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ABSTRACT 

Binding of epidennal growth factor (EGF) to the EGF receptor stimulates the tyrosine 

kinase activity of the receptor and initiates a signal transduction cascade culminating in a 

mitogenic response. In many tumor derived cell lines which overexpress EGF receptor, 

exposure to EGF results in growth inhibition. The mechanism for this is unclear. This 

work involves analysis of growth inhibition by EGF, mechanisms of EGF receptor 

overexpression and regulation of the EGF receptor gene. The first two studies utilize a 

cell line (PC-lO) that overexpresses EGF receptor without gene amplification. PC-lO 

cells appear to adopt a novel mechanism to overexpress EGF receptor; one that involves 

stabilization of the receptor message rather than the more common gene amplification. 

PC-IO cells were found to be killed by EGF in a cell density dependent manner. 

However, chronic exposure to EGF subsequently allowed proliferation under conditions 

which previously resulted in cell death. These "adapted" cells had similar levels of EGF 

receptor on the cell surface and similar EGF binding parameters. The tyrosine kinase 

activity of the receptor in response to EGF in the adapted cells was significantly reduced 

both in vitro and in vivo. Evidence was also found that the signal transduction cascade 

initiated by EGF was altered by adaptation. These data provide evidence for a unique 

mechanism for EGF receptor-overexpressing cells to survive EGF toxicity, one that 

involves a reduction in the tyrosine kinase activity of the EGF receptor in the absence of a 

decrease in the number of EGF receptor. 

Finally, additional studies were carried out on the response of the EGF receptor gene 

to activation of protein kinase C (PKC) in A549 cells. Activation of PKC resulted in 

increased levels of EGF receptor mRNA. No induction of a transfected reporter gene 

containing EGF receptor regulatory DNA could be seen. Repression of the reporter gene, 

however, was consistently seen. The cis-element for repression was mapped to 233 hase 
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pairs in the EGF receptor regulatory region. Additional data support the hypothesis that a 

previously characterized repressor protein called GCF may be responsible for this 

repression. 
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CHAPTER 1 

INTRODUCTION 

Epidermal growth factor (EGF) was first characterized in 1962 in the pioneering work 

of Stanley Cohen as tooth-lid factor, a protein isolated from the mouse submaxillary 

gland which could speed eyelid opening and incisor eruption in new-born mice (1). The 

EGF receptor gene was cloned twenty years later (2-4) and found homologous to the v

erbB oncogene of avian erythroblastosis virus (5). This identified the EGF receptor gene 

as a proto-oncogene. With this characterization, our laboratory and others sought to find 

a link between EGF receptor expression and human cancer. Numerous tumor derived cell 

lines and primary tissues derived from tumors were found to express elevated levels of 

EGF receptor. The list includes glioblastoma (6), breast (7), bladder (8), thyroid (9), lung 

(10), gastric and colonic (11), esophagus (12), and gynecological (13) tumors. Our 

laboratory has focused considerable attention on squamous cell carcinoma of the lung and 

esophagus. In an initial examination of cell lines derived from these tumors 10 of 12 

(83%) exhibited EGF receptor gene amplification while 0 of 18 (0%) exhibited EGF 

receptor gene amplification in non-squamous derived cell lines (14). In two later studies 

of lung and esophagus squamous cell primary tumors, 22 of 31 (71 %) and 9 of 15 (60%) 

exhibited higher EGF binding activity than adjacent tissue. Of other primary tumors of 

different origin examined, 0 of 12 (0%) exhibited unusual EGF binding activity (15, 16). 

Recently, our laboratory established an inverse correlation between EGF receptor levels 

and patient survival rate for esophagus squamous cell carcinoma (17). Other laboratories 

have also found increased expression of EGF receptor in squamous derived cell lines and 

primary tissue (18, 19). Also, correlations have been made between high EGF receptor 



14 

levels and the degree of metastasis in breast and bladder cancer (20, 21). EGF receptor 

levels were considered by one group to be the most important variable for primary breast 

tumors in predicting relapse free time and patient survival (20). These results taken 

together strongly suggest that overexpression of EGF receptor on the cell surface can play 

a significant role in tumor development as well as progression in numerous forms of 

human cancer. 

The epidermal growth factor receptor is a 170 kDa glycoprotein with intrinsic tyrosine 

kinase activity (22). The tyrosine kinase activity of the receptor is activated by the high 

affinity binding of at least two ligands: epidermal growth factor (EGF) and transforming 

growth factor alpha (TGF-a). The primary function of ligand is to activate the 

intracellular tyrosine kinase domain of the receptor. Following ligand binding, receptors 

cluster and are internalized (23). Eventually, both receptor and ligand are degraded in 

lysosomes ( 24, 25). The major function of internalization appears to down-regulate the 

EGF receptor and thus reduce the responsiveness of the cell to additional extracellular 

stimuli. 

In response to EGF, many cells both in vivo and in vitro display a mitogenic response 

(26). This response has been found due exclusively to the tyrosine kinase activity of the 

EGF receptor (27, 28). Activation of the EGF receptor is thought to initiate a signal 

transduction cascade leading to cellular proliferation. Upon binding of ligand, a 

conformational change induces oligomerization of receptor (29) followed by receptor 

autophosphorylation primarily in the carboxy-terminal region (30). This 

autophosphorylation appears necessary for subsequent phosphorylation of substrates 

thought to be critical to signal transduction (31,32). Recently, numerous groups have 

identified substrates of the EGF receptor which include phospholipase C 'Y (33), Ras 

GTPase activating protein (34), Phosphatidylinositol-3-kinase (35), raf kinase (36), 
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map kinase(37), Nck(38-41), and Grb2 (42). While a great deal of data are available now 

on the activity of the EGF receptor as a tyrosine kinase, precisely how 

activation of the EGF receptor stimulates immediate responses such as an increase in 

intracellular [Ca+2], response of numerous immediate early genes and later events 

including DNA synthesis and cellular proliferation remains unclear. 

With such an apparently critical role in particular forms of human cancer, function and 

expression of the EGF receptor has been intensely studied. The remainder of this chapter 

will emphasize three areas which make up the focus of the research contained within this 

dissertation. The areas include the mechanisms by which tumor cells overexpress EGF 

receptor on the cell surface, the significance of overexpression on cell growth in culture 

and the regulation of expression of the EGF receptor gene. 

With the observation that numerous tumor cells overexpress EGF receptor protein, 

research turned to the mechanism(s) responsible for overexpression. Initial studies 

focused on a cell line called A431, a squamous cell carcinoma derived cell line which had 

previously been found to bind unusually large amounts ofEGF (43, 44). A431 cells were 

found to have gene amplification as the mechanism responsible for EGF receptor 

overexpression (2-4). Additional studies suggest that amplification of the EGF receptor 

is a major mechanism for overexpression of the EGF receptor protein (14). It does not 

appear, however, to be the only mechanism for EGF receptor overexpression. In an 

analysis of numerous primary tumor cells derived from lung and esophagus squamous 

cell carcinomas, EGF receptor overexpression could be seen. In approximately 50% of 

the overexpressing tumor cells examined, EGF receptor gene amplification was evident. 

In the other 50%, no gene amplification and no obvious DNA rearrangements could be 

seen (16). Due to the lack of tissue, additional studies could not be carried out on these 

cells to determine the mechanism of overexpression. Other studies were carried 
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out at this time on a cell line called uev A-I which also exhibited EGF receptor 

overexpression in the absence of gene amplification (45). There may be more than one 

mechanism operating in uev A-I cells to produce high levels of EGF receptor protein. 

Hunts et al. found that uev A-I cells have 30 times higher basal level of EGF receptor 

protein and 13-fold higher levels of EGF receptor mRNA relative to human diploid 

fibroblasts (45). The mechanism responsiblefor this increase remains unclear. Gamou et 

al. found that in the absence of EGF, EGF receptors on the cell surface of uev A-I have 

a retarded tum-over rate which may act to increase the level of EGF receptor on the cell 

surface (46). Finally, normal human placental tissue has been shown to express very high 

levels of EGF receptor protein without gene amplification (45, 47). From these studies it 

appears that while EGF receptor gene amplification is a common mechanism for 

producing high levels of EGF receptor protein, other mechanisms are possible. 

As described above, EGF is known to act as a potent mitogen for a variety of cell 

types both in vivo and in vitro. It was therefore a surprise to find that cells which 

overexpress EGF receptor on the cell surface are often growth inhibited by EGF at 

concentrations mitogenic for other cells in culture (48-51). This fact has led to the 

isolation of numerous variants with altered response to EGF (51-55). Most of these 

variants were found to have reduced levels of EGF receptor on the cell surface which 

correlated with reduced tyrosine kinase activity in response to EGF. The tyrosine kinase 

activity per receptor molecule did not appear to change, only the number of receptors on 

the cell surface. Despite the isolation of these variants, the reason for growth inhibition 

by EGF on EGF receptor overexpressing cells remains unclear. It is clear, however, that 

the tyrosine kinase activity of the receptor is the important parameter to consider. 

As described above, many cell lines which overexpress EGF receptor appear to do so 

by gene amplification. In fact, all variants that have been isolated to date are from cells 
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with EGF receptor gene amplification. Most of these variants have lost EGF receptor 

gene amplification as the mechanism to survive EGF exposure. Other mechanisms 

appear possible however. Hirai et al. found that alteration in EGF receptor down

regulation can produce resistance to EGF toxicity in an EGF receptor overexpressing cell 

line without a decrease in the total number ofEGF receptors on the cell surface (51). 

Karasik et al. have characterized a variant of A431 cells which has similar levels of EGF 

receptor to the parental cell (56). They find that there is an alteration in the pattern of 

desensitization to chronic exposure of cells to EGF while immediate actions of EGF 

receptor activation do not appear altered (56). Finally, Hirai et al. find for UCV A-I cells 

a lower than anticipated level of phosphorylation of endogenous substrates after EGF 

stimulation (57). Interestingly, UCVA-I cel1s are not growth inhibited by EGF. These 

results indicate that growth inhibition in EGF receptor overexpressing cells is correlated 

with the level of EGF receptor on the cells surface and with the kinase activity of the 

receptor. But the precise mechanism for growth inhibition by EGF is not understood. 

Clearly, the level of expression of the EGF receptor can have profound implications 

for the growth of particular cells. Strict regulation of EGF receptor gene expression may 

be critical for normal cell growth. Regulation of EGF receptor levels appears to operate 

at many levels. Evidence exists for transcriptional regulation (58), regulation of mRNA 

stability (59) and post-transcriptional regulation (60). In addition a great deal of evidence 

suggests that EGF receptor levels can be modified by numerous agents which affect cell 

growth. How particular agents affect EGF receptor levels at the molecular level is only 

beginning to be understood. 
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In the studies to be described, a cell line called PC-lOis used extensively. PC-IO cells 

are derived from a squamous cell carcinoma of the lung and were originally characterized 

by Sakiyama et al. (61). PC-lO cells were found by Sakiyama et al. to overexpress EOF 

receptor on the cell surface in the absence of EOF receptor gene amplification. In 

addition, PC-I 0 cells exhibit high levels of EOF receptor mRNA. In contrast to UCV A-I 

cells, however, PC-IO cell growth is inhibited by EOF (see below). These data make 

PC-I0 cells useful to study alternative mechanisms besides those previously reported for 

EOF receptor overexpression and to study how PC-I 0 cell growth is affected by EOF. 

This study indicates that PC-lO cells utilize a novel mechanism to overexpress EOF 

receptor which may involve stabilization of the EOF receptor mRNA. In addition, it was 

also found that PC-lO cells are growth inhibited by EOF, and a process termed 

"adaptation to EOF cytotoxicity" was characterized. Adaptation appears to involve a 

reduction in the tyrosine kinase activity of the EOF receptor in the absence of a reduction 

in the number of EOF receptor on the cell surface or any alteration in EOF hinding 

parameters. Finally, in related studies, EOF receptor gene regulation was also examined 

in A549 cells; an adenocarcinoma of the lung derived cell line which expressed "normal" 

levels of EOF receptor. In these experiments, the tumor promoting phorhol ester, TPA 

was found to induce EOF receptor mRNA levels, but also to cause repression of a 

reporter gene transfected into A549 cells (62). The activity of a recently characterized 

repressor protein is implicated in this repression. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURES 

Materials 

The following radioisotopes were used in these experiments: [32p]phosphate, 

[32p]dCTP, [32p]ATP, [32p]UTP and Na1251 (ICN, Costa Mesa, CA); 

[35S]methionine, (DuPont New England Nuclear, Wilmington, DE) and 

[14C]chloramphenicol (Amersham, Amersham, U.K.). Epidermal growth factor was 

from Calbiochem, (San Diego, CA) and Collaborative Research, (Bedford, MA). 12-0-

tetradecanoylphorbol-13-acetate (TPA), Actinomycin D, B-galactosidase, o-nitrophenyl 

B-D-galactopyranoside (ONPG), protein A-sepharose, and histone type III-S were from 

Sigma (St. Louis MO). DMSO was purchased for the American Tissue Culture 

Collection (Rockville MD). RPMI-1640, DMEM media, penicillin/streptomycin solution 

and G418 sulfate were from Gibco (Grand Island, NY). Fetal bovine serum was from 

Gemini Biotechnology (Calabases, CA) The ECL western blotting kit and Hybond ECL 

nitrocellulose membrane were from Amersham (Amersham U.K.) The mouse anti

phosphotyrosine monoclonal antibody was purchased from Upstate Biotechnology Inc. 

(Lake Placid, NY). Nytran nylon membane was purchased from Schleicher and Schuell 

(Keene, NH). Thin layer chromatography silica plates were from Fisher (Pittsburg, PA.) 

Tri-reagent, RNA isolation reagent was purchased from Molecular Research Center Inc. 

(Cincinnati, OH). Restriction enzymes, DNA ligase, T4 DNA polymerase, and Klenow 

fragment of DNA polymerase were from Prom ega (Madison, WI). BamH I, Hind III and 

Xho I linkers were purchased from New England Biolabs Inc. (Beverly, MA). Labeling 

of probes for Southern and Northern blotting was done using an oligolabeling kit 

(Pharmacia, Piscataway, NJ). All other chemicals were of the highest grade available. 
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Cell Culture, Adaptation Procedure 

A431 and Hela cells were grown in DMEM supplemented with 10% FBS and 100 

Ulml penicillin and 100 Jlg/ml streptomycin (PIS). A549 cells were grown in a 1: 1 

mixture of DMEM and RPMI 1540 supplemented with 10% FBS and PIS. PC-lO cells 

were grown in RPMI 1640 supplemented with 15% FBS and PIS. APC-10 cells were 

grown in identical media as PC-1 0 except for the addition of 25 ng/ml EGF. For 

experiments involving response of cells to EGF, APC-I0 cells were plated in the 

presence of EGF, after one day EGF containing medium was removed, cells were washed 

one time with normal medium and then normal medium was added to the dishes. PC-I0 

cells were treated in exactly the same manner. After 24 h this media was removed and 

the appropriate media for the particular experiment was added. The experiment was then 

conducted the following day. 

For adaptation of cells to EGF, PC-lO cells were plated in T25 tissue culture flasks 

(Corning, Corning NY). Upon reaching con fluency, EGF (25 nglml) was added. Each 

day cells were washed one time with normal growth media and fresh media containing 

EGF was added. At 3, 10, 14 and 31 days after addition of EGF cells were trypsinized 

from the flask and plated in 35 mm dishes at 1300 cells/cm2. Remaining cells were 

frozen in liquid nitrogen. EGF was added as soon as cells had attached to the dishes. 

Cells were grown for 8 days with frequent media changes and growth was then assessed 

by counting with a hemocytometer. Cells which had been maintained in the presence of 

EGF for 31 days were designated as APC-I0 and used for all experiments described. 

DNA Isolation, Southern blotting, Dot blotting 

For genomic DNA isolation, cells were grown in 15 cm diameter tissue culture dishes 

to confluency. Dishes were then washed twice with cold Tris-buffered saline (TBS) and 

scraped from the dishes with a rubber policeman. Cells were transferred to centrifuge 
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tubes and centrifuged at 1000 g for ten minutes. Supernatant was removed and cells 

were washed with TBS and re-centrifuged. The cell pellet was then resuspended in 10 

mM Tris, 1 mM EDT A (TE) at a cellular concentration of approximately 5x 1 07 cells/ml. 

To this cell suspension extraction buffer consisting of 10 mM Tris pH 8.0, 100 mM 

EDT A pH 8.0, 0.5% SDS and 20 Jlg RNase was added and allowed to incubate for 1 h at 

370 C. Proteinase K was then added at a final concentration of 100 Jlglml. The DNA 

samples were then placed overnight on a 220C rocking platform. The next day the 

solution was phenol extracted twice to remove protein, and transferred to a new tube. To 

this solution, sodium acetate was added to 300 mM followed by two volumes of ethanol. 

DNA formed a precipitate at the interphac;e of the aqueous and ethanol layers and was 

spooled onto a pipette. DNA was placed into TE and allowed to dissolve completely 

followed by a second ethanol precipitation and a 70% ethanol wash. This precipitate was 

then dissolved in TE to completion followed by quantitation by U.V. absorbance and gel 

electrophoresis. 

For Southern blotting, 10 Jlg of DNA previously digested to completion with Hind III 

restriction enzyme was run on a 0.8% agarose gel in TAE buffer overnight. Following 

electrophoresis, the gel was treated with 0.25 N HCI for 10 min to fragment the DNA 

followed by 30 min in 1.0 M NaCI/0.5 M NaOH to denature the DNA and lastly 

neutralization in 1 M ammonium acetate for 30 min. DNA was then transferred to Nytran 

membrane by capillary transfer with lOX SSC buffer overnight After transfer, the 

membrane was baked at 800 C for one hour. In some cases, blot') were stored at 40 C 

wrapped in Saran wrap. 

For DNA dot blotting, undigested genomic DNA was denatured in 0.1 volume of 

NaOH for 1 h at 700 C. After cooling, SSC was added to a final concentration of 6X and 

DNA was stored on ice. DNA samples of indicated concentrations were loaded onto 



22 

Nytran membrane with a BioRad vaccuum blot apparatus. Membrane was then washed 

in 6X SSC and subsequently baked at 800 C for one hour. 

Membranes were prehybridized in a solution containing 6X SSC, lOX Denhardt's 

solution, 0.75% SDS and 50 Jlg/ml sonicated, denatured salmon sperm DNA at 420 C for 

1.5 h. After prehybridization, membranes were hybridized to heat denatured probes of 

specific activity 0.5-1.0x109 cpmlJlg in 6X SSC, 0.75% SDS, 50% formamide, 50 Ilg/ml 

sonicated, denatured salmon sperm DNA and 10% dextran sulfate for 16 hat 420 C. 

Membranes were then washed twice at room temperature in 6X SSC/0.25% SDS; 15 min 

each, twice at 370 C in IX SSC/0.5% SDS; 15 min each, and one time in O.IX SSCII.O% 

SDS for 10-30 min based upon radioactivity of the blot after the 370 C washes. 

Membranes were exposed to X-ray film in cassettes with dual intensifying screens at 

-800 C. 

RNA Isolation. Northern Blotting 

Total RNA was isolated using Tri Reagent-Total RNA Isolation Reagent (MRC Inc. 

Cincinnati, OH). All solutions were prepared following conditions to maintain RNAse 

free preparations. Cells were grown in 10 cm dishes to the desired concentration and then 

transferred to ice. The media was removed by aspiration and 1 ml of Tri Reagent per 

dish was added. The plate was rotated until all cells were in contact with the reagent 

which causes rapid lysis of cells. Cell homogenate was then transferred to eppendorf 

tubes, incubated for 5 min at room temperature and in some cases stored at -70oC. To the 

homogenate 0.2 ml of chloroform was added and each tube was then shaken vigorously 

for 20 seconds followed by incubation at room temperature for 3 min. This was followed 

by centrifugation at 12000 g for 15 min at 40C. The upper layer containing RNA was 

subsequently isolated, transferred to a new tube and precipitated with 0.5 ml isopropanol. 

Samples were stored at 40 C for 5 min followed by centrifugation at 12000 g for 10 min 
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at 40 C. Supernatant was removed and RNA pellet was washed with 70% ethanol 

followed by a final centrifugation at 12000 g for 5 min. The pellet was allowed to dry 

briefly, and then resuspended in a 0.5% SDS solution. RNA concentration was 

determined by V.V. absorbance and verified by gel electrophoresis. RNA samples were 

stored at -800 C. 

RNA samples were heat denatured at 650 C for 5 min in a solution containing 0.5X 

formaldehyde gel running buffer (0.1 M MOPS pH 7.0, 40 mM sodium acetate and 5 mM 

EDTA pH 8.0), 1.4 M formaldehyde and 30% formam ide. After incubation, 1 J..lg of 

ethidium bromide and 2.5 J..ll of gel loading buffer were added to each sample and placed 

on ice. Total RNA ( 10 J..lg for each sample) was fractionated by 2.2 M formaldehyde-

1.5% agarose gel electrophoresis in IX formaldehyde gel running buffer with constant 

buffer recircularization. After electrophoresis the gel was treated for 30 min with 50 mM 

NaOH at room temperature on a rocking platform followed by 30 min with sodium 

acetate pH 4.0. RNA was then transferred to Nytran membrane by capillary action. After 

transfer, RNA was immobilized to the membrane by baking at 800 C for 1 h. Blots were 

then stored at 40 C if necessary. Prehybridization and hybridization conditions were as 

described for Southern blotting with the following changes. Prehybridization buffer 

contained 50% formam ide, 5X Denhardt's solution, 5X SSC and 100 J..lg/ml sonicated 

denatured salmon sperm DNA. Hybridization solution contained 50% formam ide, 3X 

Denhardt's solution, 5X sse, 100 J..lg/ml sonicated denatured salmon sperm DNA and 

10% dextran sulfate. Washes and exposure to X-ray film were as described above. 

Protein Isolation, Western Blotting 

Cells in 10 cm dishes were treated as described in the figures. Cells were then placed 

on ice, media was removed and cells were washed two times with cold phosphate 
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buffered saline. Total protein was isolated from cells using RIP A buffer (1 % Triton 

X-1OO, 1% Deoxycholate, 150 mM NaCl, 50 mM Tris-HCl pH 7.2, 0.5 mM PMSF and 1 

mM EDT A). To each dish 0.5 ml cold RIPA was added and cells were incubated on ice 

for 30 min with occasional rocking. Lysed cells were then scraped from the plates using 

a teflon coated razor blade and transferred to centrifuge tubes. The suspension was then 

centrifuged for 15 min at 15000 rpm at DoC. The supernatant was isolated and Laemmli 

sample buffer (63) was added. Samples were boiled for 5 min and then stored at -200C. 

Equal amounts of protein were applied to a 7% SDS-polyacrylamide gel and subjected 

to electrophoresis overnight. Pre-stained protein molecular weight markers were 

included. After electrophoresis, proteins were transferred to nitrocellulose membrane 

using a Bio-Rad Trans-Blot apparatus at 70 V for 3 h. Nitrocellulose was then removed 

and sucessful transfer of protein was verified by complete transfer of pre-stained marker. 

The nitrocellulose was then stored at 40C overnight. For Western blot analysis, the 

membrane was blocked in 5% dried milk in Tris-buffered saline containing 0.1 % 

Tween-20 (TBS-T) for 1 h at room temperature and then washed numerous times with 

TBS-T at room temperature. The membrane was then incubated with the anti

phophotyrosine antibody at a concentration of 0.5 Jlglml in TBS-T for 2 h at room 

temperature. After incubation, antibody solution was removed and the membrane was 

again washed extensively with TBS-T. After washing, the membrane was incubated with 

a horseradish peroxidase conjugated second antibody (Amersham) diluted 1: 1 000 in 

TBS-T for 1 h at room temperature followed again by extensive washing in TBS-T. For 

detection of phosphotyrosine containing proteins, the membrane was treated exactly as 

described for detection using the Amersham ECL Western blotting kit protocol. The 

membrane was exposed to X-ray film for either 15 sec or 1 min for long and short 

exposures respectively. 
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SDS-Polyacrylamide Gel Electrophoresis and Protein Visualization 

All SDS-PAGE gels consisted of a 7% resolving gel and a 4% stacking gel and were 

run in SDS-PAGE electrophoresis buffer at 40C overnight. After electrophoresis, some 

gels were stained with coomassie blue (0.1 %) in 50% trichloroacetic acid for 1 h and then 

destained with 7% acetic acid for 2h followed by additional destaining in a solution 

consisting of 5% acetic acid, 25% ethanol and 5% glycerol until bands could be easily 

resolved. Gels were then dried at 800e under vacuum for 1 h. 

Metabolic Labeling o/Cells with r32pjPhosphate and r35SjMethionine 

Cells were plated so as to be 80% confluent after three days. After one day, APC-1O 

cells were changed to EGF free media. After two days media was replaced with media 

lacking serum and cells were grown overnight. For [32p]phosphate labeling experiments, 

the day of the experiment the media was removed, cells were washed 2 times with 

phosphate free DMEM (Gibco) and then phosphate free DMEM was added which was 

supplemented with 0.1 mCilml [32p]phosphate. This was allowed to remain on the cells 

for 4 h after which plates either received EGF at 100 nglml for 5 min or EGF 

resuspension buffer for the same amount of time. After incubation, media was aspirated 

and 0.5 ml of RIPA buffer containing phosphatase inhibitors (0.5 mM Na3 V04 and 50 

mM NaF) was added. The cell suspension was transferred to centrifuge tubes, vortexed 

briefly and incubated on ice 15 min. The suspension was then centrifuged for 15 min at 

15000 rpm at OOC andthe supernatant was collected for immunoprecipitation. For 

[35S]methionine labeling, cells were grown as described above except in 6 em dishes. 

Cells were washed once in methionine-free media and then incubated for 3 h in 

methionine-free media supplemented with 5% normal media and containing 10 ~Cilml 

[35S]methionine. After 3h, the media was removed and the cells were washed with 



phosphate buffered saline at room temperature. The cells were then placed on ice and 

treated exactly as described for protein isolation for the Western blotting procedure. 

1251-EGF Labeling and EGF Binding Analysis 
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In a total volume of 100 Ill, 5.5 Ilg EGF was labeled with 1 mCi of Na 1251 (100 

mCilml) in 250 mM potassium phosphate buffer at pH 7.5. One iodobead (Pierce) was 

added to initiate the reaction and the tube was incubated on ice for 10 min. Reaction was 

terminated with the addition of 100 Ilg tyrosine. The sample was then applied to a Biogel 

P4 column equilibrated with Earl's balanced salt solution containing 1 mglml BSA and 5 

mM HEPES buffer at pH 7.4. Fractions of 0.3 ml were collected with a LKB 2112 

fraction collector. Fractions containing 1251-EGF were pooled and specific activity was 

determined to be 33 IlCilllg. 

Two separate methods were used to analyze EGF binding parameters: saturation EGF 

binding and inhibition of EGF binding experiments. For saturation EGF binding, PC-I0 

and APC-l 0 were plated in triplicate at 2x 1 04 cells per 35 mm tissue culture dish. For 

APC-1O cells, unlabled EGF was removed either one or two days prior to the addition of 

labeled EGF. On the day of the experiment, cells were placed one ice, washed twice with 

cold EBSS-BSA and then 500 III of EBSS-BSA was added to each well. At this point 

control cells for non-specific binding received a 250 fold higher concentration of 

unlabeled EGF and were allowed to incubate on ice for 15 min. After 15 min 2.4xlO-1O 

M labeled EGF was added to all plates. Plates were then transfered to a 40C cold 

chamber for 90 min. After incubation, cells were washed 3 times with EBSS-BSA and 

subsequently solubilized with 0.2 N NaOH for 1 h at 370C. The solution was then 

transferred to counting vials and radioactivity was determined with a Beckman Gamma 

4000 counting system. Data are reported as percent of input bound per 106 cells. Two 

plates treated in the same manner are counted for total cell number. For some 



experiments, membrane associated radioactivity versus intracellular radioactivity was 

determined over time. For these experiments, cells were treated exactly as described 

above, except that after 90 min at 40 C, cells were transferred to a 370 C incubator for 

various periods of time. Data is reported as described above and control cells were 

treated as described above. 
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In the inhibition of EGF binding experiments, cells were incubated with laheled EGF 

and increasing concentrations of unlabeled EGF. Non-specific binding was determined 

with a 250 fold higher concentration of unlabeled EGF added 15 min prior to the addition 

of EGF. After 90 min at 40 C, cells were solubilized and radioactivity determined as 

described above. The data were then analyzed by the method of Scatchard (64) for total 

receptor available to bind EGF and receptor affinity. 

Membrane Protein lwlation 

Cells were grown in 15 cm tissue culture dishes to 80% con fluency before isolation. 

APC-1O cells were grown two days in the absence of added EGF and both PC-1O and 

APC-1O were grown 16 h in serum free media prior to isolation. After 16 h, cells were 

placed on ice and the media was aspirated. Cells were then washed twice with phosphate 

buffered saline. To the dish was added 2 ml of phosphate buffered saline and the cells 

were removed from the dish with a teflon coated razor blade. This suspension was then 

centrifuged at lOoog to pellet the cells. The cell pellet was then resuspended in 2 ml of a 

hypotonic solution consisting of 20 mM HEPES pH 7.2,3 mM KCl and 3 mM MgCl2 

and containing phophatase and protease inhibitors as described above. Cells were 

transferred to a Dounce glass/glass homogenizer and allowed to sit on ice 10 min before 

homogenization of the cells with 15 strokes with an "A" pestle. The homogenate was 

centrifuged at 1000 g for 10 min to pellet nuclei and debri. The supernatant was 

transferred to a new tube and centrifuged at 20000 rpm for 1 h at 40C. The supernatant 
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was then removed and the pellet washed with a small volume of cold hypotonic buffer. 

After removal of the wash solution the pellet was resuspended in 0.5 ml of membrane 

resuspension buffer (50 mM HEPES pH 7.2, 0.1 mM EDTA, 10% glycerol and protease 

and phosphatase inhibitors) using a teflon/glass homogenizer. The resulting membrane 

fraction was then aliquoted into small samples, snap frozen in liquid nitrogen and stored 

overnight at -800 C. One aliquot was used to detertmine protein concentration by 

absorbance at 260 nm. Also, accuracy of protein estimation was verified by staining of 

SDS-PAGE gel with commassie blue. 

Immunoprecipitation of EGF Receptor Protein 

Protein-A sepharose was suspended in a large volume of Tris buffered saline and 

allowed to swell at 40 C for 30 min with rotation. The suspension was then centrifuged 

for 10 min at 1000 g and the pellet was subsequently resuspended in 0.5 ml of RIP A and 

1.5 Jig of B4G7 mouse monoclonal anti-EGF receptor antibody per sample. This was 

then incubated overnight at 40 C. The next day the suspension was centrifuged at 1000 g 

for 10 min at 40 C and the pellet thoroughly resuspended in 0.5 ml RIPA per sample. To a 

separate eppendorf tube per sample, 0.5 ml of solution was added. The samples were 

centrifuged briefly to pellet the protein-A sepharoseIB4G7 complex, supernatant was 

removed and pellet was washed one time with RIPA and centrifuged again briefly. The 

sample in a total volume of 0.4 ml was added and the pellet was thoroughly resuspended. 

This suspension was allowed to incubate for 3 h with rotation at room temperature and 

subsequently centrifuged to pellet the protein-A sepharose/B4G7/EGF receptor complex. 

The pellet was then washed two times with RIPA and three times with Tris-buffered 

saline at room temperature. Finally, 50 Jil of Laemmli sample buffer was added to each 

pellet, resuspended and placed into a boiling water bath for 5 min. The samples were 

centrifuged briefly to pellet the protein-A sepharose and the supernatant was applied to a 
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7% polyacrylamide gel as described above. For 32p labeled proteins the dried gel was 

exposed to X-ray film in the absence of intensifying screens overnight at -800C. For 35S 

labeled proteins, the dried gel was covered with talcum powder and then exposed to X

ray film in the absence of intensifying screens for two days at room temperature. 

Phosphorylation Reaction in vitro 

Each phosphorylation reaction was done with a total of 50 Jlg membrane protein in a 

phosphorylation buffer consisting of 20 mM HEPES pH 7.2, 60 mM NaCI and 0.1 % BSA 

and phosphatase and protease inhibitors. To each reaction, 100 ng of EGF in phosphate 

buffered saline (pH 6.4) containing 1 mglml BSA was added (EGF resuspension buffer 

for unstimulated samples) and allowed to incubate 5 min on ice. Then a solution 

containing 10 JlCi [32p]ATP, 15 JlM unlabeled ATP and 3 mM MnCl2 was added. 

Reactions were terminated after 10 min with the addition of Laemmli sample buffer. 

Samples were boiled for 5 min and applied to a 7% SDS-polyacrylamide gel. The 10 min 

time point was found to be within the linear range of the reaction by kinetic analysis. 

Phosphorylation Reaction in vitro with Angiotensin II 

Each phosphorylation reaction was done with a total of 15 Jlg membrane protein in a 

phosphorylation buffer consisting of 20 mM HEPES pH 7.4, 1 mM MnCI2, 10 JlM 

ZnS04, 0.016% Triton X-l00 and 8.3% glycerol. EGF (50ng) was added and the 

samples allowed to incubate at 100C for 15 min. The reaction was initiated with the 

addition of a solution containing I mM angiotensin II and 2 JlCi [32p]ATP and allowed 

to proceed for 10 min at 100C. Reaction was terminated with the addition of 30 JlI 5% 

trichloroacetic acid. The samples were mixed well and centrifuged at 12000 g for 10 min 

at 40C. Fifty JlI of supernatant was spotted onto Whatman P81 paper, allowed to dry 

briefly, and subsequently washed numerous times with 15% acetic acid. Each sample 

was then rinsed with 100% ethanol and allowed to dry. Radioactivity was determined 
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with a Beckman LS 7800 liquid scintillation counter. The 10 min time point was found 

to be within the linear range of the reaction by kinetic analysis. 

Phosphopeptide Mapping ofEGFR in PC-JOandAPC-JO 

Cells were grown to 80% con fluency as described for in vivo labeling except that they 

were incubated with 1 mCilml [32p]phosphate for 4 h. After 4 h, some plates were 

stimulated with 100 ng/ml EGF for 5 min. The unstimulated plates received EGF 

resuspension buffer only. Cells were lysed with RIPA buffer containing phosphatase and 

protease inhibitors as described above and EGFR were immunoprecipitated with B4G7 

monoclonal antibody for 6 h. at roo temperature. Proteins were separated by 7% SDS

PAGE as described above. The gel slice containing the EGFR was isolated and 

homogenized with a teflon microprobe in 0.5 ml of 50 mM NH4HC03 containing 0.1 % 

SDS. After 15 min. at room temperature, 20 Ilg of BSA was added. The mixture was 

then incubated with rotation for 6 h at room temperarature. Following a brief 

centrifugation, the supernatant was isolated and the pellet was resuspended in 0.2 ml of 

50 mM NH4HC03/0.1 % SDS and allowed to incubate at room temperature for 16 h. 

Following a second centrifugation, the two supernatants were pooled and 20 Ilg of BSA 

was added followed by addition of 30 Ilg of tosylphenylalanyl chloromethyl ketone

treated trypsin. This mixture was allowed to incubate at 37 0C for 24 h with a second 

addition of 30 Ilg trypsin after 6 h. Phosphopeptide mapping of the trypsin digested 

EGFR was performed by reverse-phase HPLC using a Vydac C18 column (0.46cmx25 

cm) which was equibrated with 0.1 % trifluroacetic acid (TFA). The peptides were eluted 

with a linear gradient of acetonitrile (1 %/min) in 0.1 % TF A and a flow rate of 1.0 mV 

min. One minute fractions were collected and analyzed for radioactivity using an 

aqueous scintillation cocktail. 
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Phosphoamino acid analysis 

Peaks of radioactivity were analyzed for phosphoamino acid content. Fractions were 

lyophilized and resuspended in 50 J.lI of 5.7 N HCI and incubated at 110 0C for 90 min 

for partial acid hydrolysis. This was followed with the addition of 0.5 ml water and a 

second lyophilization. The sample was then suspended in 0.1 ml water and again 

lyophilized. The resulting pellets were then subjected to thin layer electrophoresis by the 

method of Hunter and Sefton (1980). 

Protein Concentration Estimation 

Two methods were utilized for protein concentration estimation. First, for membrane 

protein, absorbance at 260 nm wal) used to estimate protein concentration. For all other 

protein estimates, the BCA protein assay reagent (Pierce) was utilized. Bovine serum 

albumin supplied by the manufacturer was used as a protein standard. 

Plasmid Construction 

The insert of pERCAT -I (65) containing 1.1 kb of EGF receptor gene regulatory 

region was isolated from low melting point agarose after restriction digestion with Hind 

III restriction enzyme. It was subsequently digested with Taq I, Dde I, A va II and Bgl I 

separately and the relevant fragment isolated from low melting point agarose. The 

fragments were blunt ended with the Klenow fragment of DNA polymerase I or with T4 

DNA polymerase followed by Hind III linker ligation using T4 DNA ligase. Resulting 

fragments were introduced into the Hind III site ofpSVOCAT (66) which isjust 

upstream of the chloramphenicol acetyItransferase (CAT) gene. Recombinants were 

screened for correct orientation of the insert by restriction enzyme mapping using a panel 

of informative enzymes. Plasmids containing additional regulatory domains were 

constructed by similar methods. PERCAT-Ex2.2 wal) created by isolating an EcoR 1-

Sac I 2.2 kb fragment from pEP5 which contains a 5.2 kb genomic insert from the human 



EGF receptor gene (66). The insert was isolated, Xho I linkers were added, and the 

resulting fragment was introduced into an Xho I linker modified Hind III site in the 

pSVOCAT plasmid. pERCAT-Int2.2 contains a 2.2kb Pvu II-Pvu II insert also derived 

from pEP5. The 2.2kb was isolated, BamH I linkers were added and the insert was 

cloned into the BamH I site of pSVOCAT which is just downstream of the CAT gene. 

DNA Transjectioll into A549 Cells 
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Plasmid DNA was transiently transfected into A549 cells using the calcium phosphate 

co-precipitation method (67). In 10 cm dishes 6x 105 cells were seeded 20 h prior to 

transfection. A total of 10 Jlg total plasmid was transfected per plate consisting of 7 Ilg of 

CAT containing plasmid and 3 Jlg of a plasmid containing the B-galactosidase gene 

(pCHII0) as an internal control for variances in transfection efficiency between plates. 

DNA was mixed and added to a 124 mM CaCl2 solution. This mix was then added 

slowly to a 2X HBS solution (50 mM HEPES, 280 mM NaCI, 1.5 mM Na2HP04, pH 

7.1) which was gently vortexed. This mix was allowed to incuhate 30 min at room 

temperature to allow precipitate formation and subsequently added to the dishes 

dropwise. Five hours after addition of the DNNCalcium phosphate precipitate the cells 

were shocked with a solution containing 15% glycerol in IX HBS for 3 min at room 

temperature. Cells were then incubated in normal growth media for 48 h before 

stimulation. After stimulation, cells were washed, scraped from the plates, collected hy 

centrifugation, resuspended in 250 mM Tris-HCI pH 8.0 and lysed with three freeze thaw 

cycles. Protein concentration of the samples was determined as descrihed and the 

samples were stored at -200C. 

Reporter Gene Analysis: CAT Assay and,P-galactosidase 

Prior to the CAT assay, an aliquot of each sample of equal protein concentration is set 

aside for the B-galactosidase assay. For the B-galactosidase assay, this protein is mixed 
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with a buffer consisting of 1 mM MgCI2, 5 mM DTT and 2-mercaptoethanol and a 

second buffer containing 0.1 M sodium phosphate at pH 7.3 in a final volume of 244 J . .tl. 

To this mixture, 66 ,.d of 4 mg/ml o-nitrophenyl-B-D-galactopyranoside (ONPG) was 

added. This was mixed thoroughly and incubated for 30 min to 1 h depending upon the 

efficiency of transfection. Reaction was stopped with the addition of 0.5 ml 1 M 

Na2HP04 and the color development was assayed by spectrophotmetric analysis at 410 

nm. 

Based upon the results of the B-galactosidase assay, amounts of protein of equivilent 

B-galactosidase activity were used for the CAT assay. This protein was first incubated at 

600 C for 10 min to inactivate endogenous acetylases followed by centrifugation at 12000 

g for 5 min. The supernatant was then combined with a solution containing 70 J..I.g acetyl

CoA, 0.5 J..I.Ci [14C]chloramphenicol and 250 mM Tris-HCI pH 8.0 in a total of 180 ,.tI. 

The reaction was allowed to continue for 1-4 h depending upon the level of B

galactosidase activity. Reactions were terminated with the addition of 0.5 ml ethyl 

acetate. This was mixed thoroughly and centrifuged briefly. The upper layer of ethyl 

acetate containing [14C]choramphenicol products was isolated. The aqueous layer was 

extracted one additional time and these extractions were pooled. The ethyl acetate was 

evaporated under vacuum, the precipitate was then resuspended in a small volume of 

ethyl acetate which was then applied to a thin layer silica chromatography plate. 

[14C]chloramphenicol products were separated by chromatography in a closed chamber 

with chloroform-methanol (95:5). After chromatography, the plate was allowed to dry 

and exposed to X-ray film at room temperature without intensifying screens. 

Quantitation of the CAT activity was done by scraping of the radioactive products and 

counting with a Beckman LS 7800 liquid scintillation counter. 
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Selection of Stable Transformants 

A549 cells were transfected as described above except with 10 Jlg pERCAT-I plasmid 

and 1 Jlg of a plasmid containing a gene conferring resistance to the antibiotic neomycin 

(pSV2Neo) per 10 cm plate with two plates being transfected. After 70 h in normal 

growth media, the cells were trypsinized into two separate 15 cm dishes and G418 

antibiotic, Gibco (Grand Island, NY) was added to a final concentration of 600 Jlglml. 

Cel1s were maintained for two weeks in the presence of G418. After two weeks, the 

number of visable colonies were scored and trypsinized from the plates. Antibiotic 

resistant colonies were pooled separately and stored in liquid nitrogen. The efficiency of 

stable transformation was estimated at 0.04% with an average of 194 independent 

colonies per 15 cm plate. 

Nuclear Run-On Analysis 

A549 cells were grown to approximately 80% con fluency in 15 cm dishes. Cel1s were 

washed two times in phosphate buffered saline and scraped from the plates. After 

centrifugation at 500 g for 10 min the cel1s were resuspended in phosphate buffered 

saline, counted and re-centrifuged. A total of lx107 cel1s wcre resuspended per sam pIc 

in 5 ml of hypotonic buffer (20 mM Tris-HCI pH 8.0, 4 mM MgCI2, 6 mMCaCI2, and 

0.5 mM DTT) and incubated on ice for 5 min. After incubation, 5 ml of lysis buffer 

(0.6 M sucrose, 0.2% Triton X-loo and 0.5 mM DTT) was added and the cells were 

gently mixed with inversion. Cells were then transferred to a Dounce glass/glass 

homogenizer and homogenized with 10 strokes of an "A" pestle. This cell suspension 

was transferred to a new tube and centrifuged at 1000 g for 3 min at 40 C. The resulting 

pel1et consisting primarily of nuclei was suspended in 4 ml of resuspension buffer 

consisting of 0.25 M sucrose, 10 mM Tris-HCI pH 8.0, 10 mM MgCl2 and 1 mM DTT. 

The quality of the nuclei was checked with microscopy and the percentage of unlysed 
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cells was less than 5%. Nuclei were then centrifuged at 1000 g for 3 min at 40C and the 

pellet was resuspended in 100 J..ll of reaction buffer (50 mM HEPES pH 8.0,90 mM 

NH4Cl, 5 mM MgCl2 0.5 mM MnCI2, 2 mM DTT, 0.1 mM EDT A pH 8.0, 0.4 mM of 

ATP, CTP and GTP, 10% glycerol and 10 J..lg/ml BSA) The resulting nuclear suspension 

was added to 150 J..lCi [32p]UTP mixed and incubated at 260 C for 30 min. After 

incubation, the nuclei were centrifuged at 12000 g for 30 seconds, the supernatant was 

removed and the nuclear pellet was resuspended in TE containing 0.3% SDS and 100 

J..lg/ml yeast tRNA. After a 10 min incubation on ice the solution was transferred to a 15 

ml centrifuged tube. The reaction tube was washed two times with 0.5 ml 100 mM 

sodium acetatelEDT A pH 5.0 and the wash solutions were added to the centrifuge tube. 

To this tube, 2 ml of phenol was added and incubated on ice 10 min with occasional 

inversion. After incubation the tube was centrifuged at 1500 g for 15 min at 40C and the 

upper aqueous layer was transferred to a new tube. The organic phase was re-extracted 

and both supernatants combined. The pH and salt concentration of the solution was 

adjusted with 300 III 1 M Tris-HCl pH 8.0, 200 III 4 M NaCl respectively. The RNA 

was then precipitated overnight at -200C with the addition of 9 ml of 100% ethanol. 

Samples were centrifuged at 12000 g for 20 min to pellet the RNA, resuspended in 200 III 

water and radioactivity per sample determined with small aliquot. Equal amounts of total 

radioactivity were added to Northern blot hybridization solution and hybridized to dot 

blots containing linearized plasmid DNA. Hybridization was at 420C for 3 days. 

Washing of blolC; was as described for Northern blot analysis. 

Protein Kinase C Assay 

A549 cells were grown to 80% con fluency in 10 cm dishes, placed on ice and washed 

twice with phosphate buffered saline. Cells were scraped from the dishes in a small 

volume of phosphate buffered saline and transferred to eppendorf tubes. The cells were 
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centrifuged briefly at 500 g to pellet the cells washed one time with PKC buffer (20 mM 

HEPES, pH 7.9, 75 mM NaCI, 0.1 mM EOTA, 0.5 mM OTT, 0.5 mM PMSF and 20% 

glycerol) and then resuspended in 0.5 ml of PKC buffer. Cells were lysed with a Oounce 

glass/glass homogenizer with 20 strokes of a "B" pestle. The suspension was transferred 

to a new tube and centrifuged at 1000 g for 10 min at 40 C. The supernatant was 

transferred to a new tube and kept on ice. To the nuclear pellet, 100 III of supernatant 

and Triton X-IOO at a final concentration of 0.3% were added. The pellet was 

resuspended well and centrifuged again as before. Both supernatants were combined, 

aliquoted into small sample volumes, quick frozen in liquid nitrogen and stored at -800 C. 

Protein kinase C activity was determined according to the method of Shimizu and 

Shimizu (68). Five Ilg of protein was added to a 100 ,.11 final volume of 20 mM Tris-HCI 

pH 7.5, 1 mM MgCl2 and containing 40 Ilg histone type III-S (Sigma) To this solution 

was added 2 III 5 mM CaCI2, 1 III 2.5 mg/ml phosphotidyl serine and 1 III 10 Ilg/ml TP A. 

Samples for calcium independent kinase activity received 2 III 0.1 M EGT A in place of 

phosphotidyl serine and TPA. Reactions were initiated with the addition of 4 III of an 

ATP solution consisting of 3 III of 0.3 mM unlabeled A TP and 1 IlCi of [32p]A TP. 

Reactions were allowed to proceed for 15 min at 300 C and terminated by placing samples 

into an ice/water bath. To Whatman P8I paper 75 III of the sample was applied, allowed 

to dry briefly and then dropped into a large volume of water. The filters were washed 

numerous times in water, dried at 800 C for 30 min and radioactivity was determined with 

a Beckman LS 7800 liquid scintillation counter. 
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CHAPTER 3 

PC-I0 CELLS OVEREXPRESS EGF RECEPTOR WITHOUT EGF RECEPTOR GENE 

AMPLIFICATION: EVIDENCE FOR A POSSIBLE MECHANISM 

Before doing extensive analysis of the properties of the PC-1 0 cell line, we felt it 

necessary to verify that the cells received from Sakiyama et. al. (61) maintained the 

characteristics previously reported. In this section we show that the PC-1 0 cells used in 

these studies have the characteristics described by Sakiyama et. al. and that the mRNA 

for the EGF receptor appears to be more stable in PC-1 0 than in A431 cells. 

No Apparent EGF Receptor Gene Amplification by Southern Blot Analysis and Dot Blot 

Analysis 

From the work of Sakiyama et al., PC-10 cells were shown to have high levels of EGF 

binding activity (121 % of A431 ceIls which have 2-3x106 receptor/cell), high levels of 

EGF receptor protein and EGF receptor mRNA, but to lack any apparent EGF receptor 

gene amplification. These conclusions have been verified and data will he presented 

below and in subsequent chapters. Figure 3.1 A shows a Southern blot containing 

genomic DNA from a variety of cell lines which was digested with Hind III and probed 

with an EGF receptor cDNA probe. The A431 ceIl line which is known to amplify the 

EGF receptor gene approximately 30 fold is shown in lane 1. Lane 2 represents an equal 

amount of PC-lO genomic DNA. Lane 3 and lane 4 are A549 and He La which have been 

previously found to have moderate (l.Ox 105) and low (5x 1 04) levels of EGF receptor on 

the cell surface respectively (S. Gamou, personal communication and ref. 26 respectively) 
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Figure 3.1A Southern blot of EGF receptor gene copy number in informative cell 

lines. Ten f.tg Hind III digested genomic DNA wa<) electrophoresed on 0.8% agarose, 

transferred to membrane and hybridized to an EGF receptor cDNA probe (pE7). Lane 1: 

A431, lane 2: PC-la, lane 3: A549, lane 4: HeLa 



39 

First, PC-lO cells do not appear to have any unusually sized bands when compared to 

A549 or HeLa indicating no gross alterations in the genomic structure of the EGF 

receptor gene in PC-1O. Second, the A431 cell line has a significantly higher level (10-15 

fold higher) of EGF receptor gene sequences than do any of the other cell lines. PC-IO, 

however, does appear to have slightly higher levels than A549 or Hela. Possibilities for 

this include the fact that the PC-lO cell line contains approximately 70 chromosomes (D. 

Gardner, unpublished observations) and could easily have an extra copy of chromosome 

7, or that there are variations between cell1ines in the amount of DNA loaded on the gel. 

To distinguish these possiblilities, a DNA dot blot experiment was carried out. Figure 

3.1 B shows the results of this experiment. For this figure, equal amounts of genomic 

DNA from PC-1O, APC-1O, DPC-1O (derived from PC-1O, see below), A549, a human 

lung carcinoma derived cell line with lx105 EGF receptor/cell and HEPIN, a human 

diploid fibroblast cell line were spotted onto nylon membrane and probed with the EGF 

receptor probe, stripped and re-probed with a B-actin probe. As seen in figure 3.1B, 

slight differences seen in the hybridization of the DNA from various cell lines to the EGF 

receptor probe were also seen with the B-actin probe. These results taken with the 

previous Southern blot indicate that the PC-l 0 cell line does not have EGF receptor gene 

amplification or any gross alteration in the structure of the EGF receptor gene. 

EGF Receptor mRNA Levels Are High in PC-JO Cells 

PC-lO cells were also previously found to have high levels of EGF receptor mRNA. 

Figure 3.2 shows a Northern blot analysis of total RNA comparing PC-1O, A431, APC-1O 

(+/- EGF), A549 and Hela for EGF receptor specific mRNA. It is common to detect 

numerous EGF receptor specific bands on a Northern blot corresponding to 10 kb, 5.6kb 

and 4.0 kb. From this figure it is clear that the A431 cell line (lane 1) expresses very high 
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Figure 3.1B DNA dot blot of EGF receptor and 8·actin gene copy number in 

informative cell lines. Indicated concentrations of undigested alkali denatured genomic 

DNA was transferred to nylon membrane and hybridized to an EGF receptor cDNA 

probe. The blot was subsequently stripped and hybridized to a B-actin probe (PD31). 

1: PC·10, 2: APC-10, 3: DPC-10, 4: A549, 5: HEPIN (Human Diploid Fibroblast) 
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levels of EGF receptor mRNA. The band seen at 2.9 kb is unique to the A431 cellline 

and represents an aberrant transcript from a truncated and amplified EGF receptor gene 

(69). Lane 2 represent PC-lO, lane 3 APC-lO (+EGF) lane 4 APC-lO (-EGF), lane 5 

A549 and lane 6 HeLa. From this figure it appears that PC-I0 cells do express a high 

level of EGF receptor specific mRNA; significantly higher than A549 or HeLa. 

Interestingly, Sakiyama et aI. reported that the PC-l 0 ceIl line had EGF binding activity 

slightly higher than A431 (61). Disregarding the 2.9 kb transcript, A431 celIs seem to 

express about 4-5 fold higher levels of EGF receptor mRNA than do PC-l O. These 

results indicate that the PC-l 0 ceIl line also has high levels of EGF receptor mRNA. but 

that the level of message is lower than expected based upon the EGF binding data of 

Sakiyama et al (61). 
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Figure 3.2 Northern blot of steady state levels of EGF receptor mRNA in 

informative cell lines. Cells were grown in 10 cm dishes to near confluency and 

isolated with Tri-reagent. Ten I-tg from each cell line was run on a formaldehyde-agarose 

gel. Mter transfer to nylon membrane the blot was hybridized to the EGF receptor DNA 

probe. Lane 1: A431, lane 2: PC-10, lane 3: APC-10 (+EGF) lane 4: APC-10 (-EGF), 

lane 4: A549 and lane 6: HeLa. The location of the 288 ribosomal RNA is indicated. 
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Increased Half-Life of EGF Receptor mRNA in PC-IO Cells 

The 4-5 fold lower level of EGF receptor mRNA in PC-lO compared to A431 was 

surprising given that the EGF binding potential of the two cell lines was found to be very 

similar. One possibility to explain these observations is that the EGF receptor mRNA in 

PC-lO cells has a greater stability than in A431 cells. This would allow for more 

translation into protein per mRNA molecule in the cell. To test this hypothesis, PC-IO 

and A431 cells were treated with actinomycin D, a compound known to inhibit RNA 

synthesis. Cells were treated with actinomycin D for various lengths of time and the 

RNA was isolated. Northern blot analysis of A431 actinomycin D treated cells is shown 

in figure 3.3A utilizing two probes simultaneously, the EGF receptor probe and a probe 

for c-myc which is known to have a half-life of 15 to 30 min in a wide variety of cells. 

The EGF receptor mRNA in A431 cells appears to have a half-life of 2-4 hours which is 

in good agreement with previously published reports for A431 EGF receptor mRNA (70). 

The c-myc mRNA appears to have a half-life significantly shorter than 2 hours. A similar 

experiment with PC-lO cells is shown in figure 3.3B. The EGF receptor mRNA half-life 

in PC-lO is at least 8 hours, the maximum length of treatment. The half-life of c-myc 

mRNA, however, is less than I hour. These results would suggest than the half-life of the 

EGF receptor mRNA in PC-lO cells is significantly longer than the half-life of the EGF 

receptor mRNA in A431 cells. The c-myc mRNA half-life would appear to be similar in 

both cell lines. In addition, these results suggest a possible mechanism for EGF receptor 

overexpression in PC-lO cells; one that involves a selective stabilization of the EGF 

receptor mRNA. 
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Figure 3.3A Northern Blot: c-myc, EGF receptor mRNA half-life after actinomycin 

D treatment of A431 cells. Cells were grown in 10 cm dishes to near conflueney and 

treated with actinomycin D (10 J.tglml) for the indicated periods. Total RNA was isolated 

and 10 J.tg from each point was run on a formaldehyde-agarose gel. Mter transfer to 

nylon membrane the blot was hybridized to EGF receptor and c-myc DNA probes. The 

A431 specific 2.9 kb band can be seen just above the c-myc band. 
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Figure 3.3B Northern Blot: c-myc, EGF receptor mRNA half·life after actinomycin 

D treatment ofPC·10 ceUs. The experiment was done essentially as described in figure 

3.3A Note the lack of a band at 2.9 kb. 
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CHAPTER 4 

CHARACTERIZA nON OF RESPONSE OF PC-1O TO EGF AND ADAPTATION OF 

PC-I0 TO EGF CYTOTOXICITY 

PC-IO Cells Are Killed by EGF in a Cell Density Dependent Manner 

PC-I0 cells had previously been shown to have EGF binding activity similar to A431 

cells, elevated EGF receptor protein and mRNA levels, but to lack EGF receptor gene 

amplification. This cell line is unusual in having high EGF receptor levels in the absence 

of gene amplification; however, nothing was known in regard to the response of PC-I 0 

cells to EGF. As shown in Fig. 4.1. exposure of PC-1O cells to EGF when at low cell 

density resulted in cell death. Significant cell loss is not seen until 5-6 days after addition 

of EGF; however, drastic morphological change as seen in Fig. 4.2A can be seen within 

24 h. The effect of EGF was highly cell density dependent. As shown in Fig. 4.3, if cells 

were plated so as to be 75 and 100% confluent at the time of EGF addition; I nglml EGF 

was slightly mitogenic. For cells at 10% con fluency, 1 nglml caused growth inhihition. 

EGF at 10 nglml had little effect on high density cultures, while killing the low density 

culture. Only at 100 nglml was any growth inhibition detectahle for cells at high cell 

density. These results indicate that PC-1O cells are sensitive to EGF, even at low 

concentrations, but that the response to EGF is cell density dependent. 

Chronic Exposure to EGF Results in the Ability of PC-IO to Adapt to the Cytotoxic 

Effects of EGF 
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Figure 4.1 Time course of response ofPC-lO cells to EGF Cells were plated at 1300 

cells/cm2 (10% con fluency) in 35 mm tissue culture dishes. After 24 h EGF was added 

at a concentration of 25 nglml. Total cell number was determined by detaching the cells 

with trypsinlEDTA and counting with a hemocytometer. Results are the average of 

duplicate analysis. 
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Figure 4.2 Morphology ofPC-lO cells in the presence and absence ofEGF PC-10 

cells were grown in the presence (panel A) or absence (panel B) of 25 ng/ml EGF for 5 

days. 
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Figure 4.3 Effect of cell density on the response ofPC·10 cells to EGF PC-lO cells 

were plated at three different densities: 1300, 13000 and 26000 ceUs/cm2. EGF at 

various concentrations was added after 24 h. EGF and media were replaced every other 

day. Growth was assessed in duplicate dishes as described in Fig. 4.1 
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Attempts were made to isolate variants of PC-l 0 resistant to the toxic effects of EGF. 

Cells were plated at low cell density; after 10-14 days in the presence of EGF colonies 

were isolated and re-plated at low cell density. In all cases to date, the isolated cells 

remain sensitive to EGF when re-plated. We suspect the colonies represent aggregations 

of cells upon initial plating which due to their close association are able to proliferate and 

form colonies. Previously, it was found that a variant of A431 cells showed altered 

phosphorylation of lipocortin 1 and no increase in cytoplasmic [Ca+2] in response to 

EGF after chronic EGF exposure (56). We tested the hypothesis that chronic EGF 

exposure could allow PC-1O cells to survive EGF exposure by growing the cells to 

con fluency, subsequently adding EGF and maintaining the culture for various periods of 

time. Cells maintained at confluency in the presence of EGF for 3, 10 and 14 days and 

subsequently re-plated appeared to be as sensitive to EGF as without treatment. PC-lO 

cells maintained for 31 days at con fluency in the presence of EGF were found competent 

to proliferate when re-plated at low cell density in the presence of EGF (Fig. 4.4). We 

designate these cells APC-l 0 for adapted PC-IO cells. 

Adapted PC-JO Cells Exhibit a Unique Morphology and Response to EGF and TPA 

As shown in Fig. 4.5A, APC-1O cells show an altered morphology at low cell density 

that is dependent upon EGF. At high cell density, APC-1O are indistinguishable from 

PC-lO (Fig. 4.5B and C). APC-1O cells exhibited a unique response to EGF. As shown 

in Fig. 4.6, concentrations of EGF from 0.01 to 1 nglml were mitogenic for APC-IO. In 

contrast, no concentration of EGF tested was mitogenic for PC-I 0 cells. Concentrations 

above 1 nglml EGF resulted in slight growth inhibition of APC-I 0 which did not become 

more severe with increased concentration. Concentration of EGF to 500 nglml were 
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Figure 4.4 Time course of response of APe·to cells to EGF This experiment was 

done exactly as described in Figure 4.1. 
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Figure 4.5 Morphology of APe-lO cells in the presence ofEGF at low and high cell 

density. Panel A shows APC-lO cells at low cell density in the presence of 25 ng/ml 

EGF and panel B shows the same APC-lO cells at higher cell density in the presence of 

EGF. 
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tested and at no concentration of EGF were APC-IO cells killed. 

The response ofPC-lO and APC-lO to TPA was next tested. Interestingly, the growth 

inhibition of PC- I 0 cells mentioned earlier by TP A was not seen with APC-IO cells (Fig. 

4.7). APC-lO cells appear to simultaneously adapt to both EGF and TPA. These result" 

suggest that EGF and TP A may act by a common mechanism to kill PC-IO cells. In 

addition, taken together these results indicate APC-IO cell growth and the response to 

EGF and TPA is significantly altered when compared to PC-IO. 
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Figure 4.6 EGF dose response experiment for PC·tO and APC-tO Cells were plated 

and EGF added as described in Fig. 4.1. APC-I0 were grown in 25 ng/ml EGF to 

con fluency, trypsinized and replated in 35 mm dishes in the absence of added EGF. EGF 

was added to both PC-I0 and APC-I0 after 24 h. Cells were counted after 8 days as 

described in Fig. 4.1. 
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Figure 4.7 Response ofPC-10 and APC-I0 to EGF and TPA Cells were grown to 

con fluency in normal growth media and subsequently re-plated at 1300 cells/cm2. After 

24 h EGF (25 nglml) or TPA (100 nglml) was added. Cultures were incubated for 7 days 

with fresh media and additions every other day. Growth was accessed as described in 

Fig. 4.1 
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CHAPTER 5 

ANALYSIS OF THE MECHANISM OF ADAPTATION TO EGF 

Adaptation does not appear to involve a diffusible factor 

A number of mechanisms were theoretically possible to account for the ability of the 

APC-lO cells to survive exposure to EGF. Initially we speculated that the APC-lO cells 

could secrete a factor capable of binding and sequestering EGF; thus not allowing it to 

interact with the APC-lO cells. To test this hypothesis we grew APC-lO cells in 35 mm 

dishes to confluency in the presence of EGF. Once at confluency, the media was changed 

and allowed to remain on the cells for two days. This "conditioned" media was then 

transferred to dishes containing PC-I 0 cells which had been plated one day before at 

1300 cells/cm2. EGF at 25 ng/ml was then added to two of the four plates. The results 

are shown in Figure 5.1. EGF was able to growth-inhibit the cells in the conditioned 

media as well as in normal media. Therefore there is no evidence that the APC-I 0 cells 

secrete a factor capable of allowing the cells to grow in the presence of EGF. This does 

not, however, rule out the possiblility that a cell surface protein could be acting to allow 

the cells to survive. 

EGF Receptor Levels, Affinity for EGF and EGF Internalization Are Similar in PC-JO 

and APC-JO. 

A second possible mechanism of adaptation could involve a reduction in the number 

of EGF receptors on the cell surface. To test this hypothesis, 125I-EGF binding analysis 

was carried out. APC-I0 cells were grown for 1 day or 2 days in the absence of EGF to 

ascertain the maximum EGF binding potential of APC-lO cells. As shown in Figure 5.2, 
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Figure 5.1 Adaptation does not appear to involve secretion of a diffusible factor by 

APC-10 cells. APC-J 0 cells were grown to confluency in the presence of EGF. Media 

was changed and allowed to remain on the cells for two days. This media was then 

transferred to PC-IO cells at 1300 cells/cm2. EGF was added and cells were incubated 

for 8 days before growth was assessed. No significant difference was seen in growth of 

cells between normal media and conditioned media in the absence of EGF. 
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APC-IO cells grown for one day without EGF exhibited 80% of the EGF binding 

capacity of PC-I O. APC-IO grown for two days without EGF exhibited 140% of PC-I 0 

EGF binding. This EGF binding capacity did not correlate with sensitivity to EGF as 

APC-IO cells grown in the absence of EGF for two days remain competent to proliferate 

upon re-addition of EGF. By Scatchard plot analysis, PC-lO cells express 1.0x106 EGF 

receptor per cell while APC-IO cells grown in the absence of EGF for two days express 

I.4x 106 EGF receptor per cell. Also by Scatchard analysis, both PC-IO and APC-IO 

cells exhibited a single type of low-affinity EGF binding site, the affinity of which was 

very similar (Fig. 5.3). These results indicate that the total number of EGF receptor on 

the cell surface did not change appreciably during adaptation to EGF by APC-lO cells. 

Another possibility for adaption could involve alteration in the internalization of EGF 

in APC-I 0 cells. To test this hypothesis, saturation EGF binding was again carried out 

except for these experiments, after incubation at 40 C for 90 min, some cells were 

incubated at 370 C. EGF binds to the EGF receptor at 40 C, but does not internalize. 

When the cells are warmed to 370 C, internalization can then occur. As shown in Fig 

5.4A, there appears to be no significant difference between PC-IO and APC-IO in the rate 

of internalization of EGF from the cell surface. By acid washing the cells prior to 

solubilization, it is possible to distinguish membrane-associated EGF from intracellular 

EGF. Figure 5.4B shows the kinetics of loss of membrane associated radioactivity from 

the cells. Again, no significant difference can be seen between PC-IO and APC-IO. 

Lastly, by examining the amount of intracellular radioactivity remaining in the cell 

over time, it is possible to estimate the degradation rate of radiolabeled EGF from the 

cell. As shown in Figure 5.4C, no difference between PC-IO and APC-IO could be seen 

in the degradation rate of 125I-EGF. 
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Figure 5.2 Saturation EGF binding to PC-tO and APC-tO Cells were plated in 35 

mm dishes and grown to near con fluency. APC-lO cells were grown for 1 or 2 days in 

the absence of added EGF prior to analysis. Results shown are for triplicate analysis with 

S.D. as shown. 
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Figure 5.3 Scatchard Analysis ofEGF Binding to PC-tO and APC-lO. 125I-EGF 

binding was detennined in the presence of increasing concentrations of unlabeled EGF. 

Background radioactivity was detennined by pre-incubating the cells with a 250 fold 

excess of unlabeled EGF prior to addition of labeled EGF. Receptor number and EGF 

binding affinity were determined by the method of Scatchard as described. 
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Figure 5.4A Comparison of the kinetics of internalization of 125I.EGF between 

PC·I0 and APC·tO EGF binding to pc-tO and APC-tO was as described in Figure 5.2. 

After 90 min at 40 C cells were either solubili7.ed or incubated at 370 C for various periods 

of time prior to solubilization. Results are average of duplicate analysis. 
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Figure 5.48 Comparison of the kinetics of internalization of membrane associated 

t25I-EGF between PC-tO and APC-tO EGF binding to PC-lO and APC-lO was as 

described in Figure 5.2. After incubation at 370 C cells were washed with a solution 

containing 0.5 M NaCVO.2 N Acetic Acid. This solution was collected and radioactivity 

was detennined. Results are average of duplicate analysis. 
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Figure 5.4C Comparison of the kinetics of degradation of intracellular t25I-EGF 

between PC-to and APC-tO EGF binding to PC-IO and APC-lO was as described in 

Figure 5.2. After incubation at 370C cells were washed with a solution containing 0.5 M 

NaCIIO.2 N Acetic Acid. After acid wash the cells were solubilized and radioactivity was 

determined. Results are average of duplicate analysis. 
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EGF Receptor Protein and mRNA Levels are Similar in PC-IO and APC-IO 

EGF receptor protein levels were next examined. Figure 5.5 shows an EGF receptor 

immunoprecipitation after metabolic labeling of cells with [35S]methionine. There 

appears to be no significant difference between PC-IO and APC-IO in duplicate 

independent analysis as shown for the EGF receptor protein. A431 cells which express 2-

3x 1 06 EGF receptor per cell is shown as a positive control in the first lane. The level of 

EGF receptor protein in PC-IO and APC-l 0 would appear to agree well with the 

Scatchard value of 1 x 1 06 receptor per cell. Levels of EGF receptor mRNA were also 

found to be similar between PC-l 0 and APC-l 0 although the mRNA levels seemed to be 

more variable than the EGF receptor protein levels (Fig. 3.2). Taken together, these 

results strongly suggest that the number of EGF receptor on the cell surface and the 

internalization and degradation of the EGF/EGF receptor complex is unaltered in APC- I 0 

cells. 
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Figure 5.5 Immunoprecipitation of in vivo [35S]methlonine labeled EGF receptor 

protein from PC-lO, APC-lO and A43l cells. Equal numbers of cells in methionine 

free DMEM were labeled with [35S]methionine for 3 h. Cells were lysed and EGF 

receptor protein immunoprecipitated with B4G7 anti-EGF receptor monoclonal antibody. 

Precipitate was resuspended in Laemmli sample buffer and electrophoresed on a 7% 

SDS-polyacrylamide gel. Gel was dried, covered with talc and exposed to X-ray film. 

Lane 1: A431; lanes 2, 3: PC-10; lanes 3, 4: APC-10. 
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Phosphorylation o/the EGF Receptor in vivo after EGF Stimulation is Lower in APC-JO 

than in PC-JO 

The next possibility considered was an alteration in the tyrosine kinase activity of the 

EGF receptor. For all the experiments described, APC-1O cells were grown for two days 

in the absence of EGF and then both PC-1O and APC-1O were incubated for 16 h in 

serum free media. Cells were then stimulated with EGF. First, we examined in vivo EGF 

receptor phosphorylation. For these experiments, cells were labeled with [32p]phosphate 

for 4 h and stimulated with EGF for 5 min. Figure 5.6 shows an SDS-PAGE gel after 

immunoprecipitation with an EGF receptor monoclonal antibody. A major 

phosphoprotein of 170 kDa which represents the EGF receptor was seen. APC-I0 had a 

2-3 fold lower level of EGF stimulated EGF receptor phosphorylation (compare lanes 2 

and 4 of Fig. 5.6). Phosphorylation of the EGF receptor in the unstimulated state could 

be seen in both PC-1O and APC-1O (lanes 1 and 3 Fig. 5.6). With in vivo phosphorylation 

experiments, it is not possible to distinguish tyrosine phosphorylation from serine or 

threonine phosphorylation. To determine the levels of tyrosine specific phosphorylation 

of the EGF receptor, Western blot analysis with an anti-phosphotyrosine antibody was 

carried out. As shown in Figure 5.7A a major protein of 170 kDa which appears to be the 

EGF receptor was the major tyrosine phosphorylated protein in both PC-1O and APC-IO. 

APC-1O cells exhibit a 10 fold lower level of EGF receptor tyrosine phosphorylation after 

EGF stimulation than PC-IO. Longer exposure of the blot revealed numerous other 

differences in phosphorylated proteins between PC-1O and APC-1O (Fig. 5.7B). The 

phosphorylation of the EGF receptor in the unstimulated state seen with in vivo labeling 

did not appear to be on tyrosine residues as no band could be seen corresponding to the 

EGF receptor with the anti-phosphotyrosine antibody in unstimulated samples (Fig. 5.7 A 

lanes 1 and 3). 
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Figure 5.6 Immunoprecipitation of in vivo [32p]phosphate labeled EGF receptor 

protein from PC-lO and APC-lO Equal numbers of cells in 10 cm dishes were labeled 

with [32p]phosphate for 4 h in phosphate free DMEM. APC-10 cells were grown in the 

absence of added EGF for two days. Both PC-to and APe-10 were grown for 16 h in 

serum free RPM! prior to labeling. Cells were stimulated with 100 nglml EGF for 5 min. 

EGF receptor protein immunoprecipitation and SDS-PAGE were as described above. 

Lane 1: PC-10 plus EGF resuspension buffer, lane 2: PC-10 plus EGF, lane 3: APC-10 

plus EGF resuspension buffer, lane 4 APC-10 plus EGF. 
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Figure 5.7 Western Immunoblot: Identification of in vivo tyrosine phosphorylated 

proteins in PC-lO and APC-lO after EGF stimulation Cells were grown in 10 cm 

dishes essentially as described in Fig. 5.5. Equal amounts of protein were separated by 

SDS-PAGE and transferred to nitrocellulose membrane. Blocking of membrane and 

Western blotting were as described in materials and methods. Membrane was exposed to 

X-ray film for 15 sec. 



Phosphorylation o/the EGF Receptor and an Exogenous Substrate in vitro is Lower in 

APC-JO than in PC-JO 
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The reduced EGF receptor tyrosine kinase activity seen in vivo could also be seen in 

vitro with a crude membrane fraction isolated from the cells. Figure 5.8 shows results of 

in vitro phosphorylation of the EGr receptor in isolated membrane fractions. After SDS

PAGE of total membrane protein, a band at 170 kDa (found to be the EGF receptor hy 

immunoprecipitation experiments with the EGF receptor antibody) was the major 

phosphoprotein seen. A 2-3 fold lower level of EGF stimulated phosphorylation of the 

EGF receptor was seen in APC-tO cells (Fig 5.8 lanes 2 and 4). The difference in 

phosphorylation in response to EGF between PC-lO and APC-lO was also seen in vitro 

with an exogenous suhstrate for the EGF receptor. Angiotensin II, which contains a 

single tyrosine and no serine or threonine was phosphorylated approximately two fold 

less efficiently in APC-lO than PC-lO membrane fraction isolates after stimulation with 

EGF (Fig 5.9). These results suggest that the EGF stimulated tyrosine kinase activity of 

the EGF receptor is attenuated in APC-tO as compared to PC-lO. The in vitro EGF 

receptor phosphorylation results suggest the possiblity that the modification which 

attenuates the receptor kinase activity involves the EGF receptor itself, or another 

membrane protein closely associated with the EGF receptor. The in vitro 

phosphorylation results with angiotensin II suggest that the decrease in tyrosine kinase 

activity may extend to substrates of the EGF receptor as well. 

Phosphorylation o/the EGF receptor and an Exogenous Substrate in vitro in DPC-JO 

Cells is Intermediate 

If the PC-I0 cells adapted to EGF after long term growth in the presence of EGF, then 
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Figure S.S Phosphorylation in vitro of membrane fraction protein isolated from 

PC-tO and APC-tO Membrane protein from PC-10 and APC-10 was isolated as 

described in materials and methods. APC-10 were grown for two days in the absence of 

EGF and both PC-10 and APC-10 were grown for 16 h in serum free media. The 

phosphorylation reaction was as described in materials and methods. Proteins were 

separated by 7% SDS-PAGE, the gel was then stained, dried and exposed to X-ray film. 

Lane 1: PC-10 plus EGF resuspension buffer, lane 2: PC-10 plus EGF, lane 3: APC-10 

plus EGF resuspension buffer, lane 4 APe-10 plus EGF. 
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Figure 5.9 Phosphorylation in vitro of angiotensin II added to membrane protein 

isolated from PC-10 and APC-10 Membrane protein from PC-tO and APC-I0 was 

isolated as described in materials and methods. APC-IO were grown for two days in the 

absence of EGF and both PC-IO and APC-IO were grown for t6 h in serum free media. 

The phosphorylation reaction was as described in materials and methods. 
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growth in the absence of EGF may allow the cells to regain a sensitivity to EGF. This 

hypothesis was tested by growing the APC-I0 cells in the absence of EGF for a period of 

one month. After one month the cells were tested for their response to EGF. As shown 

in Figure 5.10, APC-IO cells grown for one month in the absence of EGF exhibited less 

growth inhibition in response to EGF than APC-I0 cells. We designate these cells DPC-

10 or "de-adapted" PC-lO cells. In addition, if the reduced tyrosine kinase activity of the 

EGF receptor was important to the response of the cells to EGF, then DPC-I 0 cells would 

be expected to have a higher level of EGF receptor tyrosine kinase activity than APC-lO 

cells. As shown in Figure 5.11, DPC-lO cells have in vitro EGF receptor phosphorylation 

levels which are intermediate to PC-I 0 and APC-I O. In addition, phosphorylation of 

angiotensin II in vitro is also intermediate between PC-lO and APC-lO (Fig. 5.12). These 

resullli suggest that the adaptation to EGF cytotoxicity can be reversed by incubation of 

APC-IO cells in the absence of EGF and that the tyrosine kinase activity of the EGF 

receptor correlates with the response of the cells to EGF. 

Phosphopeptide Map ofEGF receptor in PC-IO and APe-IO 

We speculated that the reduction in kinase activity could be due to the activity of 

another kinase phosphorylating and thus downregulating the EGF receptor as had 

previously been seen with protein kinase C. Alternatively, the activity of a 

phosphatase(s) against the EGF receptor could alter the phosphorylation pattern of the 

EGF receptor and thus the activity. It has previously been shown that the EGF receptor 

has mUltiple sites of serine and threonine and is normally phosphorylated in the 

unstimulated state. To address this question, EGF receptor were immunoprecipitated 

from [32P1phosphate labeled cells stimulated or not with EGF. The EGF receptor were 

subsequently trypsin digested and subjected to HPLC analysis. As shown in figure 5.l3, 

no significant difference in the general pattern of phosphorylation could be seen 
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comparing PC-lO and APC-lO both with and without EGF treatment. Interestingly, no 

peak corresponding to Thr654 phosphorylation by protein kinase C could be seen after 

EGF treatment in either PC-IO or APC-IO. Note, however, that while the pattern is 

similar between PC-IO and APC-I0, the level of phosphorylation appears to be 

significantly reduced for serine, threonine and tyrosine phosphorylation in APC-lO cells. 

These results suggest the possibility that a reduction in the overall level of EGF receptor 

phosphorylation at multiple sites may be involved in the reduced tyrosine kinase activity 

of the EGF receptor in APC-IO cells. 

Altered phosphorylation of 50 kD protein in APC-J 0 cells 

In initial experiments to address whether the alteration in EGF receptor tyrosine kinase 

activity on signal transduction, we examined phosphorylation of proteins 

immunoprecipitated with the EGF receptor by the anti-EGF receptor antibody. For these 

experiments, cells were labeled with [32p]phosphate and stimulated or not with EGF for 

five minutes. Cells were lysed and EGF receptor were immunoprecipitated. Figure 5.14 

shows a representative experiment. A protein of -50 kDa is precipitated along with the 

EGF receptor in both stimulated and unstimulated PC-l 0 ceIl lysates. In addition, the 

phosphorylation of the 50 kDa protein is increased upon stimulation by EGF. In contrast, 

the 50 kDa protein was not visible in either stimulated or unstimulated APC-I 0 cell 

lysates. Other proteins appear to be precipitated with similar efficiency in PC-IO and 

APC-IO with the monoclonal antibody. 
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Figure S.tO Growth Response of DPC-tO cells to EGF: comparison to PC-tO and 

APC-tO APC-lO cells were grown for one month in the absence of EGF. The cells were 

then plated at 1300 cells/cm2 and EGF was added. Cells were counted after 8 days and 

compared to control cells. PC-IO and APC-IO were plated and treated in the same 

manner. 
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Figure 5.11 Phosphorylation in vitro of membrane fraction protein isolated from 

DPC-10: comparison to PC-10 and APC-10 The experiment was done exactly as 

previously described. 
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Figure 5.12 Phosphorylation in vitro of angiotensin II added to membrane protein 

from DPC·tO: comparison to PC·tO and APC·tO The experiment was done exactly 

as previously described. 
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Figure 5.13 Phosphopeptide map of the EGF receptor from PC·10 and APe·10 

Cells were labeled with [32pJphosphate. stimulated and EGF receptor were 

immunoprecipitated as previously described. EGF receptor protein was isolated from 

SDS-polyacrylamide gel and trypsin digested. The resulting phosphopeptides were 

resolved by HPLC analysis using a Vydec 25x 0.5 cm reverse-phase column. The 

identity of the phosphorylated amino acids was determined by one dimensional thin

layer electrophoresis after acid hydrolysis. A: PC-! 0 -EGF, B: PC-I0 +EGF, C: APC-

10 -EGF, D: APC-lO +EGF 
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Figure 5.t4 SDS-polyacrylamide gel of monoclonal EGF receptor antibody 

immunoprecipitated proteins from PC-tO and APC-tO Cells were labeled with 

[32p]phosphate and stimulated with EGF for five minutes as described previously. 

Phosphoprotein were immunoprecipitated with B4G7 monoclonal antibody and resolved 

by 7% SDS-PAGE. 1: PC-I0 -EGF, 2: PC-I0 +EGF, 3: APC-I0 -EGF, 4: APe-l0 +EGF 

Arrow marks location of 50 kDa protein. 



CHAPTER 6 

ANALYSIS OF GENE EXPRESSION IN RESPONSE TO EGF, POSSmLE 

EXISTENCE OF AUTOCRINE STIMULA nON OF PC-lO CELLS 

In Response to EGF, Expression of c-myc and EGF Receptor Show Altered Kinetics in 

PC-JO as Compared to APC-JO Cells 
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We next wanted to ascertain if the decreased kinase activity of the EGF receptor in 

APC-I0 altered the expression of known genes in response to EGF. Results with c-myc 

are shown in Figure 6.1. In response to EGF, c-myc induction can be seen in both PC-l 0 

and APC-l O. It has previously been shown that c-myc gene expression can be induced by 

a wide range of mitogens including EGF (71). It appears, however, that the kinetics of 

induction are altered slightly between PC-lO and APC-lO. PC-lO c-myc mRNA levels 

peak at 4 h approximately four fold higher than basal level and are significantly decreased 

by 8 h. In contrast, APC-lO c-myc mRNA levels peak at 2 h approximately five fold 

higher than basal level and appear to remain relatively constant from 4 h to 8 h. Next, 

EGF receptor expression was examined in response to EGF in PC-I0 and APC-I0. After 

exposure to EGF, EGF receptor mRNA levels increase in PC-l 0 cells with expression 

remaining elevated at about two fold higher than hasallevel from 2 h to 8 h after EGF 

(Fig. 6.2). In APC-I 0 cells, very little induction of EGF receptor mRNA can be seen 

until 8 h (1.5 fold). These results would suggest that while inducible genes remain 

responsive in APC-IO cells the kinetics of the response to EGF are altered. 
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Figure 6.1 Northern blot: c·myc mRNA induction after EGF treatment in PC·I0 

and APC·I0 Cells were grown in 10 cm dishes. APC-10 cells were grown for two days 

in the absence of EGF and both PC-10 and APC-10 were grown in serum flee media for 

16 h. Cells were stimulated with 25 ng/ml EGF for the indicated times. Total RNA was 

isolated as described in materials and methods. Ten fA.g total RNA was loaded per lane 

and electrophoresed in a 2.2 M formaldehyde-1.5% agarose gel. RNA was subsequently 

transferred to nylon membrane and hybddi7ed to oligolabeled probe as described in 

materials and m~thods. The location of 18S ribosomal RNA is shown by the bar. 
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Figure 6.2 Northern blot: EGF receptor mRNA induction after EGF/TP A 

treatment in PC-tO and APe-tO Cell treatment, RNA isolation and hybridization to 

EGF receptor probe was done as described in Figure 6.1. The location of 288 ribosonal 

RNA is shown. 
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Expression of.p-actin mRNA Does Not Show Altered Kinetics in Response to EGF 

We next looked at B-actin expression to see if altered expression could be seen in a 

gene thought to be constitutively expressed in many cell types and not highly responsive 

to growth factor stimulation. As seen in Figure 6.3, B-actin mRNA levels could be 

induced slightly (two fold) by EGF. Interestingly, the kinetics of induction and later 

expression appear to be very similar in PC-tO and APC-lO. No evidence for altered 

expression of B-actin could be seen. This would seem to indicate that not all gene 

expression patterns in response to EGF are altered. 

Both EGF and TPA Induce EGF Receptor and TGF-a mRNA With Similar Kinetics 

In looking for other genes which may have altered patterns of expression in response 

to EGF, TGF-a. was examined. TGF-a. can function as a ligand for the EGF receptor and 

has been shown to be expressed by numerous cell lines. In response to EGF, TGF-a. 

expression was strongly induced in both PC-IO and APC-IO with similar kinetics (Fig. 

6.4). Interestingly, the kinetics ofTGF-a. induction by EGF in PC-lO were very similar 

to the kinetics of induction of EGF receptor mRNA (see Fig. 6.2). This would suggest 

the possiblility that EGF initiates an autocrine stimulation of PC-lO cells by 

simultaneously stimulating expression of the EGF receptor and its ligand, TGF-a. It 

seemed possible that this could be the mechanism for how TPA, an activator of the 

serine-threonine specific protein kinase, protein kinase C (PKC), could inhibit the growth 

of PC-l 0 cells. To test this hypothesis, PC-I 0 cells were stimulated with TP A, the RNA 

wal) isolated and examined by Northern blot for expression of EGF receptor and TGF-a. 

As shown in Figures 6.2 and 6.4, TPA was able to induce both EGF receptor and TGF-a 

mRNA with very similar kinetics. In addition, slight induction of B-actin by TPA was 

seen (Fig. 6.3). 
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Figure 6.3 Northern blot: 6-actin mRNA induction after EGF/TPA treatment in 

PC-tO and APC-tO The experiment was done as described above. Location of i8S 

ribosomal RNA is shown. 
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Figure 6.4 Northern blot: TGF-a mRNA induction after EGF/TPA treatment in 

PC-tO and APC-tO The experiment was done as described above. Location of 28S 

ribosomal RNA is shown. 
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The results support the possibility that stimulation of expression ofTGF-a by TPA is 

involved in the growth inhibition of PC-l 0 cells after exposure to TP A. 
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CHAPTER 7 

ANALYSIS OF REGULATION OF THE EGF RECEPTOR GENE BY TPA 

IN A549 CELLS 
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In studies related to those described above, we analyze regulation of the EGF receptor 

gene by TPA in A549 cells; a cell line which has a "normal" level of EGF receptor, but a 

high level of protein kinase C. 

EGF Receptor mRNA levels Are Induced by TPA in A549 Cells 

It had previously been found that A549 cells express high levels of protein kinase C 

(72). In work done by S. Gamou of Keio University, it was found that of a number of 

cell lines examined, the A549 cell line was the most responsive to stimulation by TP A in 

terms of EGF receptor mRNA induction. Figure 7.1 shows a Northern blot done by the 

author exhibiting a 15 fold increase in EGF receptor mRNA levels after stimulation by 

EGF. Based upon these and other results, we hoped to localize the putative 

transcriptional element responsible for this induction. This required the construction of a 

series of plasm ids containing various portions of the EGF receptor gene regulatory 

regions linked to the reporter gene chloramphenicol acetyltransferase (CAT). A 

schematic of the plasm ids constructed for this purpose is shown in Figure 7.2. 

Transcriptional Element Can Not Be Localized Within 4.4 kb of Potential Regulatory 

DNA 

Initial studies used a plasmid containing 2.2 kb of DNA upstream of the EGF receptor 

(pERCAT-Ex2.2) and another plasmid containing 2.2 kb of DNA from the first intron 
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Figure 7.1 Northern blot: EGF receptor mRNA induction after TPA treatment in 

AS49 cells. A549 cells were grown in 10 cm dishes to near confluency and treated with 

TP A (100 ng/ml) for the indicated times. RNA isolation and Northern blot analysis were 

as described above. Location of 28S ribosomal RNA is shown. 
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Figure 7.2 Schematic ofEGF receptor regulatory/CAT reporter gene plasmid 

constructs. Plasmids were constructed as described in materials and methods from PEP5 

or pERCAT-I plasmids. 
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along with 1.1 kb of upstream sequence. These plasm ids were transiently transfected into 

the A549 cells. After 48 hours, the cells were stimulated with TP A for 4 h and isolated. 

As shown in Figure 7.3, there was no evidence for an increase in the CAT activity in 

response to TPA for either the pERCAT-Ex2.2 or the pERCAT-Int2.2 plasmid. These 

results suggest either that the TPA responsive transcriptional element resides outside of 

the region tested or that a mechanism other than transcriptional increase is responsible for 

the increase in EGF receptor mRNA after TPA stimulation. 

TPA , But Not EGF, Can Repress Reporter Gene Activity in A549 Cells 

From the results described above, it was also possible that the kinetics of induction of 

the transfected reporter gene could be different than that of the endogenous EGF receptor 

gene. To rule out this possibility, CAT activity of transfected cells was measured at 

various time points after TP A stimulation. As shown in Figure 7 A, no significant 

transcriptional response of the transfected gene could be seen. Interestingly, repression of 

the reporter gene was consistently seen with the pERCAT-I plasmid beginning 

approximately 8 h after TPA stimulation. This repression appeared to be specific to TP A 

as treatment of A549 cells with EGF for an equal amount of time did not produce 

repression of the transfected gene (Fig. 7.5). 

Repression of EGF Receptor Gene In Nuclear Run-On Experiments 

Repression of the reporter gene after TP A stimulation was surprising given the strong 

increase in EGF receptor mRNA in Northern blot analysis. To test whether this 

repression was unique to the transfected reporter gene or significant in terms of regulation 

of the endogenous EGF receptor gene, nuclear run-on experiments were carried out on 
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Figure 7.3 CAT Assay: No evidence of TPA induction of reporter gene activity for 

3.3 kb of potential EGF receptor regulatory DNA AS49 cells were plated in 10 cm 

dishes at 6x10S cells per plate. After 20 h cells were transfected as described in 

materials and methods. Mter 48 h cells were stimulated with TPA (100 nglml) for 4 h or 

with DMSO for 4 h. CAT assays using B-gal equivalent amounts of protein were done 

for 2 h at 37oC. Acetylated products were separated by thin layer chromatography and 

quantitated by counting radioactivity in a scintillation counter as described in materials 

and methods. Results shown are typical of triplicate analysis. 
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Figure 7.4 CAT Assay: Time course of expression of CAT after TPA stimulation of 

A549 cells Cells were transfected with pERCAT-I and treated ac; described above. 

Induction or repression was detennined by comparison with DMSO control for each time 

point. Results shown are typical of three independent trials. 



92 

• • 

~ ~ 
o + • • 

Figure 7.S Evidence for repression of reporter gene activity by TPA but not by EGF 

with pERCAT.I plasmid Cells were transfected with pERCAT-I and treated with TPA 

or DMSO as described or with EGF at 100 nglml for 8 h. 
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Figure 7.6 Nuclear run-on: Evidence for repression of endogenous EGF receptor 

gene by TPA Cells were grown in 15 cm dishes and stimulated with TPA (or DMSO 

control) for 8 h. Nuclear run-on assay was done as described in materials and methods. 

Radiolabelcd RNA was hybridizcd for 3 days to dot blots containing linearized and 

denatured plasmid DNA from pE7 (EOF receptor cDNA) pUC19 (control) and pD31 (8-

actin). 
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A549 cells stimulated for 8 h with TPA. As shown in Figure 7.6, TPA caused significant 

transcriptional repression of the endogenous EGF receptor gene after 8 h TP A treatment 

In contrast, B-actin expression was increased slightly by TP A. These results suggest that 

the repression of the reporter gene in transfection experiments is relevant to regulation of 

the endogenous EGF receptor gene in A549 cells. 

TPA Induced Repression of Reporter Gene Activity by Element in EGF Receptor 5' 

Flanking Region 

To localize the cis-element required for repression, deletion plasmids were constructed 

from pERCAT-I as shown in Fig. 7.2. pERC AT-I containing 1.1 kb of DNA 

immediately upstream of the EGF receptor translation start site exhibited 43% repression 

after 16 h TPA exposure (Fig. 7.7). This level of repression was also seen for the deletion 

plasmids containing EGF regulatory DNA from -151 bp to -569 bp upstream of the EGF 

receptor translation start site. Plasmid pERCAT-Bgl I containing regulatory DNA from 

-16 to -151 exhibited only 15% (± 9%) repression after 16 h TPA treatment. These 

results suggest that the major cis-element(s) required for TPA induced repression reside 

within a 230 bp sequence between -384 and -181 upstream of the EGF receptor 

translation start si teo 

Analysis of Stable Transformants Shows Delayed Induction of Reporter Gene: 

Correlation With Protein Kinase C Downregulation by TPA 

It is well established that TPA acts via activation of protein kinase C (PKC) which is 

then thought to transmit a signal to the nucleus in a manner similar to EGF signal 

transduction. Chronic exposure of cells to TPA is known to downregulate PKC, reducing 
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Figure 7.7 Localization of negative regulatory cis·element to .384 to ·151 ofEGF 

receptor 5' flanking DNA Cell treatment, transfcction and CAT assay were exactly as 

described above. Results shown are typical of triplicate analysis. 
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Figure 7.S Protein Kinase C Assay: Kinetics of downregulation of Protein Kinase C 

by TPA in A549 cells Post-nuclear protein was isolated from A549 cells at the 

indicated times after TP A stimulation (100 nglml). Equal amounts of protein were used 

in the PKC assay as described. Results are presented as the difference between calcium 

dependent phosphorylation of histone type III-S (PKC activity) to calcium independent 

phosphorylation. Results shown represent the average of duplicate analysis. 
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its activity in the cell to near zero. It was therefore of interest to determine the kinetics of 

downregulation of PKC in A549 cells and the results of downregulation of PKC on EGF 

receptor reporter gene activity. Figure 7.8 shows the kinetics of PKC downregulation in 

A549 cells. It appears that TPA causes a very rapid increase in PKC activity followed by 

a gradual decline in activity until by 24 h very little PKC activity can be detected. 

To investigate the transcriptional response of the transfected plasmid containing EGF 

receptor regulatory DNA after PKC downregulation it was necessary to use A549 cells 

with a stable plasmid transfection. This was necessary because during transcient 

transfection there is a short window of high plasmid activity 48 to 72 h after transfection. 

After this time, activity drops rapidly due to loss of the plasmid from the cell (67). A549 

cells were transfected with the pERCAT-I plasmid and pSV2Neo, a plasmid conferring 

resistance to the antbiotic G418. Independent colonies were pooled and used for analysis. 

Figure 7.9 shows expression of the stable pERCAT -I plasmid in A549 cells stimulated 

with TPA for up to 72 h. After 24 h, expression from the plasmid begins to increase 

reaching a peak of 2.5 fold over the unstimulated level at 48 h and remaining elevated to 

at least 72 h. The increase in reporter gene activity correlates with the downregulation of 

PKC from the cell and suggests that PKC activity may be necessary to maintain 

repression of the EGF receptor gene. 

TPA Can Induce GCF mRNA Levels 

The region implicated by plasmid deletion analysis to be responsible for the TP A 

mediated repression has been shown to contain cis-elements for a number of regulatory 

proteins including GCF, a protein with a number of interesting properties (73). GCF has 

been characterized as a DNA binding protein capable of repressing the transcriptional 

capacity of the EGF receptor gene. In addition, GCF has two binding sites within the 
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Figure 7.9 CAT Assay: Kinetics of induction of reporter gene by TPA in stable 

A549 transformants Transfection of A549 cells was as previously described but using 

pERCAT-I and pSV2Neo. After 70 h, cells were split into 15 cm dishes and 0418 at 600 

Jlglml was added to the plates. After two weeks colonies were pooled and used for the 

analysis. Results are the average of duplicate analysis. 
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region -384 to -151. Johnson et at. in addition, find that GCF mRNA is strongly induced 

by TPA in human KB cells, but not by EGF nor serum stimulation (74). Figure 7.10 

shows that in agreement with the results of Johnson et aI., TPA can induce GCF mRNA 

levels in A549 cells. These results and those of Kageyama et at. and Johnson et at. 

suggest the activity of the GCF protein in repressing EGF receptor expression in response 

to TPA. 
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Figure 7.10 Northern blot: Induction ofGCF mRNA by TPA in AS49 cells Cells 

were treated and Northern blot analysis was done as described in Fig. 7.1 except with a 

GCF cDNA probe supplied by Ira Pac;tan. Location of 28S ribosomal RNA is shown. 
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CHAPTER 8 

CONCLUSIONS 

The epidermal growth factor receptor protein is important in many ways. Loss of 

function of the EGF receptor homolog in Drosophila produces embryonic lethality at a 

very early stage (75). EGF receptor are present on chicken erythrocytic progenitor cells 

and appears to control their self-renewal (76). Loss of EGF receptor from these cells may 

trigger their differentiation. TGF-ex overexpression in transgenc mice leads to neoplasia 

of the liver as well as abnormal development of the mammary gland and pancreas (77-

79). EGF receptor overexpression in cultured mouse fibroblasts cells can induce a 

transformed phenotype dependent upon the presence of EGF receptor ligand (80-83). 

And, as stated earlier, many epidermal human malignancies have elevated EGF binding 

capacity. 

The studies described here were undertaken to understand more about how the EGF 

receptor can be regulated. Evidence is presented which shows that the EGF receptor 

tyrosine kinase activity can be regulated independent of ligand binding activity, that the 

stability of the EGF receptor message can be altered leading to a loss of normal 

regulation and the transcription of the EGF receptor gene can be negatively regulated by 

the phorbol ester, TPA. 

PC-JO Cells May Overexpress EGF Receptor By Selective Stabilization of EGF Receptor 

mRNA 

EGF receptor expression appears to be under complex control at many levels. EGF 

receptor transcription can be enhanced by EGF, retinoic acid, phorbol ester, TGF-B, TGF

ex and cycloheximide (58-60, 84-87). EGF receptor mRNA stability has been reported 
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to be increased by EGF and cycloheximide (59, 70). Finally numerous groups have 

reported that factors which effect cell growth alter EGF receptor protein levels or EGF 

binding affinity. 

In considering how EGF receptor levels can be increased in tumorigenesis, alteration 

at any of these levels is possible. To date, however, only EGF receptor gene 

amplification has been rigorously shown to be a mechanism to increase EGF receptor 

levels in human malignancy (see references herein). Evidence suggests other 

mechanisms are possible. Gamou et al., find that uev A-I cells have an increased 

stability of the EGF receptor protein in the absence of ligand (46). That this is solely 

responsible for the high EGF receptor levels appears doubtful as uev A-I cells also 

appear to have elevated EGF receptor mRNA levels. (45). The cells utilil.ed in this study, 

PC-IO have several interesting characteristics suggestive of alternate mechanisms of 

overexpression. PC-IO cells have high EGF receptor protein levels and high EGF 

receptor mRNA levels in the absence of EGF receptor gene amplification (61). By EGF 

binding analysis, PC-lO cells express 1-2x 106 EGF receptor per cell; slightly less than 

the well characterized A431 cell line which has 2-3x 106 receptor per cell. In examining 

the steady state levels of EGF receptor mRNA, PC-I 0 cells appear to have a 5 fold lower 

level than do A431 cells. The EGF receptor mRNA in A431 cells has a half-life of 2-4 

hours. In contrast, the EGF receptor mRNA half-life in PC-lO cells appears to be at least 

8 hours. The c-myc mRNA levels appear to be very unstable in both cell lines. These 

resul~ would suggest than an increase in the stability of the EGF receptor message could 

be involved in the high levels of EGF receptor protein on the surface of PC-l 0 cells. This 

stability could allow for similar receptor levels from a lower steady state level of mRNA. 

These results do not rule out the possiblilty that mechanisms operating at other levels also 
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contribute to EGF receptor overexpression in PC-IO cells, but do establish that alteration 

of RNA stability is involved. 

Evidence for stabilization of EGF mRNA has been found. Jinno et al. (59) find that 

EGF can enhance the stability of the EGF receptor mRNA in human KB cells. Kesavan 

et al. (70) suggest that sequences in the 3' portion of the EGF receptor mRNA may be 

involved in mRNA instability. A test of sequences potentially involved in EGF receptor 

mRNA stabilization would involve cloning the gene and surrounding sequences from PC-

10 cells. The 3' region, for instance, could then be tested for its ability to affect mRNA 

stability by linking it to a heterologous gene and expressing the construct in a suitable cell 

line.. A control would be the same region isolated from a cell line (KB cells) from which 

EGF receptor mRNA stability had previously been characterized. 

II. Chronic Exposure of PC-JO Cells Results in Adaptation to EGF Cytotoxicity 

PC-IO cells have properties unique from previously studied cell lines which 

overexpress EGF receptor. It was therefore desirable to isolate variants of PC-I 0 

resistant to the effects of EGF. Attempts to isolate true variants have to date been 

unsuccessful. This may be due in part to the cell density dependent response of PC-I 0 

cells to EGF. It was found that EGF added to confluent cultures of PC-I 0 cells had little 

negative effect on the cells. In fact, addition of EGF allowed the cells to be kept at 

con fluency for extended periods of time. PC-IO cells could not be kept at con fluency in 

the absence of EGF. Considerable piling of cells was observed and the cells did not 

remain healthy. In the presence of EGF, the cells could be maintained as a confluent 

monolayer with very little cell turn-over. If maintained under these conditions for one 

month and subsequently re-plated, the cells gained the capacity to proliferate in the 

presence of EGF. In addition, these cells displayed a mitogenic response to low levels of 
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EGF. These cells were designated APC-I 0 and the mechanism of adaptation was further 

studied. 

It was surprising that APC-1O had EGF binding activity and EGF receptor protein 

levels similar to PC-1O cells. The great majority of variants isolated from EGF receptor 

overexpressing cells were found to have reduced levels of EGF receptor. Buss et al. 

characterized six A431 variants resistant to the cytotoxic effects of EGF. In all six cases, 

a decrease in the EGF stimulated tyrosine kinase activity was seen which paralled a 

decrease in the amount of EGF receptor protein on the cell surface (52). Similar resullC) 

have been reported by numerous groups for A43I cells as well as other EGF receptor 

overexpressing cells. In the case of APC-IO, it was found that the decrease in EGF 

receptor tyrosine kinase activity in response to EGF did not correlate with any decrease in 

the amount of EGF receptor protein nor any obvious alteration in the internalization of 

the EGF receptor. Therefore the alteration in APC-IO cells appears to involve the quality 

of the individual EGF receptor tyrosine kinase rather than the overall quantity of cell 

surface receptor. The net result, however, is the same: a reduction of the total EGF 

receptor tyrosine kinase activity in response to EGF. 

In the future it will be important to examine in greater detail the mechanism of EGF 

receptor kinase activity attenuation. One possible mechanism would involve 

phosphorylation of the receptor by another kinase thus altering the enzymatic activity of 

the receptor. Results shown suggest that this may not be the case, however. A second 

possibility involves the interaction of signalloing molecules with the EGF receptor. Note, 

however, that while this is currently a very active area of investigation; few proteins have 

been extensively characterized in terms of their interaction with and activity upon, the 

EGF receptor. The 50 kDa protein which appears to be differentially precipitated from 

PC-IO and APC-IO celllysates certainly deserves greater attention in order to determine 
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critical substrate of EGF receptor activation. 
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Several years ago, Hirai et aI. characterized a novel variant isolated from the Ca9-22 

cell line, a squamous cell carcinoma derived cell line with EGF receptor gene 

amplification (51). The variant (CER-l) was able to proliferate in the 

presence of EGF. It had not, however, lost the EGF receptor gene amplification and was 

found to express slightly higher levels of EGF receptor than the parent cell line. No 

alteration in EGF receptor affinity was seen; however, EGF internalization kinetics 

appeared to be altered in the variant cells. They reported no obvious alteration in receptor 

tyrosine kinase activity although the variant did appear to have slightly reduced levels of 

EGF receptor phosphorylation by in vivo 32p-ATP labeling experiment~. Given the 

inability to distinguish tyrosine phosphorylation from serine or threonine 

phosphorylation, it would be interesting to do Western blot analysis with an anti

phosphotyrosine antibody in order to compare tyrosine specific phosphorylation of the 

EGF receptor. CER-l variant cells were also found to have an unstable phenotype. If the 

cells were grown in the absence of EGF for several months they regained sensitivity to 

EGF. With the results presented here with APC-tO and especially with DPC-lO, it would 

be interesting to re-analyze the CER-l variant with the idea that the cells may represent 

an adaptation to EGF rather than a true variant. 

Both EGF and TP A were able to kill PC-IO cells with similar kinetics. It was initially 

unclear why TPA, an activator of protein kinase C, would be as effective as EGF at 

killing PC-I0 cells. Nor was it clear if there was a connection between cell killing by 

EGF and killing by TP A. The finding that APC-lO cells were able to proliferate in the 

presence of EGF, TPA or both supplements suggests that a common mechanism of cell 

killing by EGF and TPA exists. A possible connection between EGF and TP A was 
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found in that both can induce TGF-a and EGF receptor mRNA levels in PC-I 0 with 

similar kinetics. TGF-a can function as a ligand for the EGF receptor, activating the 

tyrosine kinase activity of the receptor. Therefore, TPA might kill PC-1O cells by 

activating autocrine stimulation of the cells. Either EGF or TPA would, therefore, have 

the same effect; increasing the concentration of ligand for the EGF receptor available to 

bind and activate the receptor. This could also explain how APC-IO cells are able to 

simultaneously adapt to both EGF and TPA. Since APC-IO cells were shown competent 

to grow in high concentration of EGF, the synthesis of TGF-a would have little effect on 

APC-IO cell growth. A critical test of this theory would be to attempt to block the effects 

of TPA with an antibody to TGF-a capable of neutralizing TGF-a in culture media. If 

this theory is correct, the antibody would allow PC-1O cells to survive TPA exposure, but 

would be innefective against EGF treatment. A model for autocrine stimulation of PC-1O 

cells is shown in figure 8.1. 

Stimulation of the EGF receptor tyrosine kinase activity initiates a complex series of 

events producing immediate evenlc; including an increase in intracellular [Ca+2] and 

immediate gene expression and later events including DNA synthesis and cell 

proliferation. A reduction in the level of tyrosine kinase of the EGF receptor in APC-I 0 

would be expected to alter some of these events relative to PC-IO. In an attempt to 

address this question, we have looked at the expression of genes responsive to EGF 

stimulation. Four genes including the EGF receptor, TGF-a, c-myc and B-actin have 

been examined for differences between PC-I 0 and APC-I 0 after EGF stimulation. There 

appears to be no striking difference in the expression patters of any of these genes when 

PC-1O and APC-1O are compared. EGF receptor mRNA expression appears the most 

different. In PC-IO, EGF is able to stimulate EGF receptor mRNA levels within 2 h after 

stimulation. In contrast, no increase in EGF receptor message in APC-IO can be seen 
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until 8 h after stimulation. c-myc also appears to be slightly different. In this case the 

kinetics of induction appears to be different between PC-lO and APC-lO with APC-lO 

c-myc mRNA levels peaking at 2 hand PC-I0 levels 1,Ot peaking until 2 h later. Little 

difference could be seen in the induction of TGF-a and B-actin by EGF. (However. 

additional time points after EGF suggest a more significant difference between PC-IO and 

APC-lO for TGF-a expression.) These results are indicative of a threshold response of 

genes to kinase levels. In other words. at a particular level of kinase activity some genes 

may not be responsive at all. Only at a much higher level of activity would this particular 

gene become responsive. It would follow. therefore. that the variation in kinase activity 

between PC-lO and APC-lO would alter some genes expression patterns. but not others. 

A more thorough analysis of genes responsive to EGF would help to clarify whether there 

are any genes whose expression patterns are drastically altered by the reduction in EGF 

stimulated kinase activity in APC-IO cells. 

Exposure of A549 Cell to TPA Results in Repression of EGF Receptor Gene Expression 

A549 cells had previously been found to express high levels of protein kinase C 

(PKC) (89). In addition these cells were found to be highly responsive to TP A. an 

activator of PKC. in terms of EGF receptor gene expression (S. Gamou personal 

communication). The mRNA for the EGF receptor was found to increase 15-20 fold 

within 8 h of TPA treatment. The mechanism responsible for this increase remains 

unclear. As presented here. treatment of A549 cells transfected with an EGF 

receptor/CAT reporter gene resulted in repression of the reporter gene. No evidence for 

significant induction of any reporter gene constructs (up to 4.4 kb total DNA tested) was 

found. In addition. by nuclear run-on analysis. it appears that transcription of the 
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endogenous EGF receptor gene is repressed after TP A treatment. This repression was 

specific as EGF did not cause repression of the EGF receptor reporter gene. These results 

suggest that other mechanisms besides a transcriptional increase may be responsible for 

the increase in EGF receptor mRNA levels. 

The cis-element responsible for repression was localized to within 230 bp; from -384 

to -181 upstream of the EGF receptor translation start site. As shown in Fig. 8.2, this area 

appears to be a very complex region of the EGF receptor promoter. At least three 

transcription factors are known to bind within this region with the possibility of 

overlapping binding sites. In addition, a major transcription start site lies within this 

region. One of the DNA binding factors known to bind this region is GCF, a protein 

which has been shown to repress EGF receptor gene constructs containing this region 

(73). Whether GCF is the factor responsible for repression in response to TPA is not 

clear; however, some data suggest this is possible. First, as stated above, the cis-element 

found to be responsible for repression in response to TPA contains two high affinity GCF 

binding sites. Second, in cells treated with TPA, GCF mRNA levels increase 

significantly (74 and results presented here). In contrast, neither serum or EGF was 

effective at inducing GCF mRNA levels in human KB cells. These results suggest that 

GCF may be the factor responsible for repression of EGF receptor gene expression in 

response to TP A. 

TPA is thought to act via activation of protein kinase C (PKC). However, TPA 

could have pleiotropic effects on cells in addition to PKC activation. To ascertain if PKC 

activity is involved in TPA mediated repression, we wished to analyze EGF receptor 

reporter gene activity in PKC downregulated A549 cells. It is well established that long 

term exposure of cells with TP A causes an almost complete loss of PKC activity from the 
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cell. This was also found to be true with A549 cells. To analyze reporter gene activity 

after PKC downregulation, stable constructs containing pERCAT-I were created. 

Interestingly, in these cells induction of reporter gene activity after TPA treatment was 

seen. It was not seen, however, until PKC became downregulated. These results would 

suggest that PKC activity in some manner prevents an increase in transcriptional response 

of the EGF receptor reporter gene. These data would fit the hypothesis that PKC 

activates the GCF protein which in turn represses EGF receptor gene expression. Upon 

PKC downregulation, GCF would become inactive. This would then permit the increase 

in transcription seen after PKC downregulation. Whether the activity of the GCF protein 

is modulated in any way by PKC is not known. The availability of antibodies to the GCF 

protein would be advantageous in order to examine the phosphorylation state of the GCF 

protein in response to TP A. While this would only correlate phosphorylation of GCF 

with repression, it would lend additional support to the theory of GCF acting in response 

to activation of protein kinase C. 



* TPA 

@]i:p PKC 

\ ? 
Q). 

\ , 

EGForTGF-a 

" stabilizing 
\ ...... 

C:P?~ 
\ EGFRmRNA 

Figure 8.1 Model for autocrine stimulation ofPC-10 cells by TGF-a 

110 



-500 -400 

o Sp 1 

• TCF 

III RPF-l 

-300 -200 -100 

mil ETF ® Thyroid Honnone Receptor 

I GCF ~ Retinoic Acid Receptor 

DNase 
~Tran~ription E3 hypersensitive 
I start site site 

Figure 8.2 Known elements of regulation of the EGF receptor gene 

111 

-1 



REFERENCES 

1. Cohen, S. (1962) J. Bioi Chern.. 237, 1555-1562 

2. Lin, C. R., Chen W. S., Kruijer, W., Stolarsky, L. S., Weber, W., Evans, R. M., 
Venna, I. M., Gill, G. N., and Rosenfeld, M. G. (1984) Science 224,843-848 

112 

3. Ullrich, A, Coussens, L., Hayflick 1. S., Dull, T. 1., Gray, A., Tam, A W., Lee, 1., 
Yarden, Y., Libennan, T. A, Schlessinger, J., Downward 1., Mayes, E. L. V., 
Whittle, N., Waterfield M. D. and Seeburg, P. H. (1984) Nature 309,418-425 

4. Xu, Y. H., Ishii, S., Clark, A. 1. L., Sullivan, M., Wilson R. K., Ma D. P., Roe, B. 
A., Merlino, G. T. and Pastan, I. (1984) Nature 309.806-810 

5. Downward, J., Yarden, Y., Mayes, E., Scrace, G., Totty, N., Stockwell, P., Ullrich, 
A., Schlessinger, J. and Waterfield M. D. Nature 307,521-527 

6. Libermann, T. A., Razon, N., Bartal, A D., Yarden, T., Schlessinger, J. and Soreq, 
H. (1984) Cancer Res. 44,753-760 

7. Fitzpatrick, S. L., Brightwell, 1., Wittlifr, J. L.. Barrows. G. H. and Schultz, G. S. 
(1984) Cancer Res. 44,3448-3453 

8. Neal, D. E., Marsh, C., Bennett. M. K., Abel, P. D., Hall, R. R., Sainshury, J. R. C. 
and Harris, A L. (1985) Lancet 1, 366-368 

9. Duh, Q. Y., Gum, E. T., Gerend, P. L., Raper, S. E. and Clark, O. H. (1985) Surgery 
98, 1000-1007 

10. Berger, M. S., Gullick, W. J., Greenfield, C., Evans, S., Addis, B. J. and Waterfield, 
M. D. (1987) J. Pathol. 152,297-307 

11. Yasui, W., Sumiyoshi, H., Hata, 1., Kameda, T., Ochiai, A. Ito, Hand Tahara, E. 
(1988) Cancer Res. 48, 137-141 

12. Ozawa, S., Ueda, M., Ando, N., Abe, O. and Shimizu N. (1987) Tnt. J. Cancer 39, 
333-337 

13. Gullick, S. J., Marsden, J. J., Whittle, N., Ward, B., Bobrow, L. and Waterfield, 
M.D. (1986) Cancer Res. 46,285-292 

14. Yamamoto, T., Kamata N., Kawano H., Shimizu S., Kuroki T., Toyoshima K, 
Rikimaru K., Nomura N., Ishizaki R., Pastan I., Gamou, S., and Shimizu, N. (1986) 
Cancer Res. 46,414-416 

15. Ozawa, S., Ueda, M., Hishikawa, T., Abe, 0., and Shimizu N. (1987) Tnt. J. Cancer 
40,706-710 



113 

16. Hunts, 1., Ueda M., Ozawa, M., Abe, 0., Pastan I. and Shimizu, N. (1985) Jpn. J. 
Cancer Res. 76, 663-666 

17. Ozawa, S. Ueda M., Ando, N., Shimizu N. and Abe, O. (1989) Cancer 63,2169-
2173 

18. Hendler, F. J. and Ozanne B. W. (1984) J. Clin. Invest. 74,647-651 

19. Cowley, G.P., Smith, J. A, Gusterson, B. A. (1986) Br. J. Cancer 53,223-257 

20. Sainsbury, J. R C., Famdon, J. R, Needham, G. K., Malcolm, A J., and Harris, A 
L. (1987) Lancet 1, 1398-1402 

21. Neal, D. E., Marsh, C., and Bennett M. K. (1985) Lancet 1, 366-368 

22. Cohen, S., Ushiro, H., Stoscheck, C. and Chinkers, M. (1982) J. Bioi. Chern. 257 
1523-1531 

23. Schecter, Y., Hemaez, L., Schlessinger, 1. and Cuatrecasas, P. (1979) Nature 278, 
835-838 

24. Schlessinger, J., Schecter, Y., Willingham, M. C. and Pastan, I. (1978) Proc. Natl. 
Acad. Sci. USA 75,2659-2663 

25. Miskimins, W. K. and Shimizu N. (1984) J. Cell Phys. lt8,305-316 

26. Adamson, E. D., and Rees, A. R (1981) Mol. And Cell. Biochern. 34, 129-152 

27. Chen, W. S., Lazar, C. S., Peonie, M., Tsien, R Y., Gill, G. N. and Rosenfeld, M. 
G. (1987) Nature 328,820-823 

28. Gill, G. N., Chen, W. S., Lazar, C. S., Glenney, 1. R, Wiley, H. S., Ingraham, H. A. 
and Rosenfeld, M. G. (1988) Cold Spring Harbor on Quantitative Biology 53,467-
476 

29. Schlessinger, J. (1988) Trends Biochern Sci. 13,443-447 

30. Honegger, AM., Kris, R M., Ullrich, A. and Schlessinger, J. (1989) Proc. Natl. 
Acad. Sci. USA 86, 925-929 

31. Carpenter, G. and Cohen S. (1990) J. Bioi Chern. 265, 7709-7712 

32. Ullrich, A. and Schlessinger, J. (1990) Cell 61,203-212 

33. Rhee, S. G., Pann-Ghill, S., Sung-Ho, R and Lee, S. Y. (1989) Science 244, 546-
550 

34. Molloy, C. J., Bottaro, D. P., Fleming, T. P., Marshall, M. S., Gibbs, J. B., and 
Aaronson, S. A. (1990) Nature 342, 711-714 



114 

35. Pignataro, O. R. and Ascoli, M. (1990) J. Bioi Chem. 265, 1718-1723 

36. Morrison, D. K., Kaplan, D. R., Rapp, U. and Roberts, T. M. (1988) Proc. Natl. 
Acad. Sci. USA 85, 8855-8859 

37. Rossomando, A. 1., Payne, D. M., Wever, M. J. and Sturgill, T. W. (1989) Proc. 
Natl. Acad. Sci. USA 86, 6940-6943 

38. Park, D. and Rhee, S. G. (1992) Mol. and Cell. Bioi 12, 5816-5823 

39. Li, W., Hu, P., Skolnik, E. Y., Ullrich, A. and Schlessinger, J. (1992) Mol. Cell. 
Bioi. 12, 5824-5833 

40. Chou, M. M., Fajardo, 1. E. and Hanafusa. H. (1992) Mol. Cell. Bioi. 12, 5834-5842 

4l. Meisenhelder,1. and Hunter T. (1992) Mol. Cell. Bioi. 12,5843-5856 

42. Lowenstein, E., Daly, R., Batzer, A. G., Li, W., Margolis, B., Lammers, R., Ullrich, 
A. Skolnik, E. Y., Bar-Sagi, D. and Schlessinger, 1. (1992) Cell 70,431-442 

43. Fabricant, R. N., DeLarco, J. E. and Todaro, G. J. (1977) Proc. Natl. Acad. Sci. 
USA 74,565-569 

44. Haigler, H. 1., Ash, F., Singer, S. 1. and S. Cohen (1978) Proc. Natl. Acad. Sci. USA 
75,3317-3321 

45. Hunts, 1., Gamou, S., Hirai, M. and Shimizu N. (1986) Jpn. J. Cancer Res. 77,423-
427 

46. Gamou, S. and Shimizu N. (1987) J. Bioi. Chern. 262,6708-6713 

47. Liberman, T. A., Nusbaum, H. R., Razon, N., Kris, R., Lax, I., Soreq, H., Whittle, 
N., Waterfield, M. D., Ullrich, A. and Schlessinger, J. (1985) Nature 313, 144-147 

48. Gill, G. N. and Lazar, C. S. (1981) Nature 293, 305-307 

49. Barnes, D. W. (1982) J. Cell Bioi. 93, 1-4 

50. Filmus, 1., Trent, 1. M., Pollak, M. N. and Buick, R. N. (1987) Mol. Cell. Bioi 7, 
251-257 

5l. Hirai, M., Gamou, S., Minoshima, S. and Shimizu N. (1988) J. Cell Bioi. 107, 791-
799 

52. Buss, J. E., Kudlow, J. E., Lazar, C. S. and Gill, G. N. (1982) Proc. Natl. Acad. Sci 
USA 79, 2574-2578 

53. Bravo, R. (1984) Proc. Nat. Acad. Sci. USA 81,4848-4850 



54. Shimizu, N., Shimizu, Y. and Miskimins, W. K. (1984) Cell Struct. Funct. 9, 
203-212 

55. Behzadian, M. A. and Shimizu, N. (1985) Somat. Cell Mol. Genet. 11,579-591 

56. Karasik, A, Reddy, S. K., Pepinsky, R. B., Brock, T. and Kahn, C. R. (1990) J. 
Cell. Phys. 142,231-235 

57. Hirai, M., Kobayashi M. and Shimizu, N. (1990) Cell. Signalling 2, 245-252 

115 

58. Earp, H. S., Austin, K. S., Blaisdell, J., Rubin, R. A, Nelson, K. G., Lee, L. W. and 
Grisham, J. W. (1986) J. BioI. Chern. 261,4134-4138 

59. Jinno, Y., Merlino, G. T. and Pastan I. (1988) Nucleic Acid Res. 16,4957-4966 

60. Clark, A 1. L. Ishii, S., Richert, N., Merlino, G. T. and Pastan, I. (1985) Proc. Natl. 
Acad. Sci. USA 82, 8374-8378 

61. Sakiyama, S., Nakamura, Y. and Yasuda, S. (1986) Jpn. J. Cancer Res. 77,965-969 

62. Gardner, D. P. and Shimizu N. (1990) FEBS Lett. 269,288-291 

63. Laemmli, U. K. (1970) Nature 227,680-685 

64. Scatchard, G. (1949) Ann. N. Y. Acad. Sci. 51, 660-672 

65. Ishii, S., Young-Hua, X., Stratton, R. H., Roc, B. A, Merlino, G. T. and Pastan, I. 
(1985) Proc. Natl. Acad. Sci. USA 82,4920-4924 

-66: Maekawa; T., -Imamoto; -F.,McrIino;-G; T., .pastan; -I: and-Ishii; S. {1989)-J; BioI; 
Chern. 264, 5488-5494 

67. Cullen, B. R. (1987) in Methods in Enzymology (Berger, S. L. and Kimmel, A R., 
eds) Vol. 152, pp. 685 Academic Press, San Diego 

68. Shimizu, Y. and Shimizu, N. (1989) Somat. Cell Molec. Genet. 15,321-329 

69. Hunts,1. H., Shimizu, N., Yamamoto, T., Toyoshima, K., Merlino, G.T., Xu, Y. and 
Pastan, I. (1985) Somat. Cell Molec. Genet. 11,477-484 

70. Kasevan, P., Das, P., Kern, 1. and Das, M. (1990) Oncogene 5,483-488 

71. Verma, I. M. (1986) Trend., Genet. 2,93-96 

72. Hirai, M., Gamou S., Kobayashi, M. and Shimizu, N. (1989) Jpn. J. Cancer Res. 
80, 204-~08 

73. Kageyama, R. and Pastan I. (1990) Cell 59,815-825 



116 

74. Johnson, A. C., Kageyama, R., Popescu, N. C. and Palitan, I. (1992) J. Bioi. Chem. 
267, 1689-1694 

75. Schejter, E. D. and Shilo B. Z. (1989) Cell 56, 1093-1104 

76. Pain, B., Woods, C. M., Saez, 1., Flickinger, T., Rains, M., Peyro], S., Moscovici, 
C. Moscovici, M. G., Kung, H. J., Jurdic, P., Lezarides, E. and Samarut, 1. (199]) 
Cell 65,37-46 

77. Mead, J. E. and Fausto, N. (1989) Proc. Nat. Acad. Sci. USA 86,1558-1562 

78. Jhappan, C., Stahle, C., Harkins, R. N., Fausto, N., Smith, G. H. and Merlino, G. T. 
(1990) Cell 61, 1137-1146 

79. Matsui, Y. Halter, S. A, Ho]t, 1. T., Hogan, B. L. M. and Coffey, R. J. (1990) Cell 
61, 1147-1155 

80. Ve]u, T. J., Beguinot, L., Vass, W. c., Willingham, M. C., Merlino, G. T., Palitan, I. 
and Lowry, D. R. (1987) Science, 238, 1408-1410 

81. Di Fiore, P. P., Pierce, J. H., Fleming, T. P., Hazen, R., Ullrich, A King, C. R., 
Schlessinger, J. and Aaronson S. A (1987) Cell 51, 1063-1070 

82. Riedel, H., Massoglia, S., Schlessinger, J. and Ullrich, A (1988) Proc. Nat. Acad. 
Sci. USA 85, 1477-1481 

83. Bjorge, 1. D. and Kudlow, J. E. (1987) J. BioI. Chem. 262,6615-6622 

84. Kudlow,1. E., Cheung, C. Y. M. and Bjorge, J. D. (1986) J. BioI. Chem. 261, 
4134-4138 

85. Bjorge, J. D., Paterson, A 1. and Kudlow, 1. E. (1989) J. Bioi Chem. 264,4021-
4027 

86. Assoian, R. K., Frolik, C. A., Roberts, A B., Miller, D. M. and Sporn, M. B. (1984) 
Cell 36,35-41 

87. Thompson, K. L. and Rosner, M. R. (1989) J. BioI. Chem. 264,3230-3234 


