Sephadex G-75. This column was 

able to separate the conjugate from insulin but slight contamination 

from free DTa remained (Figure 3A). This was of no consequence to the 

subseqt·.ent experiments since DTa itself is non-toxic to cells. When 

analyzed by electrophoresis in the presence of sodium dodecyl sulfate 

(SDS) in the absence of reducing agents purified insulin-DTa migrated 

as a series of bands of higher molecular weight than DTa (Figure 3A). 

However, in the presence of 2-mercaptoethanol the same sample revealed 

two distinct bands, one that migrated with a DTa marker and one that 

migrated with an insulin marker (Figure 3A). These results clearly 

indicate that insulin has been crosslinked to DTa through a disulfide 

bond. The multiple species of conjugate resulted from the fact that 

insulin has 6 free carboxyl groups which can react with cystamine. We 

were subsequently able to separate multiple speCies of cystaminyl 
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The fractions from the Sephadex G-100 column used to purify DTa were 
analyzed by SDS-polyacrylamide gel electrophoresis. The sample before 
chromatography is indicated as nicked DT. DTa is clearly separated 
from both intact toxin (DT) and fragment B (DTb). 
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Figure 3. SDS-polyacrylamide gel electrophoresis of purified 
insulin-DTa conjugate. 



insulin by DEAE-cellulose chromatography (Figure 4). When insulin 

modified with one cystamine molecule was used for the crosslinking 

reaction a major conjugate species of 27,000 molecular weight was 

observed indicating a 1:1 linkage of insulin and DTa (Figure 3B). 

Actiyity Q! Conjugate Qn Cultured ~ 

The purified insulin-DTa was tested for cytotoxicity to cul

tured cells and for its specificity for insulin receptors. 
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To test the biological effects of the conjugate, mouse 

Swi3s/3T3 fibroblasts were chosen since they are known to be naturally 

resistant to intact diphtheria toxin (Pappenheimer 1977) but are known 

to express insulin receptors on their cell surface. The elongation 

factor 2 from these cells is fully sensitive to ADP-ribosylation by 

intact diphtheria toxin jn~. Two parameters were examined for 

3T3 cells after treatment with insulin-DTa, cytotoxicity and effects 

on protein synthesis. As shown in Figure 5, when 3T3 cells were 

treated with increasing amounts of the conjugate and assayed for 14C_ 

amino acid incorporation into polypeptides, there was a significant 

decrease compared to control cultures. Within 24 hours Swiss/3T3 

cells treated as above showed obvious morphological changes (Figure 

6). There was apparent bleb formation on the cell surface and cell 

fragmentation. The cell destruction continued with further incubation 

and within 4-5 days all of the cells had died. No effect was seen on 

cultUres treated with buffer only or non-peak fractions from the 
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single peak of absorbance. B) Insulin which had been reacted with 
cyst~mine in the presence of a carbodiimide was fractionated on DEAE
cellulose. Multiple peaks of protein eluted prior to the position of 
intact insulin. These peaks consisted of insulin which had been 
modified to various extents at the six carboxyl groups of the protein. 
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Figure 5. Inhibition of protein synthesis by insulin-DTa in 
3T3 cells. 

The conjugate ws able to inhibit protein synthesis in Swiss/3T3 cells. 
which have functional insulin receptors. but not in the IN-2 cell line 
which is an insulin non-responsive variant and possesses only a few 
low affinity insul~n receptors. 
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Figure 6. Cell killing by insulin-DTa conjugate. 

Swiss/3T3 cells were treated as follows: A) no treatment at day 0. 
B) 1 day incubation in the presence of -1.5 x 10-7 M conjugate. C) 
2 day incubation in the presence of -1.5 x 10-7 M conjugate. D) no 
treatment at day 3. E) 3 day incubation in the presen~e of 6 x 10-7 
M DTa. F) 3 day incubation in the presence of 9 x 10- M conjugate. 



Sephadex column. There was also no effect seen in cultures treated 

with a high dose of DTa (Figure 6E) or insulin at 1 x 10-6 M. 
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IN-2 is an insulin non-responsive variant derived from a 

mutagenized cell population of BALBc/3T3 fibroblasts which express a 

small number of insulin receptors with low binding affinity (Shimizu 

and Shimizu 1980). When IN-2 cells were treated with conjugate in the 

same manner as Swiss/3T3 cells there was no inhibition of protein 

synthesis (Figure 5). They grew normally to confluence with no appar

ent change in morphology. 

The conjugate was tested for its ability to compete with 1251_ 

insulin for binding to cell surface insulin receptors. Figure 7 shows 

that insulin-DTa dose dependently inhibits binding of 125I-insulin to 

Swiss/3T3 cells. 

In summary. these data show that insulin crosslinked to DTa 

through a disulfide bond is cytotoxic to mouse fibroblasts. The 

toxicity is dependent upon the ability of DTa to enter the cytoplasm 

and inhibit protein synthesis through an insulin receptor-mediated 

pathway. 

Selection Q! Insulln-DTa Resistant Variants 

The above data supports our hypothesis that insulin can re

place the B moiety of intact diphtheria toxin and facilitate the entry 

of DTa into cells resulting in toxicity to cells which possess the 

ability to bind and process insulin. The cytotoxic insulin conjugate 
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Figure 7. Inhibition of 125I-insulin binding by insulin-DTa. 

Swiss/3T3 cells were incubated with -1 x 10-10 K 125I-insulin in the 
presence of increasing concentrations of conjugate. At the highest 
l~gcentration tested (-5 x 10-6 M) greater than 90% of the specific 

I-insulin binding was blocked by the conjugate. 
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was therefore applied as a selection agent for resistant cells. After 

3 rounds of selection treatment on a starting population of 2 x 106 

Swis~/3T3 mouse fibroblasts, 8 resistant colonies were isolated which 

we designated CI-1 through 8. Six of these colonies were successfully 

cultured as stable cell lines and fUrther characterized. 

Characterization Q( variants 

Binding of 125I-Insulin to Variants 

The insulin binding capacity of each of the resistant lines 

was initially characterized by incubation of the cells in the presence 

of 125I-insulin for 60 minutes at 15 C. As shown in Table 1, all of 

the isolates had reduced insulin binding capacity in comparison with 

the parental Swiss/3T3 cell line under these conditions. CI-7 showed 

virtually no binding and CI-3 cells showed substantially reduced 

binding. These two lines were therefore chosen for further charac-

terization. 

Insulin binding by the parental 3T3 cells is time and tempera-

ture dependent. As seen in Figure 8 this binding is saturable and, at 

30 C and 37 C, the bound insulin decreased following saturation, 

presumably due to degradation and release from the cell following 

degradation (Kahn and Baird 1978). Also, as shown in Figure 8, CI-7 

failed to bind significant amounts of insulin at any time point at 15, 

23 or 37 c. CI-3 showed only slight insulin binding capacity in 

similar experiments. 
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~~. Binding of 125I-Insulin to Cytotoxic Insulin Resistant Cell 
Lines. 

Cell Line Specific Binding 
(% of input/106 cells) 

Swiss/3T3 3.20 

CI-1 1.60 

CI-2 1.27 

CI-3 0.42 

CI-4 1.72 

CI-6 0.97 

CI-7 0.02 
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Figure 8. Time course of 125I-insulin binding to confluent 
cultures of the parental Swiss/3T3 cells and CI-7 at various tempera-
tures. 
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Following a binding experiment at 23 C for 30 minutes the cell 

associated 1251 was analyzed by column chromatography (Figure 9, Kahn 

and Baird 1978, Shimizu and Shimizu 1980). For Swiss/3T3 cells the 

1251 was eluted in 3 peaks. Peak I, at the void volume, presumably 

represents complexes of insulin crosslinked to cellular protein, pos

sibly due to oxidation of the ligand during iodination (Comens et ale 

1982). Peak II, the major peak, elutes at the position of intact 

125I_insulin. Peak III corresponds to iodopeptides and 125I-tyrosine 

and represents degradation of the 125I-insulin following internaliza

tio~ Although CI-7 and CI-3 cells display little insulin binding 

capacity, the cell associated ligand was analyzed by this method 

(Figure 9). In contrast to the parental 3T3 only minor peaks at 

positions I and II and no intracellular degradation products were 

observEd. 

From the above data it is evident that CI-7 and CI-3 cells are 

deficient in insulin binding ability which is consistent with their 

capacity to survive in the presence of the cytotoxic insulin-DTa 

conjugate. 

Binding of 125I_EGF to Variants 

Resistance should correlate specifically with the loss of 

insulin binding and prooessing unless some steps are shared by the 2 

ligands. We therefore assayed for the ability of CI-7 and CI-3 cells 

to bind 125I-EGF. As shown in Table 2 the variants, though somewhat 
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Figure 9. Chromatographic analysis of cell-associated 1251_ 
insulin. 

Insulin was bound at 23 C for 30 minutes in the presence (e-e) or 
absence (0-0) of excess unlabelled insulin. Cells were dissolved in ~ 
M urea, 1 M acetic acid, and 0.1% Triton X-100 and subjected to gel 
filtration on Sephadex G-75 equilibrated with the same buffer. Peak I 
elutes at the void volume, Peak II elutes at the position of intact 
125I-insulin, and Peak III elutes at the column volume. 
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~ a. Binding of 125I-EGF to Various Cell Lines. 

Cell Line 

Swiss/3T3 

CI-7 

CI-3 

NR-6 

Specific binding 
(% of input/106 cells) 

3.58 

1.35 

1.42 

0.01 

43 
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reduced in comparison with Swiss/3T3, retained substantial EGF binding 

at 23 C. This data supports the proposition that selection by 

insulin-DTa shows specificity for the insulin receptor system. 

Cell Morphology of Variant Cell Lines 

Figure 10 compares the morphology. of confluent cultures of CI-

7 and CI-3, as observed by phase contrast microscopy, to that of the 

parental Swiss/3T3 line. CI-7 cells are cuboidal in shape with sharp

ly defined boundaries between cells in contrast to the parental line. 

CI-3 cells, on the other hand, display the more elongated shape typi

cal of fibroblasts and also exhibit sharply defined boundaries between 

cells. How these morphological changes are related to the loss of 

insulin binding or resistance to the insulin-fragment A conjugate is 

not at present clear. It is not surprising that an alteration in a 

compon~nt of the cell surface would lead to a change in cell morph

ology. 

Kinetics of Cell Growth of Normal and Variant Cells 

In addition to the altered insulin binding and cell morpholo

gy, CI-7 and CI-3 cells have modified growth characteristics. Figure 

11 shows that CI-7, at passage 4, and CI-3, at passage 9, have nearly 

identical growth rates with doubling times of approximately 2~ hours. 

This is in contrast to the parental Swiss/3T3 cell line which doubles 

cell number in approximately 18 hours. It is also apparent from this 

figure that the variants exhibit contact inhibition of cell growth 



Figure 10. Comparison of cell morphology of parental and 
variant cell lines. 

Swiss/3T3 (A), CI-3 (B), and CI-7 (C) showing the altered morphology 
of the conjugate resistant variants. 
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Figure 11. Growth kinetics of Swiss/3T3, CI-7· and CI-3. 

Both of the insulin-DTa resistant variants show slower browth rates 
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which is similar to the parental 3T3 but that the saturation density 

is altered. This is particularly striking for CI-3 which has a satu

ration density only one-third that of Swiss/3T3. 

Characterization ~~ ~ Variant 

The notable difference in morphology by light microscopy be

tween CI-3 and the parental Swiss/3T3 line led us to examine this 

variant using electron microscopy. The results in Figure 12 demon

strate a striking accumulation of membrane-bound vesicles with a dense 

appearance in CI-3. These bodies are highly polymorphic in structure 

and content, taking on a variety of shapes and sizes and often appear

ing to enclose lamellar structures. Although a definite identifica

tion would require cytochemical analysis, these vesicles resemble 

lysosomes, and most probably represent residual bodies arising from 

autophagy and secondary lysosomes (DeDuve and Wattiaux 1966, Novikoff 

1973). Similar structures were found only rarely in the parental 

Swiss/3T3 cells. 

Additional evidence that the vesicles amassed in CI-3 are 

components of the lysosomal apparatus comes from vital staining with 

acridine orange. This fluorescent probe has been shown to specifical

ly label lysosomes in living cells (Poole 1977, Allison and Young 

1969). At 37 C acridine orange is taken up and concentrated in lyso

somes where, in this environment, it emits a bright orange color. 

Nuclei fluoresce green. Figure 13 compares acridine orange 



Figure 12. Electron micrographs of CI-3 and Swiss/3T3. 

The CI-3 variant (A) accumulates lysosome-like, dense vesicles as 
compared to Swiss/3T3 (B). The bar represents 1 micron. 
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Figure 13. Acridine orange staining of viable cells. 

Confluent CI-3 cells (A) and Swiss/3T3 cells (B) were incubated for 30 
minutes at 37 C in the presence of acridine orange, washed free of the 
dye, and incubated for an additional 15 minutes. They were then 
observed by fluorescence microscopy. The lysosomes appear as pinpoint 
spots of fluorescence in the cytoplasm. 
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treated CI-3 cells with identically treated Swiss/3T3 cells. Numerous 

fluorescent spots are evident throughout the cytoplasm of CI-3. In 

contrast, the fluorescent spots are much sparser in Swiss/3T3 cells. 

Since both electron microscopy and vital fluorescent staining indi

cated a massive development of lysosome-like bodies in CI-3, we meas

ured the activity of several lysosomal acid hydrolases in extracts of 

these cells. Unexpectedly, as shown in Figure 14, the specific activ

ity of all three hydrolases examined (~-hexOsamin1dase,~-galactosid

ase, and ~-glucuronidase) were decreased in CI-3 as compared to the 

parental 3T3 cells. Because of this apparent conflict between the 

cytological and enzyme activity data we undertook the biochemical 

characterization of the vesicles in CI-3. This was done by separation 

of the subcellular particles on a Percoll density gradient. The 

positicn of lysosomes was followed by assaying @-glucuronidase activ

ity. As shown in Figure 15 both CI-3 and Swiss/3T3 produced 2 major 

peaks of lysosomal enzyme activity in the density gradient. The more 

buoyant peak sedimented only a few fractions from the top of the 

gradient at an identical position for CI-3 and the parental cell line. 

This peak may include a type of lysosome or an extra-lysosomal distri

bution of lysosomal enzymes, possibly including the GERL, endoplasmic 

reticulum, or Golgi apparatus (Harms et ale 1981, Gelman et ale 1981). 

The second major peak of activity did not sediment at the same posi

tion in the gradient in both cell lines. For Sw1ss/3T3 this peak of 

activity was found near the midpoint of the gradient, but for CI-3 it 
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Figure 14. Specific activity of lysosomal hydrolases. 

Three separate acid hydrolases were tested in Swiss/3T3 (e) and CI-3 
(0). In each case the specific activity from CI-3 cells is reduced in 
comparison to the parental 3T3 line. 
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Figure 15. Lysosomal enzyme profile on Percoll density 
gradients. 

The 20.000 x g pellets from extracts of Swiss/3T3 (A) and CI-3 (B) 
were fractionated on ~5% Percoll gradients. Each fraction was assayed 
for ~-glucuronidase activity as a marker for lysosomes. 
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was found only 5 fractions from the bottom. Similar results were 

found when acid phosphatase was used as a lysosomal marker. Thus, in 

CI-3 there is a shift in the density of vesicles carrying lysosomal 

hydrolases. The vesicles in this dense fraction were shown to produce 

an orange fluorescence in the presence of acridine orange and most 

probably correspond to the numerous bodies observed by electron micros

copy. 

Thus CI-3 appears to have an alteration in the lysosomal 

system or in the regulation of that system. This alteration may be 

related to CI-3's resistance to the cytotoxic insulin conjugate and 

its reduced insulin binding capacity (see Discussion). 

EGF Internalization and Processing in CI-3 and Swiss/3T3 Cells 

Recent evidence has indicated that many polypeptide hormones 

are internalized and processed through a lysosomal pathway (see Chap

ter 1). Some reports have suggested a role for this pathway in the 

production of metabolic stimuli by these hormones (Das and Fox 1978, 

King et al. 1981). Because of the apparent alteration in CI-3's 

lysosomal system this cell line offers a unique system by which to 

study this phenomenon. CI-3 has a deficiency of insulin receptors 

and, therefore, EGF was utilized for this study. Emphasis has been 

placed on the relationship between the endocytic pathway and the 

mitogenic action of EGF. 
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EGF Binding, Internalization and Degradation in CI-3 and Swiss/3T3 

Figure 16 compares the EGF binding and internalization in CI-3 

and Swiss/3T3 cells, which had been grown to confluence and incubated 

for four days after the last medium change, in the presence of EBSS

BSA at 37 C. The maximum level of cell-associated EGF in CI-3 is 

approximately 50% of that seen in Swiss/3T3 cells. In Swiss/3T3 

maximum binding is observed between 30 and 60 minutes and thereafter 

there is a decline in cell-associated ligand. Tbis decline has pre

viously been shown to be due to degradation of the cell bound ligand 

in lysosomes and release of the degradation products into the intra

cellular environment (Carpenter et al. 1975). In contrast, binding in 

CI-3 cells reaches a maximum near one hour and no decline in cell

associated radioactivity is observed over the next hour. Both cell 

lines rapidly internalize EGF, however. 

In the same experiment described above, the cell-associated 

125I_EGF was analyzed by chromatography on Sephadex G-75 (Figure 17). 

After 60 minutes under these conditions greater than 50% of the cell

associated EGF in Swiss/3T3 cells elutes in peak III which represents 

EGF degradation products. In contrast, degradation products represent 

only a minor component of the cell bound radioactivity in CI-3 cells 

even after 120 minutes at 37 C. 

In a separate experiment 125I_EGF was added directly to the 

growth medium at 37 C. After one hour the cultures were rinsed, 

covered with conditioned medium without ligand and placed back at 37 
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Figure 16. Time course of EGF binding in Swiss/3T3 and CI-3. 

Swiss/3T3 cells (top) or CI-3 cells (bottom) were incubated at 37 C in 
the presence of 125I-EGF. At the indicated time the unbound ligand 
was removed and the intracellular (o---e), cell surface bound (6) and 
total bound (e-e) EGF was determined. 
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Figure 17. Chromatography of cell-bound EGF in Swiss/3T3 and 
CI-3. 

Sw1ss/3T3 cells (top 6 panels) or CI-3 cells (bottom 6 panels) were 
incubated at 37 C in the presence of 125I-EGF. At the indicated times 
the cells were washed. solubilized in 4 H urea, 1 ~ acetic acid. 0.1% 
Triton X-100. and fractionated on a column of Sephadex G-75. Peak I 
represents the void volume. peak II intact EGF. and peak III degrada
tion products. 
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C. At the indicatedtime the medium was removed and precipitated with 

TCA. Within 60 minutes nearly 60% of the cell-associated EGF in 

Swiss/3T3 cells was released as TCA soluble material (Figure 18). 

Within the same period only 30% of the cell-associated ligand was 

released from CI-3 cells. 

Taken together these data suggest that CI-3 binds and inter

nalizes EGF but fails to efficiently degrade the ligand. This ineffi

cient degradation of EGF in CI-3 could arise from an alteration in the 

lysosomal system itself or from the failure of endocytic vesicles to 

deliver their contents to the lysosomes. To test these possibilities 

a system using Percoll density gradients for analyzing the intracellu

lar translocation of EGF was developed. 

First, the sedimentation properties of various subcellular 

components were analyzed utilizing marker enzyme analysis. Figure 19 

shows the sedimentation profiles, in 20% Percoll gradients, of several 

cellular organelles. The profiles were nearly identical for Swiss/3T3 

and CI-3 in this gradient (compare with Figure 15 which shows a 35% 

gradient and demonstrates a difference between the two cell lines). 

The figure shows the results from Swiss/3T3 cells. Acid phosphatase 

(Figure 19B) and~-galactosidase (Figure 19C) were used to indicate 

the poSition of lysosomes. Both enzymes showed a major peak of activ

ity at a density of 1.068 to 1.110, as well as minor peaks of activity 

at a density of 1.0~3-1.0~6. This agrees well with other reports 
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Figure 18. Release of TCA-soluble 125I_EGF by Swiss/3T3 and 
CI-3 cells. 

Swiss/3T3 cells (0) or CI-3 cells (.) were incubated in growth medium 
at 37 C in the presence of 125I-EGF for 1 hour. Unbound EGF was 
removed and growth medium lacking EGF was placed on the cells and 
incubation at 37 C was continued. At the indicated time the medium 
was removed and precipitated with 5% TCA. The TCA soluble count was 
determined. 
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Figure 19. Distribution of markers of subcellular organelles 
on Percoll density gradients. 

Swiss/3T3 cell lysates were fractionated on 20% Percoll gradients. A) 
A typical density curve determined from refractive index of the gra
dient fractions. B) Acid phosphatase, a lysosomal marker. C) 
galactosidase, a lysosomal marker. D) Galactosyl transferase. a 
marker for Golgi membranes. E) NADPH cytochrome c reductase; this 
enzyme has generally been used as a marker for endoplasmic reticulum 
membranes but has recently been shown to exist in Golgi as well. F) 
125I-EGF added to the cells at 6 C at which temperature no internali
zation occurs (0). 125I_EGF added to the cells aft~r lysis and lay
ered on the gradient (0). G) 125I-labelled plasma membrane surface 
proteins. All enzyme activities are given as relative activity. In 
order to compare the results of gradients from separate experiments 
the density of each fraction was de~ermined. Each fraction was then 
plotted at its density on the curve in A. 
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Figure 19. Distribution of markers of subcellular organelles 
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which have used similar gradients (Pertoft et ale 1978, Rome et ale 

1979, Baumann and Doyle 1980, Glembotsky 1981, Harms et ale 1981). 
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As a marker for Golgi membranes galactosyl transferase activi

ty was measured. This enzyme sediments as a single sharp peak at a 

density of -1.046 (Figure 19D). In contrast, NADPH cytochrome c 

reductase, a marker for endoplasmic reticulum (ER), sediments as a 

major peak with a density of 1.043 and a shoulder at a density of 

1.046 (Figure 19E). It has recently been shown by several laborato

ries that ER enzymes are also found in significant amounts in the 

Golgi and that this cannot be accounted for by cross contamination 

(Hino et ale 1978, Howell et ale 1978, Jelsema and Morre' 1978, Bor

gese and Meldolesi 1980). In the case of NADPH cytochrome c reduc

tase, the specific activity in the Golgi can be as high as 50% of that 

in the ER (Borgese and Meldolesi 1980, Rothman 1981). We therefore 

interpret the bimodal distribution of NADPH cytochrome c reductase in 

the gradient to represent ER membranes at a denSity of 1.043 and Golgi 

at a density of 1.046 which coincides with the position of galactosyl 

transferase. 

Plasma membranes band at a density of 1.043 and are not sepa

rated from ER membranes. This is demonstrated by the position of 

125I_EGF in the gr-adient following binding at 6 C (Figure 19F) at 

which temperature EGF binds to its receptor on the plasma membrane but 

is not internalized. Additional evidence that plasma membranes sedi

ment to a density of 1.043 is that cells labelled with 1251 by the 
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lactoperoxidase method, which labels only proteins available at the 

surface of the cell, show radioactivity at this position (Figure 19G). 

In summary, four membranous organelles from Swiss/3T3 and CI-3 

cells have been separated on Percoll and shown to sediment to the 

following positions: lysosomes, density=1.110-1.068j Golgi apparatus, 

density=1.046j ER, density=1.043j plasma membrane, density=1.043. 

Lysosomes were previously shown to sediment to different positions in 

Swiss/3T3 and CI-3 on a more dense gradient (Figure 15). This differ

ence cannot be seen in the gradients described here, which were de

signed to separate the lighter membranes. 

Figure 20 shows the sequential distribution of 125I_EGF in 

Swiss/3T3 cells following binding at 6 C, removal of unbound EGF, 

replacement of 1 day conditioned growth medium (DMEM containing 10% 

fetal c,al f serum), and incuba tion at 37 C for various ti meso At 6 C 

no internalization can occur. Therefore, at time 0 (Figure 20B) all 

of the EGF is plasma membrane associated and sediments as a single 

component with a peak density of 1.043. After 5 minutes at 37 C 

(Figure 20C) a small portion of the radioactivity has shifted to a 

density of approximately 1.046. This corresponds exactly to the 

position of Golgi marker enzymes as demonstrated in Figure 19. Also 

at 5 minutes there is a small shoulder of radioactivity at densities 

1.048-1.054. By 12 minutes (Figure 20D) a major portion of 125I_EGF 

cosediments with the Golgi enzyme markers at a density of 1.046 and 

there is a significant increase in counts in the region of density 
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Swiss/3T3 cells were incubated with 125I-EGF at 6 C for 2 hours. The 
binding medium was then removed and replaced with Dl-lE-medium contain
ing 10% fetal calf serum which had been conditioned for 1 day. The 
cells were incubated at 37 C for the indicated time before being 
processed for Percoll density gradient analysis. A) Density profile. 
B) 0 minute incubation at 37 C. C) 5 minutes. D) 12 minutes. E) 
20 minutes. F) 30 minutes. Each fraction was plotted at its density 
on the curve in A. L, G, PM. and ER denote the positions of lyso
somes. Golgi. plasma membranes and endoplasmic reticulum. respective
ly. 
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1.048-1.064. Between 12 and 20 minutes there is an apparent rapid 

shift in count to a density of 1.062-1.110 (Figure 20E). This broad 

peak of activity partially overlaps that of lysosomal enzyme markers 

but cannot be totally accounted for by EGF in lysosomes. At 30 min

utes following the temperature shift to 37 C (Figure 20F) most of the 

cell associated radioactivity cosediments with lysosomal markers. A 

similar profile is seen with longer incubation times. A significant 

portion of the radioactivity which sediments with lysosomes in this 

gradient remains intact for long periods of time which suggests a 

heterogeneity in this component. This is explored in detail below. 

Figure 21 shows the same experiment using CI-3 cells. Like 

Swiss/3T3 cells CI-3 shows a single peak after the 6 C binding step 

(Figure 21B). Six minutes after the shift to 37 C, 125I-EGF is found 

in 2 additional fractions, one, which sediments with Golgi membrane 

markers, and one which sediments at a density near 1.05. The EGF in 

both additional components increases between 6 and 12 minutes while 

the radioactivity associated with the plasma membrane decreases. Af

ter 20 minutes at 37 C the majority of radioactivity sediments near 

the lysosomal fractio~ Thus it appears that CI-3 is able to inter

nalize and translocate EGF in a manner identical to that of its paren

tal Swiss/3T3 cell line. 

In summary, the above data indicate that CI-3, which was 

selected by its resistance to the insulin-DTa conjugate, has a morpho

logically and functionally altered lysosomal system. This variant 
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Figure 21. Fate of 125I-EGF in CI-3 cells. 

CI-3 cells were incubated with 125I_EGF at 6 C for 2 hours. The 
binding medium was then removed and replaced with DME-medium contain
ing 10% fetal calf serum which had been conditioned for 1 day. The 
cells were incubated at 37 C for the indicated time before being 
processed for Percoll density gradient analysis. A) Density profile. 
B) 0 minute incubation at 37 C. C) 6 minutes. D) 12 minutes. E) 
20 minutes. F) 30 minutes. Each fraction was plotted at its density 
on the curve in A. L, G, PM. and ER denote the positions of lyso
somes. Golgi, plasma membranes and endoplasmic retiCUlum. respective
ly. 



degrades EGF at a much slower rate than the parental cell line yet 

seems to bind, internalize, and deliver the ligand to intracellular 

sites in a manner identical to wild type. 
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Several investigators have recently postulated that internali

zation is necessary for EGF to induce mitogenesis (Das and Fox 1978, 

King et al. 1981). King et a1. (1981) have suggested, based on da ta 

showing that inhibitors of lysosomal degradation also inhibit stimula

tion of DNA synthesis by EGF, that degradation of the ligand or recep

tor may be necessary. If such is the case, we could expect CI-3 to be 

less responsive to the mitogenic action of EGF than the parental 3T3 

cells. Thus we tested the ability of EGF to stimulate DNA synthesis 

in the variant cell line. Figure 22 demonstrates that CI-3 is fully 

responsive to EGF in terms of DNA synthesis. Indeed, on a per cell 

basis jt is slightly more responsive to EGF than Swiss/3T3. These 

results suggest that lysosomal degradation of EGF does not play an 

important part in the production of a mitogenic signal. 

~ Pathways IQr EYE Processing ~ Endocytosis 

Figures 19 and 20 indicated that immediately after endocytosis 

EGF is found associated with 2 components, one of which appears to be 

Golgi-like in its biochemical propertie~ It is subsequently taken up 

into a lysosome-like fractio~ However, as shown in Figure 23, a 

large proportion of the ligand associated with the lysosome-like 

fraction remains there for up to 5 hours in an undegraded form. This 
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Figure 22. EGF-induced DNA synthesis in Swiss/3T3 and CI-3. 
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EGF (20 ng/ml) was added directly to the medium of Swiss/3T3 cells (0) 
and CI-3 cells Co). After the indicated time the medium was removed. 
the cells washed. and DNA synthesis was assayed as 3H-thymidine incor
porated into TCA-insoluble material during a 2 hour pulse. 
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Figure 23. Long term fate of 125I-EGF in Swiss/3T3 cells. 

Swiss/3T3 cells were incubated with 125I_EGF at 6 C for 2 hours. The 
binding medium was then removed and replaced with DME-medium contain
ing 10% fetal calf serum which had been conditioned for 1 day. The 
cells were incubated at 37 C for 3 hours (A) or 5 hours (B) before 
being processed for Percoll density gradient analysis. 
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finding suggests that more than one endocytic pathway exists for the 

uptake of this mitogen and the possibility that the various pathways 

are functionally different. These possibilities were explored in more 

detail. 

Binding, internalization, and intracellular processing were 

studied under two physiological conditions in Swiss/3T3 cells. The 

first condition was in complete growth medium including 10% fetal calf 

serum (DMEM-FCS). The second condition was in EBS5-BSA which contains 

physiological salts but lacks amino acids and serum. 

Figure 2~ shows the binding time course at 37 C in either 

EBS5-BSA or 1 day conditioned DMEM-FCS. In EBS5-BSA 125I_EGF binding 

reached a maximum at 1-2 hours and then declined over the next 6-7 

hours. Similar data were obtained if these experiments were carried 

out in DMEM containing 0.1% BSA. This type of binding kinetics has 

been observed in numerous other systems (for an example see Carpenter 

et al. 1975) and the decline in cell bound 125I-EGF after 1-2 hours 

has been attributed to degradation and release of the proteolytic pro

ducts. In DMEM-FCS the initial rate of binding is slightly reduced. 

However, the maximum amount bound is increased. There 1s also no 

decline in cell bound 125I_EGF for up to 8.5 hours. A similar obser

vation has been made by Carpenter et ale (1975). 

The nature of the 125I-EGF bound to Swiss/3T3 cells under the 

2 conditions was examined by colUmn chromatography under denaturing 

conditions. These results are shown in Figure 25. Peak I represents 
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Confluent Swiss/3T3 mouse fibroblasts were incubated at 37 C with 
125I-EGF for the indicated time in either EBSS-BSA (8) or D~lEH-FCS 
(0) . 
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Figure 25. Chromatographic analysis of cell bound 125I-EGF. 
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Swiss/3T3 cells incubated for the indicated time with 125I-EGF were 
lysed and applied to a Sephadex G-75 column. Peak I represents mater
ial eluting at the void volume. Peak II is the position at which 
intact EGF elutes and peak III represents EGF degradation products. 
A-F are from cells incubated in EBSS-BSA and G-L are from cells incu
bated in serum containing DME-medium. 
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the void volume, peak II represents intact 125I-EGF and peak III 

represents EGF degradation product~ After 30 minutes at 37 C essen

tially all the cell bound EGF elutes at the position of intact (Fig

ures 25A and 25G). With increasing time a significant portion 1251_ 

EGF bound to cells in EBSS-BSA is degraded. After 2 hours in EBSS-BSA 

(Figure 25C) cell bound degradation products reach a maximum, after 

which both peaks II and III decline over the next 6 hours (Figures 

25D-F). In contrast, at times up to 8 hours incubation at 37 C only a 

minute portion of EGF bound to cells in serum supplemented medium is 

in a degraded form. It is also of interest to note the difference 

between degradation products in Swiss/3T3 cells shown in Figures 17A-D 

and those shown in Figures 25A-~ In Figure 17 the cells were condi

tioned for four days prior to the experiment while in Figure 25 they 

were conditioned for 1 day. After a 4 day incubation the nutrients in 

the medium may become limiting and thus degradation of extracellular 

as well as cellular components may be increased. 

Thus there are obvious differences in cellular binding and 

degradation of EGF when cells are in a nutrient-rich environment and 

when cells are in a nutrient-deficient environment such as EBSS-BSA or 

several day conditioned medium. It was thel'efore of interest to 

determine if there were differences in internalization and subsequent 

processing of EGF under these two conditions. This was examined 

utilizing Percoll density fractionation. The distribution of marker 

enzymes on these gradients was shown in Figure 19 and are indicated in 
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the figures. The experimental conditions are the same as those de

scribed in Figure 20 in which EGF is bound to cells at 6 C, followed 

by removal of unbound EGF and a temperature shift to 37 C in the 

presence of the appropriate medium. Figure 20 shows the results of 

such an experiment when Swiss/3T3 cells, conditioned for one day in 

fresh growth medium, are shifted to 37 C in the presence of the 1 day 

conditioned growth medium. These results are redescribed briefly. 

Prior to warming all of the EGF is associated with the plasma membrane 

fractio~ After 5 minutes at 37 C, EGF is associated with 2 new 

components, the major one of which sediments with Golgi markers. The 

other component sediments as a broad peak with a maximum near density 

1.05. Between 5 and 12 minutes the EGF content of both of the compo

nents increases. Between 12 and 20 minutes there is a major shift of 

radioactivity to the position of lysosomes. However, significant 

radioactivity remains in this component for up to five hours (Figure 

23). 

The results described above were obtained only if the tempera

ture shift to 37 C was done using complete growth medium. A much 

different result was obtained if the shift was made in EBS5-BSA. 

These results are shown in Figure 26. After 5 minutes at 37 C in 

EBS5-BSA (Figure 26B) a major peak of 125I_EGF is found at a median 

density of 1.05. Also there is a peak of radioactivity which cosedi

ments with Golgi markers at density 1.046 and some count is still 

associated with the plasma membrane. After 12 minutes (Figure 26C), 
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Figure 26. Fate of 125I_EGF in Swiss/3T3 cells incubated in 
EBS5-BSA. 
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Cells were incubated at 6 C for 2 hours in the presence of 125I_EGF. 
The binding medium was then removed and replaced with EBS5-BSA. The 
cells were incubated for 5 minutes (B). 12 minutes (C). 30 minutes 
(D). or 60 minutes (E) at 37 C and then processed for Percoll density 
gradient analysis. Each fraction was plotted at its density on the 
curve in A. 
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the majority of EGF is found in a heterogeneous population of vesicles 

ranging in density from 1.048-1.068 with maximal counts found at a 

density of 1.05. At this time point there is very little EGF cosedi

menting with either the plasma membrane or the Golgi and essentially 

none at the density of lysosomes. By 30 minutes (Figure 26D) the 

majority of the cell associated radioactivity cosediments with lysoso

mal markers at a density of 1.080. By 60 minutes (Figure 26E) there 

is very little 125I_EGF remaining with the cells. 

Figure 27, shows the sedimentation profile of 125I-EGF in 

cells grown to conf1uency and then conditioned for 4 days with no 

medium change. The results are quite similar to those shown in Figure 

20, in which the cells were fed only 1 day before the experiment, with 

the exception that more EGF is delivered to the component at a density 

of 1.05 at early t1 me points. 

The uptake of EGF into the various subcellular components was 

analyzed by dividing the Perco1l gradients into four regions as indi

cated in Figure 27. Region I is from the top of the gradient to a 

density of 1.045 and includes plasma membranes and any EGF which 

dissociates from the plasma membranes during preparation. Region II 

is from densities 1.045 to 1.049 and includes the Go1gi elements. 

Region III is from densities 1.049 to 1.062 and includes the heteroge

neous component with peak density at 1.05. Region IV is from a densi

ty of 1.062 to the bottom of the gradient and includes lysosomes. 

This analysis is not absolute since there is obvious overlap between 
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Figure 27. Subcellular distribution of Swiss/3T3 cell-bound 
125I_EGF on Percoll density gradients. 

Swiss/3T3 cells were incubated at 6 C in the presence of 125I_EGF for 
1.5 hours. Unbound EGF was then removed, the cells were covered with 
growth medium (conditioned for 4 days) and the temperature was raised 
to 37 C. The post-nuclear lysate was fractionated on 20% Percoll 
gradients. A) Density. arrows indicate the peak fraction of marker 
enzymes for plasma membrane (PM), endoplasmic reticulum (ER). Golgi 
apparatus (G). and lysosomes (L). B) 30 minutes C) 12 minutes D) 
5 minutes E) 0 minutes after shifting the temperature to 37 C. 
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the various fractions but it provides a useful indication of the time 

and extent of processing of EGF through the various cellular compo

nents. As shown in Figures 2BA and 2BE, in the presence of both DME~1-

FCS and EBSS-BSA, count in region I is maximal at 0 minutes and 

declines rapidly during the first 10 minutes at 37 C. This loss of 

count in the plasma membrane fractions correlates with the appearance 

of EGF in regions II and III (Figures 28B, 2BC, 2BF, 28G). The extent 

of uptake into these two components varies with the incubation condi

tions. In the presence of growth medium (Figures 28B and 28C) uptake 

of EGF into region II, which contains the Golgi apparatus, is in

creased. While in the presence of EBSS-BSA uptake into region III is 

accentuated. Loss of EGF from both region II and region III appears 

to correlate with the appearance of count in region IV, which includes 

lysosoltles (Figures 2BD and 28H). 

The cellular and extracellular pools of EGF from a similar 

experiment are shown in Figure 29. In the presence of both growth 

medium and EBSS-BSA, EGF is rapidly lost from the cell surface follow

ing the temperature shift to 37 C (Figure 29C). This loss is due 

largely to internalization (Figure 29C) and, to a lesser extent, 

dissociation into the medium (Figure 29A). In the presence of EBSS

BSA, the loss of intracellular 125I_EGF corresponds to the appearance 

of c TCA soluble count in the medium (Figure 29B). The appearance of 

TCA soluble material in the medium is much retarded in growth medium 

(Figure 29B) while nearly 50% of the 125I-EGF bound at 0 minutes 
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Figure 28. Time course of 125I-EGF association with subcellu
lar fractions. 

Cells were incubated at 6 C in the presence of 125I_EGF. Unbound EGF 
was removed, the cells were covered with either 1 day conditioned 
growth medium (A-D) or EBSS-BSA (E-H). and the temperature was raised 
to 37 C. For analysis, the gradients were divided into four regions 
as shown in Figure 27. Region I includes plasma membranes and any EGF 
which dissociates from the plasma membrane during preparation. Region 
II includes Golgi elements. Region III contains an unidentified 
component with which a portion of internalized EGF becomes associated 
(see text). Region IV includes lysosomes. 
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Figure 29. 125I-EGF internalization, dissociation and 
degradation in Swiss/3T3. 

Binding was carried out at 6 C for 1.5 hours. Unbound EGF was then 
removed, the cells were covered with either 1 day conditioned growth 
medium (-) or EBS5-BSA (---) and the temperature was raised to 37 C. 
At the indicated time the medium was removed and TCA was added to the 
medium to 5%. The cells were thoroughly washed and surface bound EGF 
was separated from internalized EGF by the method of Haigler et ale 
(1980). A) TCA-insoluble counts in the medium. B) TCA-soluble 
counts in the medium. C) Intracellular counts (0) and cell surface 
counts (0). 

78 



79 

remains inside the cells after 2 hours (Figure 29C). This intracellu

lar EGF is greater than 90% intact as determined by gel filtration on 

Sephadex G-75. The appearance of TCA insoluble 125I-EGF in the me

dium, in the presence of growth medium (Figure 29A), seems somewhat 

anomalous. A rapid increase in TCA precipitable EGF in the medium 

over the first 20 minutes (Figure 29A) after the shift to 37 C corre

lates with a decrease in intracellular ligand (Figure 29C). This 

suggests the possibility that, in the presence of serum, a portion of 

bound EGF is internalized and subsequently released into the medium 

and rebound. A more detailed analysis is needed to prove such a 

phenomenon but it is interesting to note that Tolleshaug et al. (1981) 

have observed a similar endocytic pathway for aSialotransferrin in rat 

liver jn~, which they termed diacytosis. 

The results detailed above indicate that the intracellular 

destination and subsequent processing of EGF depend upon the incuba

tion medium. If binding is carried out at 6 C and the temperature 

raised to 37 C in serum supplemented medium the majority of the EGF 

becomes associated with a cellular component with Golgi-like proper

ties and the degradative process is decreased. However, if the 37 C 

incubation is in a physiological salt solution containing BSA, which 

represents an extreme case of amino acid and serum deprivation, the 

majority of cell bound EGF becomes associated with a component of 

median density 1.05 and subsequent lysosomal degradation is increased. 

Both pathways are apparently operating under both conditions but the 
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relative proportion varies. This difference is further illustrated by 

the results sho~n in Figure 30. In this experiment Swiss/3T3 cells 

were incubated at 37 C in the presence of 125I-EGF in either DMEM-FCS 

or EBSS-BSA as in Figure 24. After the given time they were processed 

for Percoll density gradients. In growth medium (Figures 30A-C) there 

are two major peaks of radioactivity which correspond to plasma mem

brane and lysosomal areas of the gradients. Apparently EGF is asso

ciated with cellular elements which cosediment with Golgi markers only 

for a short time, in a continuous transition process, as only a small 

shoulder of radioactivity is seen in this area. In EBSS-BSA (Figures 

30D-F) a large majority of the EGF is found associated with a broad, 

apparently heterogeneous component with a peak density of 1.05. Peaks 

of radioactivity are also found in the regions corresponding to lyso

somes and the plasma membrane. The peaks at the 60 minute time points 

were further analyzed by gel chromatography. As seen in Figure 31, 

the majority of 125I_EGF appears to elute at the position of intact 

EGF in all the fractions tested, both from experiments using EBSS-BSA 

and experiments using DHEH-FCS. These results are consistent with 

Figures 25B and 25C. 

To further study the EGF processing in cells in serum defi

cient (EBSS-BSA) versus serum containing medium, cells were incubated 

with 1251_EGF for 60 minutes at 37 C. The unbound 125I_EGF was washed 

off and the cells were replaced in the appropriate medium. Incubation 

was continued for 15, 30 or 60 minutes at which time the medium was 



Figure 30. Comparison of the intracellular fate of 125I_EGF under two 
different conditions. 

Cells were incubated at 37 C in the presence of 125I_EGF in either DME-medium 
with 10% fetal calf serum (A-C) or EBS8-BSA (D-F) for 15 minutes (A and D), 30 
minutes (B and E) or 60 minutes (C and F). They were then processed for 
analysis on 20% Percoll gradients. 
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Figure 31. Column chromatography of Percoll gradient fractions. 

The peak fractions from the Percoll gradients shown in Figures 30C and 30F were 
chromatographed on Sephadex G-75. In A-C, cells were incubated for 60 minutes 
with 125I-EGF in EBSS-BSA (see Figure 30F). Samples from the following regions 
of the gradient were analyzed: A) Plasma membrane and endoplasmic reticulum 
region of the gradient. B) Peak fractions at density=1.05. C) Lysosome 
region of the gradient. In D, cells were incubated for 60 minutes with 1251-
EGF in DME-medium containing 10% fetal calf serum (see Figure 30C) and the 
lysosome region of the gradient was analyzed. Peak I represents the void 
volume, peak II corresponds to the position at which intact EGF elutes, and 
peak III corresponds to EGF degradation products. 
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collected and precipitated with TCA to determine the nature of the 

iodinated products released by the cells. The cells were processed 

for Percoll gradient analysis as above. The 0 minute time points 

correspond to Figures 30C and 30F. As demonstrated in the inset in 

Figure 32C, the rate of degradation of 125I-EGF and the release of the 

degradation products into the medium is nearly identical in both the 

presence and absence of serum. However, the proportion of cell bound 

EGF which is degraded is,decreased in the presence of serum. In EBSS

BSA nearly all of the cell-associated EGF is degraded and released 

from the cell within 1 hour (Figures 32A-C). In the presence of 

serum, a notable amount of ligand remains with the cell, associated 

with a population of dense vesicles (Figures 32D-F). In the presence 

of growth medium a large portion of the EGF in this fraction is still 

found here, intact, after 5 hours (compare with Figure 23). Thus, in 

growth medium a portion of the internalized EGF is degraded at a 

normal rate while the remainder of the EGF is found undegraded in a 

population of vesicles which cosediment with lysosomes. In contrast, 

nearly all of the internalized EGF is degraded and released from the 

cell if incubation is in EBSS-BS~ 

In summary, then, cell bound EGF is degraded to a greater 

extent under conditions in which a major pathway of endocytosis in

volves an unidentified component with peak denSity of 1.05. A rela

tive lack of degraded cell bound EGF is correlated with conditions in 

which EGF becomes associated with structures identical in structure to 



Figure 32. Loss of cell-bound EGF from Swiss/3T3 cells. 

Cells were incubated at 31 C with 125r-EGF in either EBSS-BSA (A-C) or serum 
containing medium (D-F) for 60 minutes. They were then washed free of unbound 
ligand and the 31 C incubation was continued for 15 minutes (A and D), 30 
minutes (B and E) or 60 minutes (C and F). The 0 minute time point for this 
experiment would correspond to Figures 30C and 30F. The inset in C shows the 
time course of appearance of EGF degradation products determined as trichloro
acetic acid-soluble counts in the media (0), DME-medium containing 10% fetal 
calf serum; 0, EBSS-BSA). The ol'dinate is given as % of total 125I-EGF bound 
at time O. 
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Golgi vesicles. In addition, the above results show tbat, in growth 

medium, EGF is processed into a subcellular compartment which cosedi

ments with lysosomal enzyme markers, however, only a portion of the 

ligand is degraded and released. This suggests a heterogeneity within 

this fraction due to the presence of non-lysosomal organelles or the 

presence of lysosomes which are unable to degrade EGF. To further 

explore these possibilities, 125I_EGF treated cells were fractionated 

on Percoll gradients designed to separate vesicles in the denSity 

range of lysosomes. In the experiment shown in Figure 33 cells were 

incubated in conditioned growth medium in the presence of 2 ng/ml 

125I-EGF for 3 hours at 37 C. The cell lysate was divided and ana

lyzed on Percoll gradients of 2 different starting denSities, either 

20 or 35% Percoll. Figure 33D shows the profile of EGF in gradients 

identical to those discussed above. The majority of count cosediments 

with lysosomal enzyme markers. However, on a denser gradient, the 

same sample is fractionated into at least three components (Figure 

33C). Furthermore, the profile of 125I-EGF does not correspond to 

that of lysosomal enzymes. In particular a component between densi

ties 1.075 and 1.090 is clearly separated from the peaks of lysosomal 

enzyme activity. In an attempt to improve the resolution of these 

components a third, denser gradient, composed of 45% Percoll, was 

utilized. Figure 34B shows the distribution of radioactivity after 

incubation of the cells for 3 hours at 37 C with the labelled ligand. 
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Figure 33. Distribution of Swiss/3T3 subcellular fractions 
containing EGF on Percoll gradients of different densities. 

125I_EGF was added directly to the growth medium and the cells were 
incubated at 37 C for 3 hours. The cells were lysed and the sample was 
divided and layered on either a ~1% or 20% Percoll gradient. A and E) 
density. C and D) 125I-EGF (e) and ~-galactosidase (0). 
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F1~lre 3~. Distribution,of EOF-containing vesicles and 
lysosomes on a dense Percoll gradient. 

A denser gradient (~5%) was utilized in an attempt to improve the 
resolution of the various components containing EOF from Swiss/3T3 
cells. A) density. B) 125I-EOF. C) ~-galactosidase. 
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There is clear separation of vesicles containing EGF (Figure 34B) from 

the peaks of lysosomal enzyme activity. 

Optimal resolution of these components was produced by 41% 

Percoll gradients. A time course of association of EGF with these 

dense organelles in Swiss/3T3 cells is shown in Figure 35. Signifi

cant accumulation of EGF in both lysosomal and non-lysosomal fractions 

is observed after 1 hour. EGF in the non-lysosomal compartment, at a 

peak density of approximately 1.083, appears to reach a maximum near 3 

hours and then to decline to a low level over the next 2 hours. Two 

peaks of lysosomal enzyme activity are apparent in this gradient. The 

dense fraction of lysosomes, at densities 1.088-1.110, appears to 

accumulate EGF and degrade it at a slow rate. It may consist of 

residual bodies which appear to accumulate in early passage 3T3 cells 

after ~veral days without a medium change. 

To briefly summarize these results, EGF is endocytosed by 

mouse 3T3 fibroblasts through two distinct pathways. In addition to 

the pathway leading to lysosomal association and degradation, EGF is 

taken up into a Golgi-like subcellular component. From this organelle 

a portion of the ligand is translocated into a dense lysosomal enzyme

deficient organelle. The degradative pathway is enhanced by serum and 

amino acid deprivation while in complete growth medium containing 

serum the non-degradative pathway 1s stimulated. 

The next question to be resolved was the biological relevance 

of the uptake of EGF through two pathways and delivery into both 
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Figure 35. Time course of EGF association with subcellular 
components of Swiss/3T3 cells. 

125I _EGF was added directly to the growth medium and, after 1 hour 
(B), 3 hours (C) or 5 hours (D), the cells were lysed and fractionated 
on ~1% Percoll gradients. A shows the density and distribution of ~
galactosidase on the gradients. 
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lysosomal and non-lysosomal compartments. Stimulation of DNA synthe

sis by EGF generally requires the presence of serum in the medium. 

This suggests that uptake of EGF through the non-degradative route, in 

which EGF is delivered into a lysosomal enzyme deficient organelle, 

may playa role in the production of a mitogenic stimulus. To ap

proach this problem EGF processing and mitogenicity were studied in 

normal human skin fibroblasts (HF cells). These cells offer the 

advantage of being strongly contact inhibited in growth with no ten

dency to spontaneously display transformed characteristics with con

tinued culturing as seen in Swiss/3T3 cells. Also the culture medium 

contents may be manipulated with very little effect on basal DNA 

synthesis. 

The internalization of EGF in HF cells was examined by incuba

ting tt,e cells at 6 C in the presence of 2 ng/ml 125I-EGF for 1.5 

hours, removing the unbound ligand by washing and raising the tempera

ture to 37 C in the presence of the appropriate medium. Figure 36 

shows the results of such an experiment in which cells were preincu

bated for 1 day in fresh DMEM-FCS. Before shifting the temperature to 

37 C, greater than 90% of the cell bound EGF is on the cell surface as 

determined by its abiH ty to be removed by 0.2 M acetic acid, 0.5 M 

NaCl (Figure 36B). Upon warming internalization is very rapid and 

nearly complete within 10 minutes (Figure 36A). The majority of 

internalized ligand remains with the cell for up to 60 minutes (Figure 

36A). About 40% of the ligand is lost into the medium, in a TCA 
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Figure 36. EGF binding and internalization in HF cells. 

HF cells, which had been conditioned for 1 day in DMEM-FCS10, were 
incubated at 6 C with 2 ng/ml 125I-EGF for 1.5 hours in EBSS-BSA. 
Unbound EGF was then removed, the 1 day conditioned medium was re
placed and the temperature was raised to 37 C. At the indicated times 
the medium was removed and TCA was added to a final concentration of 
5%. The cells were treated for 10 minutes with 0.2 M acetic acid, 0.5 
M NaCI to remove surface bound 125I-EGF. Intracellular EGF was deter
mined by solubilizing the cells in 1 N NaOH. A) Intracellular (0) 
,nd surface bound EGF (.). B) TCA soluble (0) and TCA insoluble (0) 

251_EGF in the medium. 
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precipitable form, either by dissociation or release from an intracel

lular compartment (Figure 36B). Very little EGF is degraded and 

released into the medium during the 60 minute incubation (Figure 36B). 

Similar results, in a 60 minute incubation at 37 C, were obtained if 

the cells were preincubated for 1 day in medium containing 0.1% BSA 

(DMEM-BSA). Percoll gradient analysis was used to examine the subcel

lular localization of HF cell bound 125I-EGF in an experiment identi

cal to the one just described. In this experiment and all subsequent 

experiments on HF cells the cells were plated in DMEM-FCS. On day 3 

the medium was changed to fresh DMEM-FCS. On day 6 or 7 the medium 

was changed to DMEM plus the appropriate additions and, after one more 

day, the cells were utilized. The Percoll gradient data shown in 

Figure 37 compares the intracellular translocation of EGF in cells 

preincl.ba ted for 1 day in DMEM-FCS (Figure 37 A-E) or DMEM-BSA (Figures 

37F-J). The sedimentation of subcellular organelle marker enzymes is 

very similar to that shown in Figure 20 for Swiss/3T3 cells. The 

densi ties of the organelles are identical in cells incubated in DMEN

FCS or DMEM-BSA and the peak positions are indicated in Figures 37A 

and 37F. As with 3T3 cells, EGF is associated only with the plasma 

membrane prior to warming to 37 C. The count found at the top of the 

gradient represents EGF which has dissociated from the plasma membrane 

during preparation of the sample and is found in significant amounts 

only before warming when no internalization has occured. Five minutes 

after warming a significant portion of the bound ligand is found 
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Figure 37. Subcellular distribution of IIF cell-bound 125I-EGF 
on Percoll density gradients. 

HF cells, which had been conditioned for 1 day in either DMEM-FCS10 
(A-E) or DMEM-BSA (F-J), were incubated at 6 C for 1.5 hours with 2 
ng/ml 125I-EGF. Unbound EGF was then removed, the 1 day conditioned 
medium was replaced and the temperature was raised to 37 c. At the 
indicated time the cells were lysed and fractionated on 20% Percoll 
gradients (A-D and F-I) or 25% Percoll gradients (E and J). Density 
is shown in A, E, F and J (0). The peak positions of marker enzymes 
for the 'various organelles in the 20% gradients are'indicated by 
arrows in A and F as follows: L, lysosomes as determined by @
galactosidase and ~-hexosaminidase; G, Golgi as determined by galacto
syl transferase; ER, as determined by NADH cytochrome c reductase; PM, 
plasma membrane as determined by 125I-EGF binding at 6 C or lactoper
oxidase iodination of the cell surface. 
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associated with a cellular component which comigrates with Golgi 

marker enzymes as well as with a heterogeneous component between 

densities 1.048 and 1.062. By 12 minutes after warming, there is 

further increase in ligand associated with this heterogeneous compo

nent and very little 125I-EGF remains associated with the plasma 

membrane. After 30 minutes at 37 C nearly all of the count is found 

in a dense fraction which cosediments with lysosomes. Very little 

difference is seen between the profiles from cells in serum-free or 

serum-containing DMEM except for a somewhat lower recovery of EGF from 

the serum-free lysates. The gradients described above were formed 

from a 20% Percoll suspensio~ The lysates from the 60 minute incuba

tion were separated on gradients formed from a 25% Percoll suspension 

in an attempt to better separate the dense fractions which cosediment 

with lysosomes. In this gradient there is a major difference between 

cells preincubated in DMEM-FCS and DMEM-BSA. In the cell lysate from 

cells incubated in the presence of serum, the lysosome-like fraction 

appears to consist of two components (Figure 37E) while in the lysate 

from cells incubated in serum-free medium there is only one major 

component (Figure 37J). Thus.the intracellular translocation of EGF 

in HF cells is nearly identical to that of Swiss/3T3 mouse cells. 

There is an initial uptake of the ligand into two separate components 

and delivery into a dense subcellular fraction which consists of at 

least two components. 
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Carpenter and Cohen (1976a) showed that HF cells require the 

presence of serum to be effectively stimulated by EGF and Figure 38A 

shows a similar result. The differential uptake of EGF into dense 

subcellular fractions in serum-containing versus serum-free condi

tions, as noted above, led to a more detailed investigation of this 

phenomenon. 125I_EGF was added directly to the medium of cells which 

had been preincubated for 1 day in DMEM-FCS or DMEM-BSA. After var

ious times at 37 C the cells were lysed and fractionated on a gradient 

of 35% Percoll. In this gradient there is a sharp peak of radioactiv

ity between densities 1.06 and 1.038 (Figures 38B and 38C). This peak 

contains all of the lighter membrane components such as plasma mem

brane, ER and Golgi. Denser components containing EGF are found in 

both serum-free and serum-containing conditions. However, there are 

two notable differences between the two conditions. In serum-free 

medium the activity is spread in a broad peak between densities of 

1.082 and 1.06 (see bars, Figure 38C). The radioactivity of this peak 

decreases after 1 hour. In serum-containing medium a major fraction 

containing EGF is found at densities 1.076-1.096 (see bars, Figure 

38B). The radioactivity of this fraction increases after 1 hour. 

Figure 39 shows the 125I_EGF binding profile at 37 C in DMEl-I

BSA and DMEM-FCS. The initial rate of binding and the amount of 1251_ 

EGF on the surface are very similar in the two conditions. However, 

the amount of intracellular ligand reaches a higher level in the 

presence of serum. This higher level is maintained for at least 5 
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Figure 38. EGF induced DNA synthesis and EGF uptake in HF 
cells. 

In A, EGF (10 ng/ml) stimulation of thymidine incorporation in HF 
cells which had been incubated for 1 day in DMEM-FCS10 (0) or DNEM-BSA 
(e) is shown. Thymidine incorporated in a control, lacking EGF, was 
subtracted from each time point. This baseline level was constant 
throughout the experiment at 6460 cpm for cells in DMEM-FCS10 and 11700 
opm for oells in DMEM-BSA. In B, the distribution of subcellular 
fractions containing 125I-EGF from cells preincubated for 1 day in 
DMEM-FCS10 is shown. 125I-EGF was added directly to the medium of 
cuI tures at 37 C. After 1 hour (.), 3 hours (0) or 5 hours (A) the 
cells were lysed and fractionated on 35% Percoll gradients centrifuged 
for 1.5 hours in a Sorvall RC-5B at 16,000 rpm in an SS34 rotor. 
Density is shown in B Co--o). C shows the same as B except that cells 
were preincubated for 1 day in DMEM-BSA. 



Figure 39. 125I-EGF binding at 37 C in HF cells. 

125I _EGF was added directly to the medium of cultures preincubated for 1 day in 
DMEM-FCS10 (0) or DMEH-BSA Ce). At the indicated times the medium was removed 
and surface bound C---) and intracellular ( - ) ligand were determined. 
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Figure 39. 125I-EGF binding at 37 C in HF cells. 
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hours and can be accounted for mostly by the accumulation of EGF in 

the organelle at density 1.076-1.096 as shown in Figure 38. 
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One possible conclusion is that serum factors alter the densi

ty of the intracellular component to which EGF is delivered. Also, 

serum is known to contain protease inhibitors which could inhibit the 

breakdown and release of EGF in the lysosome thus causing the intra

cellular accumulation of ligand. Another possibility is that EGF is 

delivered into two functionally different cellular compartments which 

are regulated by the cell's physiological state. The following exper

iments were performed to try to distinguish between these two pos

sibilities. 

Cultures grown to confluence in DMEM-FCS were switched to 

medium containing 0.1% BSA, 1% serum, 2.5% serum, 5% serum, 10% serum 

or 10% serum plus 10 ng/ml 12-o-tetradecanoy1-phorbol-13-acetate (TPA) 

and incubated for 1 day. 125I-EGF was added directly to the medium at 

37 C. After 3 hours the cells were processed for Percol1 gradient 

analysis. A duplicate plate was incubated at 37 C for 3 hours, fol

lowed by washing to remove 125I-EGF and another 2 hour incubation at 

37 C before gradient analysis. Figures 40C and 40D show the results 

after 3 hours incubatio~ A sharp peak of radioactivity is seen in 

the fractions containing the light membranes (Go1gi, ER, plasma mem

brane) which is nearly identical in all incubation conditions. The 

dense fractions, as before, consist of two components. The amount of 

radioactivity in the less dense component (density 1.06-1.081) is 
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Figure 40. Percoll gradient fractionation of HF cell lysates 
after various incubation conditions. 

125I_EGF was added directly to the medium of HF cultures which had 
been preincubated for 1 day as described below. After 3 hours in the 
presence of the ligand (C and D) or 3 hours in the presence of the 
ligand followed by 2 hours in the absence of the ligand (E and F) the 
cells were lysed and fractionated on 35% Percoll gradients centrifuged 
for 1 hour at 16,000 rpm in a Sorvall RC-5B using an SS34 rotor. A) 
~-glucuronidase activity from cells incubated in DMEM plus 10% FCS Ce) 
or 2.5% FCS (0). Density (e---e). B) f3 -glucuronidase activity from 
cells incubated in DMEM plus 5% FCS (e) or DMEM-BSA (0). Density 
(e---e). C and E) DMEM pI us 10% FCS (e), 2.5% FCS (0), or DMEM-BSA 
(A). D and F) DMEM plus 5% FCS (e), 1% FCS (0) or 10% FCS and 10 
ngimi TPA (A). 
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similar in all treatments except TP~ However, uptake into the heav

ier component increases with increasing serum content. The uptake of 

EGF into this component after a 1 day preincubation in 10$ serum plus 

10 ng/ml TPA is greatly diminished. After a 3 hour incubation in the 

presence of EGF, followed by 2 hours in the absence of 125I_EGF 

(Figures ~OE and ~OF), tbe peak of radioactivity associated with the 

light membranes disappears. Significant count is still found in both 

components toward the bottom of the gradient. Again, the less dense 

of the two components contains a similar amount of EGF in all treat

ments except TPA. The amount of radioactivity in the denser component 

is clearly correlated with serum concentratio~ However, in the 

presence of TPA and 10$ serum very little EGF is found here. The 

sedimentation profiles of a lysosomal enzyme marker (~-glucuronidase) 

are shewn in Figures ~OA and ~O& An identical profile was seen for 

~-galactosidase and ~-hexosaminidase. There is a sharp peak of activ

ity comigrating with the light membranes at the top of the gradient 

and a broad heterogeneous peak at the bottom of the gradient which 

comigrates with the two components carrying EGF. 

The ability of EGF to stimulate DNA synthesis after a 1 day 

preincubation in the presence of varying concentrations of serum and 

TPA was tested. As shown in Figure ~1, the effect of EGF on DNA 

synthesis is increased with increased serum. A similar observation 

was reported by carpenter and Cohen (1976a). After a 1 day preincuba

tion with 10% FCS plus 10 ng/ml TPA, the ability of EGF to stimulate 
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Figure 41. EGF (10 ng/ml) stimulation of thymidine 
incorporation in HF cells. 

A) HF cells were preincubated for 1 day in DMEM plus 10% FCS (e). 5% 
FCS (0). 2.5% FCS (x). 1% FCS (.t.) or DHEM-BSA (III). B) Cells were 
preincubated for 1 day in DHEH plus 10% FCS (e). 2.5% FCS (0) or 10% 
FCS and 10 ng/ml TPA (A). In all cases the baseline level of incor
poration. as determined by control cultures lacking EGF. has been sub
tracted. The baseline level was constant for each treatment but 
ranged from 5600 cpm in 10% FCS to 2500 cpm in DMEM-BSA. ... 
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DNA synthesis is greatly diminished. Thus the capacity of cells to 

respond to EGF under these incubation conditions is correlated with 

their ability to take up ligand into a dense intracellular compartment 

(Figure 40). 

To achieve better resolution of the two dense components 

containing EGF and lysosomes. 125I_EGF treated cells were fractionated 

on gradients formed from a suspension of 41% Percoll (Figure 42). In 

this gradient there is less overlap between the two components. In 

addition. the component at density 1.076-1.096 is clearly lacking in 

lysosomal enzymes (Figure 42A) while the component at density 1.06-

1.08 appears to cosediment with lysosomes. Again. the radioactivity 

associated with the dense fraction (density 1.076-1.096) increases 

with increasing serum concentration (Figure 42C. 3 hour incubation 

with E(jFj Figure 42D. 3 hour incubation with EGF followed by 2 hours 

without ligand). 

Thus it appears that EGF is taken up by HF cells into a non

lysosomal organelle, as observed for Swiss/3T3 cells. and that the 

extent of uptake into this compartment is correlated with the capacity 

of cells to respond to EGF. Indeed. if the extent of uptake into this 

component is plotted against the increase in DNA synthesis due to EGF. 

a very close relationship is observed (correlation coefficient=0.963. 

Figure 43). In contrast, the amount of EGF associated with the compo

nent at density 1.06-1.08. which appears to be lysosomal in nature, 

shows no positive correlation with the extent of DNA syntheSis 
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A shows ~-galactosidase activity from cells pre1ncubated for 1 day in 
DME~~-FeS1 0 (0) or DHEM-BSA (0) and density (0---0). B shows density. 
In C, HF cells were incubated with 125I _EGF for 3 hours at 37 e in 
D~IEH plus 10% FeS (x). 5% Fes (0) or DMEM-BSA (0). In D. HF cells 
were incubated at 37 e for 3 hours in the presence of 125I_EGF fol
lowed by 2 hours in the absence of ligand in DMEM plus 10% FeS (x). 5% 
Fes (0) or miEl-i-BSA (0). 
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Figure 43. Correlation between uptake of EGF into subcellular 
components and stimulation of DNA synthesis. 

Ordinant: 125I_EGF cpm associated with fractions at density=1.08-
1.096 (.) or density =1.06-1.07~ (0) were totalled from an experiment 
like that shown in Figure 42D. These denSity ranges represent the 
regions of least overlap between the two components. This was done 
for six different experimental conditions as indicated. Abscissa: 
DNA synthesis was determined by the amount of 3H-thymidine incorpor
ated between 18-21 hours after addition of 10 ng/ml EGF. Both coordi
nates are normalized as % of the maximum value. The line is drawn to 
indicate a perfect. positive correlation between the two parameters. 



stimulation. Indeed, there appears to be an inverse relationship 

between the two. 
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The correlation noted above was related to serum concentra

tion. Thus it was of interest to determine if this effect was specif

ically due to the presence of serum factors or whether it was due to 

the healthy physiological state in which serum is able to maintain 

cells. Cells were grown to confluence in 10% FCS, as before. and 

preincubated for 1 day in a hormone defined medium containing the 

following components: basal medium consisting of 75% DMEM and 25% 

Ham's F12, amino acids. vitamins and trace elements as described by 

Shipley and Ham (1981) and Shimizu et ale (1982). 2 ug/ml insulin, 2 

ug/ml transferrin, 0.1% BSA, 0.1 mM ethanolamine, and 100 ng/ml dexa

methasone. This defined medium was able to maintain confluent cells 

for at least 3 days but did not stimulate significant DNA synthesis or 

cell growth. As shown in Figure 43A, a large portion of cell asso

ciated 125I-EGF was taken up into the dense component at density 

1.076-1.096 during a 3 hour incubation at 37 C. In addition. DNA 

synthesis was stimulated by EGF to nearly the same extent in hormone 

defined medium as in DMEM containing 10% FCS (Figure 44B). 

The effects of several inhibitors on the uptake of EGF into 

the dense, non-lysosomal component and on EGF stimulated DNA synthesis 

in HF cells were tested. In each case the cells were preincubated for 

2 hours with the drug prior to the addition of 125I-EGF for 3 hours at 

37 C. The first inhibitor tested was methylamine which has been shown 
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Figure 44. Suboellular looalization of EGF and 
thymidine inoorporation in hormone defined medium. 

s timula tion of 

In A. HF oells were grown to confluence in DHEM-FCS10 and then prein
cuba ted for 1 day in a hormone defined medium. 125I _EGF was added 
directly to the medium and. after 3 hours. the oells were processed 
and fractionated on 41% Percoll gradients: 125I_EGF (0--'). density 
(e--e). B shows the stimulation of DNA synthesis 18-21 hours after 
the addition of 10 ng/ml EGF. 
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to inhibit lysosomal protease activity by raising the intralysosomal 

pH but may also affect other cellular processes which require a low 

intracellular p~ It is known to inhibit degradation of EGF and leads 

to an accumulation of ligand inside the cell. It has also been shown 

to inhibit EGF stimulated DNA synthesis in cultured cells (King et ale 

1981). Figure 45A shows that 15 mM methylamine leads to a tremendous 

accumulation of 125I-EGF in cellular components which sediment at 

density 1.042-1.078, which includes plasma membrane, ER, Golgi and 

lysosomes. However, uptake of EGF into the dense non-lysosomal compo

nent is almost completely blocked by methylamine. Under the same 

conditions methylamine blocks EGF induced DNA synthesis by 76.6% 

(Table 3). 

Leupeptin is a specific inhibitor of lysosomal protease activ

ity (Kirschke et ale 1977) and blocks cellular degradation of EGF 

without altering the intralysosomal p~ Figure 45B demonstrates that 

80 ug/ml leupeptin also leads to an accumulation of 125I-EGF. How

ever, the organelles in which EGF is accumulated in the presence of 

leupeptin sediment at a density greater than 1.090. There is a sig

nificant shift of lysosomal enzyme activity to this region of the 

gradient. This is consistent with the activity of leupeptin which, by 

inhibiting protein breakdown, leads to the accumulation of dense. 

bodies (Kovacs et ale 1982). Unlike methylamine, leupeptin appears to 

have no effect on the transport of EGF into the dense non-lysosomal 

component which appears as a shoulder between densities 1.076-1.096 



20 

C") 15 o ..... 

:E 
c. 
U 

~10 
W 
I 

Iii' 
N .... 

5 

A B 

FRACTION 

Figure 45. Effect of methylamine and leupeptin on EGF uptake. 

HF cells were pretreated for 2 hours with 15 mM methylamine (A) or 80 
ug/ml leupeptin (B). 125I_EGF was then added. the cultures were 
incubated at 37 C for 3 hours and the cells were fractionated on 41% 
Percoll gradients. The arrows indicate the position of the dense, 
non-lysosomal component with which EGF is associated in control cells 
(.) . 
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~~. EGF Induced DNA Synthesis in the Presence of Various Drugs. 

3H-Thymidi ne Incorporated 
Treatment % of Control CPM 

None 100 25,098 

15 mM Methylamine 23.4 5,867 

80 ug/ml Leupeptin 83.1 20,85li 

50 ul-f Cytochalasin B 8.7 2,180 

2 uM Monensin 1 .1 275 
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(see arrow, Figure 45B). Also unlike methylamine, leupeptin does not 

block EGF induced DNA synthesis (Table 3). 

Monensin is a carboxylic ionophore which facilitates the ex

change of monovalent cations across membranes (Pressman 1976). This 

ionophore causes swelling of Golgi cisternae and prevents transport 

out of the Golgi apparatus (Tartakoff and Vassalli 1978, Johnson and 

Schlessinger 1980). It may also affect the intralysosomal pH and 

inhibit lysosomal degradation (Basu et ale 1981). Monensin (2 uM) 

also leads to an intracellular accumulation of 125I-EGF which is 

associated with cellular components which sediment between densities 

1.042-1.082 (Figure 46A). Several shoulders of radioactivity sediment 

between the major peak of EGF and the poSition of the non-lysosomal 

component observed in untreated cells. However, none of these shoul

ders aIpear to sediment precisely at the density of the non-lysosomal 

component in untreated cells (see arrows in Figure 46A). Thus it 

appears that monensin interferes with uptake of EGF into this compo

nent. Under these conditions monensin completely blocks stimulation 

of DNA synthesis by EGF (Table 3). 

Cytochalasin B is an inhibitor of actin filament formation and 

inhibits actin-related motility processes (Flanagan and Lin 1980, 

MacLean-Fletcher and Pollard 1980). It also specifically interacts 

with the glucose transport system. Figure 46B demonstrates that 

cytochalasin B causes an inhibition of uptake of EGF into the dense, 

non-lysosomal component and a slight accumulation of EGF within the 
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Figure 46. Effect of monensin and cytochalasin B on EGF 

HF cells were pretreated for 2 hours wi th 2 uM monensin (A) or 50 uM 
cytochalasin B (B). 125I-EGF was then added, the cultures were incu
bated at 37 C for 3 hours and the cells were fractionated on 41% 
Percoll gradients. The arrows indicate the position of the dense. 
non-lysosomal component with which EGF is associated in control cells 
(.). 
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lighter membranes. This concentration of cytochalasin B causes great

er than 90$ inhibition of EGF induced DNA synthesis (Table 3). 

ThUS, of the inhibitors studied above, the 3 drugs which 

interfere with the appearance of EGF in the dense, non-lysosomal 

component at density 1.076-1.096 also produce pronounced inhibitory 

effects on the stimulation of DNA synthesis by EGF. Though inhibitor 

studies must be interpreted with caution, these results support the 

contention that uptake of EGF into this subcelluar organelle is 

strongly related to the production of a mitogenic signal. 

Characterization ~ Mitosomes 

To summarize briefly, the results above indicate that EGF is 

endocytosed by HF cells and becomes associated with a Golgi-like 

organelle. It is subsequently delivered to both lysosomal and non

lysosomal components. Delivery of EGF to the non-lysosomal component 

is strongly, positively correlated with the ability of EGF to induce 

DNA synthesis while uptake into the lysosomal fraction is negatively 

correlated with induction of DNA synthesis. We have proposed the name 

"mitosome" for this non-lysosomal organelle since delivery of a mito

gen into this component seems to be closely related to the production 

of a mitogenic signal. It will be referred to by that name for the 

remainder of this wor~ 

Mitosomes apparently are a new, previously undescribed organ

elle. It was therefore of interest to determine the biochemical and 
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morphological nature of this fractio~ The mitosomal fraction was 

further purified by Percoll density gradient centrifugation as fol

lows. Cells treated for 3 hours with 125I-EGF were lysed and frac

tionated on 41J Percoll gradients as above. The mitosomal fractions 

(density 1.076-1.096) from several gradients were pooled, as were the 

fractions from density 1.076 to the top of the gradient. The pooled 

fractions were diluted 2 fold with a 41~ Percoll suspension and recen

trifuged at 16,000 rpm in an SS34 rotor (Sorvall) for 90 minutes. 

This recentrifugation led to the formation of a new gradient as shown 

in Figures 47B and 47C. Refractionation of the mitosomal fractions 

produced a major symmetrical peak (Figure 47B). The peak fractions 

were used as the mitosomal fraction in subsequent experiments. Re

fractionation of the lighter membrane fraction resulted in a major 

peak which comigrated witb lysosomal enzymes (Figure 47A). Tbis 

fraction was used as the lysosomal fraction in subsequent experiments. 

The protein content of the lysosomal and mitosomal fractions 

were analyzed by SDS polyacrylamide gel electrophoresis (SDS-PAGE, 

Figure 48). The major protein species present in the 2 fractions are 

quite different. More importantly, several protein bands are seen in 

the mitosome fraction (Figure 48, lane A) which do not appear to be 

present at all in the lysosome fraction (Figure 48, lane B). The 

mitosome fraction displays several major bands in the 30-40K molecular 

weight range as well as a major species of approximately 76K molecular 

weight (see arrows Figure 48). Very few proteins above 100K are 
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Figure 47. Refractionation of HF subcellular fractions. 

HF cells were incubated with 125I-EGF for 3 hours at 37 C. They were 
then lysed and fractionated on 41~ Percoll gradients. The two major 
peaks of radioactivity (see Figure 45C) were pooled. diluted 2 fold 
with 41% Percoll and recentrifuged. A shows the profile of 125I-EGF 
(0) and ~-galactosidase (0) from the light fraction. B shows the 
profile of 125I-EGF (0) and p-galactosidase (0) from the dense frac
tion. 
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Figure 48. SD8-polyacrylamide electrophoresis of subcellular 
fractions. 

The purified mitosomal fraction (lane 1), lysosomal fraction (lane 2) 
or total post-nuclear lysate (lane 3) were solubilized in sample 
buffer and separated by electrophoresis. Lane 4 shows molecular 
weight markers. 
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observed in the mitosome fraction. 

The mitosomal and lysosomal fractions were incubated in the 

presenoe ofy_32p-ATP for 5 minutes at 30 C to determine if protein 

kinase activity or phosphoprotein species exist in these fractions. 

This reaction was stopped with SDS sample buffer (Laemmli 1970) and 

the samples separated by SDS-PAGE and visualized by autoradiography 

(Fi~lre 49). Both fractions apparently contain protein kinases. In 

the lysosomal fraction numerous proteins become phosphorylated (Figure 

49, lane B). However, in the mitosomal fraotion there are only 5-6 

phosphorylated bands (Figure 49, lane A). The reason for the strong 

protein kinase activity and multiple phosphate acceptor proteins in 

the lysosomal fraction is not clear. This olearly shows the differ

ence between mitosomes and lysosomes. 

The lysosomal and mitosomal fractions were pelleted and 

observed by electron microscopy. The morphology of the organelles 

oontained in the mitosomal fraction are quite different from those 

oontained in the lysosomal fract10~ The lysosomal fraction (Figure 

50B) contains numerous secondary lysosomes and dense bodies as 

indicated by their heterogeneous content and the presenoe of lamellar 

struotures (DeDuve and Wattiaux 1966). In contrast, the mitosome 

fraction oontains several types of structures (Figure 50A). The most 

numerous structures in this fraction are very dense vesicles with ill

defined membranes and appear to oontain a granular material. It is 
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Figure 49. Phosphorylation in subcellular fractions. 
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Mitosomal (lane 1) and lysosomal (lane 2) fractions were incubated in 
the presence of ~-32P-ATP at 30 C for 3 minutes. The reaction was 
stopped with SDS sample buffer and the samples were electrophoresed on 
SD5-polyacrylamide gels. The bands were visualized by autoradiogra
phy. 
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Figure 50. Electron microscopy of subcellular fractions. 

A shows the mitosomal fraction and B shows the lysosomal fraction. 
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likely that these structures are the organelles which contain EGF but 

further analysis will be necessary to establish this. 



CHAPTER 4 

DISCUSSION 

In brief summary, the results presented here support the 

following conclusions: 1) Insulin crosslinked to diphtheria toxin 

fragment A is a potent cytotoxin; 2) this cytotoxic insulin specifi

cally acts through insulin receptors to kill cultured cells; 3) the 

insulin-DTa conjugate is useful as a selection agent for isolating 

variants with altered hormone binding and processing mechanisms; 4) 

the CI-3 variant, which was selected by its resistance to the conju

gate, has an alteration in its lysosomal system; 5) delivery of 

epidermal growth factor to lysosomes and degradation therein does not 

appear to playa role in the production of a mitogenic signal; 6) EGF 

is taken up by cells through two distinct pathways, one pathway is 

related to rapid degradation of the mitogen while the other pathway 

involves Golgi-like components and is inversely related to degrada

tion; 7) the pathway involving Golgi can lead to lysosomal associa

tion or uptake into a unique, non-lysosomal component which we have 

termed mitosomes; 8) uptake of EGF into mitosomes is strongly corre

lated with the ability of EGF to induce DNA synthesis. 

Conjugate Synthesis. Toxicity ~ Specificity 

One aim of these investigations was to develop a system for 

selecting mutant cells which have alterations in their hormone signal 

120 



121 

transfer mechanisms. Such a selection system must be highly specific 

and efficient. Thus the approach taken was to crosslink insulin to 

the enzymatically active fragment A of diphtheria toxin. Fragment A 

is the "effectomer" (Sandvig et ale 1976) of intact diphtheria toxin 

and is an enzyme which catalyzes the covalent attachment of ADP-ribose 

from NAD+ to elongation factor 2. It is an extremely potent catalyst 

and 1 molecule in the cytoplasm is sufficient to kill the cell (Yamai

zumi et a1. 1978). However. fragment A is nontoxic when separated 

from the "haptomer" or B (binding) moiety of intact toxin which binds 

to specific cell surface receptors (Pappenheimer 1977). Thus it was 

reasoned that insulin could replace the B fragment to act as the 

"haptomer" and specifically bind to insulin receptors and carry frag

ment A into the cells, leading to inhibition of protein synthesis and 

cell death. Only cells unable to bind or take up the bound insulin 

and process it should be viable in the presence of the conjugate. 

Insulin was crosslinked to DTa (Shimizu et ale 1979, Miskimins 

and Shimizu 1979) through a disulfide linkage since disulfide linkage 

of the A and B moieties of intact diphtheria toxin is thought to be 

important for cytotoxicity. The conjugate prepared in this manner 

proved to be highly toxic to mouse fibroblasts. This was the first 

clue as to the specificity of the conjugate since mouse cells are 

naturally resistant to intact toxin due to their inability to bind or 

take it up. They do. however, possess fully sensitive elongation 

factor 2 and the ability to bind and internalize insulin. In 
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addition, the conjugate was a specific competitive inhibitor of unmod

ified insulin binding (Figure 7). Finally, the specificity of the 

conjugate for the insulin receptor system was indicated by its inabil

ity to inhibit protein synthesis or kill IN-2 which is an insulin 

nonresponsive cell line which possesses only a few low affinity insu

lin binding sites (Shimizu and Shimizu 1980). 

In studies other than those described here. we have success

fully crosslinked insulin to the A subunit of ricin toxin and EGF to 

both diphtheria toxin fragment A (Shimizu et al. 1980) and the ricin A 

subunit. All of these conjugates have demonstrated toxicity to cul

tured cells with specificity to the particular receptor system. Po

tent conjugates have recently been constructed in other laboratories 

as well. utilizing lectins (Gilliland et al. 1978, Uchida et al. 

1978), hormones (Chang and Neville 1977, Oeltman and Heath 1979). 

growth factors (Cawley et al. 1980) and monoclonal antibodies (Youle 

and Neville 1980). Thus. this system appears to be potentially useful 

for numerous applIcations including the selection of resistant mu

tants. studying the mechanism of toxin action and tumor cell specific 

killing. 

.ll3.o.la.t.1011 S>.! .In.s.illn=.D..Ta .Re sis tan t V.ar.iant.::l 

When the conjugate was applied for selection of resistant 

cells from mouse Swiss/3T3 fibroblasts, two of eight isolated colo

nies. CI-7 and CI-3. displayed a deficiency of 125I-insulin binding. 
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In addition to this binding deficiency, these variants exhibited 

altered growth characteristics in comparison to the parental cell line 

(Figure 11). This may be related to the fact that insulin is involved 

in the cell's growth regulatory process and acts as a mitogen (Kahn 

1976. Shimizu and Shimizu 1980). Therefore, an altered growth pattern 

in an insulin non-binding variant is not unexpected. Also, these 

variants are morphologically different from the parental 3T3 line 

(Figure 10). This characteristic is also not unexpected for a muta

tion involving a component of the cell membrane, such as the insulin 

receptor, which may have specific interactions with other membrane 

components and inducible physiological functions. These results 

strongly support the proposed mechanism of action of the conjugate and 

demonstrate its usefulness as a selection technique. 

Another important point is the specificity of the conjugate. 

Although CI-7 and CI-3 are devoid of insulin binding activity. which 

correlates with their resistance to the cytotoxic chimeric insulin. 

they retain substantial EGF binding capacity (Table 2). In addition, 

incorporation of 3H-thymidine into DNA in both CI-3 and CI-7 is stimu

lated by EGF but it is not enhanced by insulin. Therefore, the conju

gate allows selection of mutants specifically related to insulin's 

activity. It is, however, possible that the conjugate could select 

cells which are defective in a step common to both EGF and insulin. 

such as aggregation. endocytosis or intracellular processing. Also. 
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both EGF and insulin receptors are glycoproteins, so that a defective 

glycosylation system may affect the binding of both hormones. Such a 

variant should also be resistant to the conjugate. Further character

ization of the six variants with reduced binding ability (Table 1) may 

substantiate these hypotheses. 

The isolation of 8 resistant colonies from an unmutagenized 

population of approximately 2 x 106 cells seems a somewhat high muta

tion rate. It is possible that resistance to the cytotoxic insulin 

arises from an epigenetic as opposed to a genetic defect (Siminovitch 

1976). However. there is strong evidence that most variant phenotypes 

which occur in cultured cells do have a genetic basis (Siminovitch 

1976, Baker and Ling 1978) and these include many membrane related 

mutations such as resistance to lectins and polypeptide toxins (Baker 

and Lir.g 1978). It is important to note that many gene products are 

involved in the binding. internalization and processing of insulin and 

that a defect in anyone of these might enable the cell to survive in 

the presence of conjugate. Therefore, the most probable explanation 

for the defect in CI-7 and CI-3 is a mutation(s) leading to an altered 

gene product(s). 

Recent evidence suggests that receptor-mediated endocytosis 

and lysosomal processing may be an essential step in the activation of 

diphtheria toxin (Dorland et ale 1979, Leppla et al. 1980, Sandvig and 

Olsnes 1980, Draper and Simon 1980). This pathway is similar to that 

proposed for insulin and related peptide hormones and may be 
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associated with insulin's ability to transport fragment A into cells, 

resul ting in cytotoxicity. 

Further application of the cytotoxic insulin-fragment A hybrid 

molecule as a selection agent hopefully will allow the isolation of a 

series of mutants with defects at each of the steps involved in insu-
\ 

\ 

lin's binding and processing. These mutants can then be genetically 

analyzed by somatic cell hybridization to identify the various genes 

and provide knowledge as to their regulation. In addition, the mu-

tants can be analyzed biochemically to identify the steps at the 

molecular level. To this end we have selected variants of 3T3-L1 

preadipocytes which are resistant to insulin-DTa (Shimizu et ale 

1982). These variants display a wide array of properties in terms of 

insulin binding, ability to differentiate into adipocytes. and nu-

trient requirements for growth. We have also used the insulin-DTa 

conjugate to select resistant H35 bepatoma cells. the insulin-ricin A 

conjugate to select variants of 3T3-L1, and the EGF-ricin A conjugate 

to select resistant chinese hamster lung cells. Characterization of 

these variants is currently in progress in the laboratory. These 

mutants should facilitate the genetic and biochemical determination of 

the precise mechanisms of action of these polypeptide hormones. 

As described above, CI-3 is a variant of Swiss/3T3 mouse 

fibroblasts which survives in the presence of the cytotoxic 
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insulin-diphtheria toxin fragment A conjugate. Since the killing 

action of the conjugate is dependent upon functional insulin receptors 

and the ability of fragment A to reach the cytoplasmic compartment. 

there are several types of genetic lesions which may render the cell 

resistant to this hybrid molecule. Some obvious possibilities are a 

defective insulin receptor that cannot bind insulin, or a receptor 

that binds but cannot internalize insulin. CI-3 retains only abut 10% 

of the parental 3T3 cells' insulin binding capacity (Table 1). Also 

CI-3 has a reduced growth rate and obvious morphological alterations. 

The ultrastructure of this variant was examined and an extensive 

accumulation of electron dense, polymorphic, lysosome-like vesicles 

were observed in the cytoplasm. The lysosomal nature of these vesi

cles was further demonstrated by vital staining with acridine orange 

(Figure 13). However. when the specific activities of typical lysoso

mal enzymes were assayed, they were found to be depressed in CI-3 in 

comparison to Swiss/3T3 (Figure 1~). In addition, when the cells were 

fractionated in a Percoll density gradient, there was found to be a 

dramatic shift in the density of the less buoyant peak of vesicles 

containing lysosomal enzyme activity (Figure 15). Thus, there is an 

apparent alteration in the vacuolar apparatus (DeDuve and Wattiaux, 

1966. Gelman et ale 1981) in this insulin-fragment A resistant var

iant. 

It is known that insulin plays a role in the regulation of 

intracellular protein breakdown (Hershko et ale 1971, Gelehrter and 
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Emanuel 1974, Amenta et ale 1977, Gunn et ale 1977, Ballard et ale 

1980, Mortimore and Mondon 1970). The major effect of insulin is the 

inhibi tion of a proteolytic system which can be induced by glucagon. 

amino acid deprivation. serum starvation and other stressful condi

tions and involves cellular autophagy (Ashford and Porter 1962. Deter 

and DeDuve 1967. Mortimore and Schworer 1977, Amenta et ale 1978, 

Amenta and Brocher 1981). The induction of this autophagic-lysosomal 

system of intracellular protein breakdown is associated with the 

appearance of cytoplasmic vesicles. which are morphologically similar 

to those in CI-3. and a large increase in turnover of cellular pro

teins without an increase in the activities of lysosomal enzymes 

(Deter and DeDuve 1967). Additionally, a striking increase in the 

size and number of hepatic autophagic vacuoles and dense bodies has 

been demonstrated in diabetic rats (Pain et a1. 1974, Amherdt et a1. 

1974). This effect was completely reversible by administration of 

insulin (Pain et ale 1974, Amherdt et ale 1974). In light of these 

findings, one possibility is that the alteration in CI-3 that enables 

it to survive in the presence of the insulin-fragment A conjugate 

leads to decreased insulin binding and the inability to produce the 

signal by which it regulates cellular protein turnover. 

Sly and coworkers have recently proposed a mechanism for 

lysosomal enzyme segregation in the Golgi apparatus (Sly and Fischer 

1982). Their model proposes that phosphomannose residues on newly 

synthesized acid hydrolases recognize phosphomannose receptors on 
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Golgi membranes. These receptors then facilitate segregation of prod

ucts which need to be targetted to lysosomes from those destined for 

secretion. The model also suggests that segregation requires the 

presence of a functional proton pump to reduce the intraluminal pH of 

- lysosomes, which is necessary for hydrolase/receptor dissociation and 

receptor recycling. In the presence of amines. which raise the intra

lysosomal pH. most newly synthesized lysosomal enzymes are secreted 

into the extracellular medium. In view of this model. it is possible 

that CI-3 has a defect in either the enzymes which transfer phospho

mannose to newly synthesized acid hydrolases, the phosphomannose re

ceptor itself, or the proton pump which maintains the intralysosomal 

pH. Any of these defects would cause the majority of newly synthe

sized lysosomal enzymes to be secreted into the extracellular medium. 

leading to a decreased content of degradative enzymes within lyso

somes, and in turn to accumulation of dense bodies loaded with unde

graded material. CI-3 does. in fact, show decreased lysosomal enzyme 

activity (Figure 14) and accumulation of dense bodies (Figure 12). 

Another interesting, though trivial, observation is that CI-3, unlike 

the parental 3T3 line. is unable to acidify its medium during growth 

as indicated by the failure of the phenol red to turn yellow. This 

might indicate a defect in a proton pump system which is necessary for 

lysosomal enzyme segregation. These possibilities are under investi

gation in collaboration with Dr. Sly. 
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Recently Sandvig and Olsnes (1980) and Draper and Simon (1980) 

have demonstrated a role for lysosomal processing in the mechanism of 

intact diphtheria toxin action. These workers propose that cell bound 

toxin is endocytosed and delivered to the lysosomal compartment. The 

low pH of this environment then triggers the opening of channels 

through which fragment A is inserted through the membrane into the 

cytoplasm. It has also been demonstrated that insulin is delivered to 

the lysosomal compartment through receptor-mediated endocytosis (Gor

den et al. 1978a, Carpentier et al. 1979, Schlessinger et al, 1978, 

Marshall and Olefsky 1979). The toxicity of our insulin-diphtheria 

toxin fragment A may therefore also depend on a lysosomal pathway in a 

manner similar to that of intact toxin. The abnormality observed in 

the lysosomal system of CI-3 may further contribute to this cell 

line's resistance to the conjugate. For example. CI-3 may possess the 

inability to form a channel in the membrane or to split the insulin

fragment A conjugate, both of which may be necessary for toxicity. 

This in turn may suggest an important role for this pathway in the 

mechanism of insulin action • 

.Em: Endocytosis .a.ru1 Mitogen ~.o.ns~.s ..1II ..ck.1 

The proposal has been made that polypeptide mitogens may act 

through an endocytic mechanism which involves uptake into lysosomes 

and possibly lysosomal processing of the ligands or their receptors 
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(Das and Fox 1978, King et ale 1981). The apparent lysosomal defect 

in CI-3 offered a unique system in which to test this hypothesis. 

Although CI-3 has a reduced number of insulin receptors it retains 

most of the parental EGF binding capacity. Therefore we studied the 

binding, internalization and degradation of EGF in CI-3 as well as its 

capacity to be stimulated by the growth factor. Binding and uptake of 

EGF in CI-3 appear to be quite similar to the parental 3T3 line. 

However. degradation of the ligand seems to be depressed in this 

variant. This is consistent with the defective lysosomal system 

observed in CI-3 and led to the conclUSion that the one major defect 

in CI-3 in relation to the EGF endocytic pathway is its inability to 

efficiently break down ligand which has been delivered to lysosomes. 

Thus, if lysosomal proceSSing of EGF or its receptor is necessary to 

produce a mitogeniC signal, a reduction in responsiveness in CI-3 

could be expected. This variant, however, is as responsive to EGF as 

the parental cell line. Therefore, if endocytosis is required for EGF 

to stimulate cells to undergo DNA synthesis it does not involve lyso

somal hydrolysis. 

~ Pathways Qf En£ Endocytosj§ 

The majority of studies which have examined the fate of EGF 

after its interaction with its receptor at the cell surface suggest 

the following pathway: receptor/ligand aggregation in coated or non

coated regions of the membrane, endocytosis in membranous vesicles, 
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fusion of the endocytic vesicles with multivesicular bodies or lyso

somes. and, finally, degradation of EGF ill the lysosome and release of 

the degradation products into the medium (Carpenter et ale 1975. 

Carpenter and Cohen 1976. Das and Fox 1978, Gorden et ale 1978, 

Schlessinger et ale 1978. Haigler et ale 1979, McKanna et ale 1979, 

King et ale 1980, Fine et ale 1981). With few exceptions these stud

ies have been done under non-physiological conditions utilizing seru~

free media. On the other hand. the mitogenic activity of EGF has 

generally been studied under conditions which support cell growth. 

that is, in serum containing media. We therefore examined the binding 

and intracellular fate of EGF' under serum-free and serum containing 

conditions and have demonstrated some striking differences between 

them. 

Typically, EGF binding at 37 C has been shown to reach a 

maximum near 60 minutes after addition of the labelled ligand and then 

to decrease over the next few hours. This decline has been inter

preted to represent degradation and release of cell bound EGF. We 

find, however, that there is no decrease in Swiss/3T3 cell bound 1251_ 

EGF with time if the assay is carried out in growth medium which 

contains 10% fetal calf serum (Figure 2~). Carpenter et ale (1975) 

have mentioned a similar finding with human fibroblasts. We also find 

that a greater proportion of 1251_EGF is in a degraded form in the 

absence of serum (Figure 25). The reason for the lack of a decline in 

cell bound EGF and an apparent inhibition of EGF degradation in the 
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presence of serum is not j.mmediately clear. One possibility is that 

serum contains factors which inhibit lysosomal degradation of inter

nalized EGF. This explanation cannot wholly account for the observed 

binding profile, since a similar profile is observed if the experiment 

is carried out in serum-free, hormone supplemented medium. Also, 

although the proportion of cell bound EGF which undergoes degradation 

in the presence of serum is less than in the absence of serum, the 

rate of degradation and release of products into the medium is nearly 

identical under the two conditions (Figure 32). This suggests that 

there are two intracellular pools of EGF, one which undergoes degrada

tion and one which remains intact. A second possibility is that, in 

the presence of serum, a portion of the EGF receptors are internalized 

and then recycled to the cell surface where they can again undergo 

binding. However, such a mechanism would not be expected to result 

in a decrease in intracellular degradation products. Receptor recy

cling has been demonstrated for other surface binding ligands but has 

not yet been shown for EGF. Rather, there is a negative modulation or 

"down regulation" of EGF receptors in the presence of subsaturating 

levels of EGF. Our experiments show that Swiss/3T3 EGF receptors are 

also down regulated in growth medium containing 10% serum. 

An interesting parallel to our results with EGF has been 

observed for the turnover of cellular proteins when cells are placed 

in serum deficient medium (reviewed by Amenta and Brocher 1981). 

Under such conditions there is an immediate stimulation of cellular 
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proteolysis which is due to an increase in autophagy in which cellular 

material is sequestered in membranous vacuoles which then fuse with 

primary lysosomes (Amenta and Brocher 1981). Serum, insulin. and 

microtubular poisons have been shown to inhibit this induced autopha

giC mechanism by preventing sequestration of cellular material into 

membrane-bound vacuoles. Thus a mechanism similar to that which 

controls turnover of cellular proteins may regulate the fate of endo

cytosed EGF and may be related to the presence of serum factors or the 

physiological state in which they maintain the cells. It follows. 

then, that in the presence of serum a portion of cell bound EGF is 

delivered into a compartment in which it is not rapidly degraded and 

released from the cell. That is. the endocytic pathway may vary in 

the presence of serum and this may account for the altered binding and 

degradgtion seen under such conditions. Indeed, our results indicate 

that the endocytic pathway does differ under serum supplemented condi

tions. This is discussed below. 

If incubated in growth medium containing 10$ fetal calf serum. 

Swiss/3T3 fibroblasts take up the majority of cell bound 125I-EGF into 

an intracellular compartment which has a density identical to that of 

the Golgi apparatus (Figures 20 and 27). The uptake of EGF into this 

Golgi-like compartment is quite rapid and is seen here within 5 min

utes after warming the cells to 37 C. The tranSit time of the ligand 

in this subcellular fraction is quite short and EGF 1s apparently 

transferred into a component which cosed1ments with lysosomal enzyme 
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markers (Figures 20 and 27). A portion of the EGF which sediments 

with the lysosomes is degraded and released from the cells at nearly 

the same rate as in serum-free conditions (Figure 30). However, up to 

50% of the EGF remains associated with this subcellular fraction in an 

undegraded form for long periods of time (Figure 23). This suggests 

that this dense peak may consist of at least two separate cellular 

components (discussed below). 

A much different endocytic pathway is observed if the experi

ments are carried out under serum-free conditions (EBSS-BSA). In this 

case, an overwhelming proportion of cell bound EGF is taken up into a 

heterogeneous component which has a peak density of 1.05. This sub

cellular compartment does not correspond to any of the organelle 

marker enzymes which we have tested. From this compartment the EGF is 

apparer.tly transferred to lysosomes. degraded and released from the 

cell (Figures 26, 30 and 32). Using similar incubation conditions, 

Cohen and coworkers showed that ferritin labelled EGF is taken up into 

multivesicular bodies and is subsequently found in mature lysosomes 

(Haigler et ale 1979, McKanna et ale 1979). It may not be unreasona

ble to suppose that the heterogeneous component at peak density 1.05 

in our gradients corresponds to the multivesicular bodies observed by 

Cohen's group. However, other explanations are possible and further 

analysis is necessary to identify this component. 

The involvement of the Golgi apparatus in receptor-mediated 

endocytosis has been proposed for other ligand systems, but not 
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heretofore for EGF. Posner, Bergeron and coworkers (Josefsberg et ale 

1979, Posner et ale 1980) have demonstrated that rat hepatocytes. jn 

~ and therefore under physiological conditions, take up insulin and 

prolactin and concentrate them in GolSi vesicles. These workers have 

also demonstrated the presence of receptors for growth hormone and 

insulin in the Golgi apparatus and have suggested that these intracel

lular binding sites may mediate some aspect of these hormones' action 

inside the cell. Other cell surface binding ligands which have been 

shown to be delivered to the GolSi apparatus or "Golgi-associated" 

structures are ~-melanotropin (Varga et ale 1976) and lysosomal en

zymes (Rome et ale 1979). Recently electron mic~~scopic studies have 

demonstrated that ~2-macroglobulin (Willingham and Fastan 1980) and 

asialoglycoproteins (Wall et ale 1980) are translocated in smooth 

surfac~d endocytic vesicles (receptosomes) to the Golgi area of the 

cell. Recently these observations have been extended to include EGF 

(Willingham and Fastan 1982). In addition, Farquhar (1978) and Herzog 

and Farquhar (1977) have utilized dextran T10 and cationized ferritin 

as tracers to follow the internalization of surface membrane. They 

found that both tracers reach the Golgi as well as the lysosomal 

compartment. Moreover they found that.jn Y1YO, membrane traffic to 

the Golgi predominated over that to lysosomes while in ~tr9. in 

serum-free conditions. a greater proportion of tracer was found in the 

lysosomes. 
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The results presented here further suggest that a portion of 

internalized EGF is subsequently returned to the medium. intact. and 

retained by the cell (Figure 29). Such an intracellular pathway has 

been described for asialotransferrin in rat liver (Tolleshaug et ale 

1981). Further work is necessary to establish the existence of this 

phenomenon for EGF and its relationship to the intracellular pathways 

described above and the mitogenic activity of the ligand. 

As mentioned above, the fact that. in the presence of serum, a 

portion of the cell bound EGF remained undegraded even though it 

cosedimented with lysosomal enzymes indicated a heterogeneity within 

this fraction. Upon further fractionation of Swiss/3T3 cells we were 

able to separate this fraction into lysoso~al and non-lysosomal compo

nents (Figures 33-35). An interesting parallel to these results has 

recently been reported by Khan et ale (1981. 1982). They have found 

that uptake of insulin into Golgi vesicles of low density is followed 

by transfer of ligand into Golgi-like. non-lysosomal elements of high 

density. 

The uptake of EGF into a dense. non-lysosomal compartment 

suggested the possibility that this organelle might playa direct role 

in the production of a mitogenic signal, particularly since it oc

curred only under physiological conditions in which the cells remain 

responsive to the mitoge~ To test this possibility we studied the 

processing and mitogenic activity of EGF in human fibroblasts. The 

endocytic pathway of EGF is identical to that observed in 3T3 cells 
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(Figure 37). Furthermore, EGF was delivered into a dense organelle 

which could be separated from lysosomal enzyme activity, as seen in 

3T3 cells. The extent of uptake into this compartment is strongly 

correlated with the extent of stimulation of DNA synthesis. Uptake 

into this organelle is stimulated by increasing serum concentration 

but is not dependent on serum since it was observed in hormone defined 

medium. Thus, uptake into this component appears to be dependent on 

the physiological state of the cell. EGF accumulates in this organ

elle for up to 5 hours after addition of the ligand. This time period 

is consistent with the time period in which EGF must be present in the 

medium to produce a maximal effect on DNA synthesis in HF cells (Car

penter and Cohen 1976a). 

It has previously been shown that TPA acts synergistically 

with ECF to stimula te DNA synthesis in certain cell types (Dicker and 

Rozengurt 1978). TPA has also been shown to inhibit EGF binding 

apparently by interfering with high affinity binding sites (Shoyab et 

ale 1979, Magun et ale 1980, King and Cuatrecasas 1982). However, 

this inhibition has been shown to be transient, occuring only during 

the first 1 or 2 hours after exposure to the tumor promoter (Magun 

et ale 1980, King and Cuatrecasas 1982). TPA itself has been shown 

not to be mitogenic to dense cultures of human fibroblasts (Gansler 

and Kopelovich 1981). In the experiments described here, the cultures 

were pretreated for 1 day in the presence of TPA. With this extended 

preincubation time we observed an inhibition of EGF's ability to 
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stimulate DNA synthesis in HF cells rather than a synergistic effect. 

Likewise, pretreatment with TPA for 24 hours prior to EGF addition led 

to the inhibition of EGF uptake into the dense, subcellular organelle 

even in the presence of 10% FeS. Similarly. inhibitors of cellular 

functions such as primary amines, cytochalasin Band monensin simulta

neously inhibited uptake of EGF into the dense, non-lysosomal organ

elle and EGF induced mitogenesis. However, leupeptin, an inhibitor of 

lysosomal proteases. caused an accumulation of EGF in a dense lysoso

mal species but did not significantly alter either uptake of EGF into 

the non-lysosomal component or EGF induced DNA synthesis. 

We have proposed the name "mitosome" for this dense. non

lysosomal organelle since it is involved in the uptake of a ~itogen 

and strongly correlated with the ability of that mitogen to stimulate 

the ceJI to undergo mitosis. Furthermore. we have been able to demon

strate that this organelle is non-lysosomal by the following criteria: 

1) it does not contain significant amounts of lysosomal enzymes; 2) 

it is different in density from lysosomes; 3) its protein composition 

is different from that of the lysosomal fraction; 4) its protein 

kinase activity and phosphoprotein content is different from the 

lysosomal fraction; 5) its morphology. as seen by electron microsco

py. is different from the lysosomal fraction. 

The findings described here have allowed us to develop the 

model depicted in Figure 51 for EGF endocytosis and induction of DNA 

synthesis. Following binding and clustering on the cell surface EGF 
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is endocytosed through two pathways (extended from the model in Mis

kimins and Shimizu 1982). These pathways are regulated by the physio

logical status of the cell. If the cell is under stressful condi

tions, such as serum and amino acid starvation. as in EBS8-BSA. path

way 2 is the major route of endocytosis. This route involves direct 

fusion of endocytic vesicles with a cellular component which has a 

density of 1.05 in Percoll gradients. followed by lysosomal associa

tion and degradation of the ligand. This pathway may be identical to 

that observed by Cohen and coworkers who found that EGF is taken up 

through coated and non-coated pits in human fibroblasts and A431 cells 

and is subsequently found in multivesicular bodies and eventually 

lysosomes (Haigler et ale 1979, Gorden et ale 1978). Under less 

stressful conditions pathway 1 is the major route of endocytosis. 

This rc'ute involves uptake of endocytosed EGF into the Golgi. The 

Golgi plays a regulatory role and acts to sort the EGF into function

ally distinct intracellular compartments. If the cell (HF cells) is 

in a non-responsive physiological state, such as in the absence of 

serum the ligand is sorted into the lysosomal system and degraded. If 

the cell is in a responsive, physiologically healthy state, the ligand 

is sorted into the mitosome fraction which may then function in the 

production of a mitogenic signal. Also. a portion of the Golgi

associated ligand is apparently returned to the intracellular medium 

by diacytosis as described for asialotransferrin in liver cells 
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(Tolleshaug et ale 1981). The biological significance of this pheno

menon is not presently clear. 

We believe the findings presented here and summarized in the 

model in Figure 51 open up several new avenues for investigation. For 

example. from where do mitosomes arise and what is their relationship 

to the Golgi? It is possible that they form from a specialized area 

of the Golgi as speculated for lysosomes. The key to such studies may 

be the major protein species associated with this organelle (Figure 

~8). Also, an obvious goal is to determine at the molecular level the 

relationship between uptake of EGF into mitosomes and induction of 

mitogenesis. What is the molecular signal which interacts at the 

nuclear level? Which nuclear events lead to the induction of DNA 

synthesis and mitosis? One possibility (Figure 51) is that specific 

genes are activated and transcribed. followed by synthesis of DNA 

synthesizing machinery in the cytoplasm, transport to the nucleus and 

initiation of DNA synthesis. We have recently provided evidence for 

such a mechanism (Miskimins et al., submitted for publication). 

Finally. we suggest that uptake into the mitosome may be 

important for the function of other growth factors. Also. regulation 

of mitosomal function may be the target 'of othel' factors which influ

ence cellular growth. It is feasible that mitosome function and 

regulation are key factors in the control of normal cell growth and 

are also involved in the processes of tumorigenesis. 
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