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ABSTRACT
1In- receptor binding and cellular growth responses to exogenous

epidermal growth factor (KGK) Â»erestudied using the DiKi cell line
established from a familial adenomatous polyposis patient. The number
of cell membrane EGF receptors on DiKi cells, as measured by compet
itive radioligand binding assays and Scatchard analysis of ' I I (.1
binding isotherms, Â«ascalculated to be 4.8 x 10' receptors/cell. An acid

prcwash step performed prior to ligand binding assays did not reveal
additional receptor numbers. A single. Ion-affinity receptor population
was identified by Scatchard analysis, with an apparent A, of 4.6 UM.This
result was confirmed by radioligand binding studies performed in the
presence and absence of the receptor-antagonist monoclonal antibody
528 IgG that binds predominantly to the low-affinity form of the EGF
receptor. DiFi cells at 50-60% confluence, when exposed to 50 nM
exogenous FGF, exhibited a rapid but partial (30%) reduction in their
cell membrane-associated receptor, characteristic of sequestration. Ex
posure of DiFi cells to 50 nM EGF for longer periods of time (4 h) did
not result in any further reduction in EGK-receptor number. The cellular
growIh response of DiFi cells to exogenous EGF was studied in monolayer
cultures as well as in a soft agarose assay. Inhibition of soft agar colony
formation was observed at exogenous EGF concentrations greater than
1.7 nM. and inhibition of monolayer growth occurred at EGF concentra
tions greater than I n\i. In immune complex kinase assays, the DiFi
receptor showed similar specific activity to that from the well-character
ized A431 cell line. Additionally, phosphorylation of the receptor on
tyrosine was qualitatively similar to that of A43I cells, further suggesting
that the DiFi receptors identified by EGF-binding studies were biolog
ically functional.

INTRODUCTION

EGF1 and transforming growth factor-Â«have been implicated

in growth regulation by binding to a common cell surface
receptor. The EGF-R is a transmembrane glycoprotein consist
ing of three domains: a glycosylated, cysteine-rich, external
EGF-binding portion, a transmembrane segment, and a cyto-
plasmic domain, which has tyrosine-specific protein kinase
activity (I). The binding of EGF to its receptor induces phos
phorylation of tyrosine on the EGF receptor itself and on other
cellular protein substrates (2).
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Increased expression and/or activity of the EGF receptor has
been reported in several types of tumors including squamous
cell carcinomas of the lung, skin, oral cavity, and esophagus as
well as brain tumors (glioblastomas and meningiomas). breast
adenocarcinomas (90%), and colon adenocarcinomas (moder
ately and well but not poorly differentiated) (3). In tumors of
the head and neck, the overproduction of the EGF receptor was
observed in all carcinomas that exhibited amplification of the
EGF-receptor gene (4). Rearrangement of EGF-R genes has
also been observed in gliomas (5) and in the epidermoid carci
noma cell line A431 (6). Studies on variants of the A431 cell
line, expressing different levels of EGF-R, have suggested that
the EGF-R level on the cell surface shows a direct correlation
with tumorigenicity (7).

In this study, the receptor binding and cellular growth re
sponse to exogenous EGF were analyzed using the DiFi cell
line derived from a hereditary colorectal carcinoma patient.
This cell line exhibits both amplification of its EGF-receptor
gene, overexpression of EGF-receptor-specific mRNA (8), and
overproduction of its membrane-associated EGF receptor (4.8
x IO6 receptors/cell). Although DiFi cells overexpress their

EGF receptor, these cells possess predominantly a single affin
ity class of EGF receptor that is biologically and biochemically
functional. Furthermore, these receptors are rapidly seques
tered following exposure to exogenous EGF.

MATERIALS AND METHODS

DiFi Colorectal Carcinoma Cells and Cell Culture Conditions. The
DiFi (MDA-GI-5) colorectal carcinoma cell line was established from
a loculated ascites that occurred as the result of a peritoneal metastasis
in a female patient with Gardner's syndrome and metastatic rectal
cancer. The cell line was maintained in Leibovitz's L-15 medium
(modified) containing 2 m.\t i.-glutamine and 10'V FBS in the absence
of CO; at 37Â°C.DiFi colorectal carcinoma cells have been maintained

in culture for over 2 years and have been kept in the logarithmic phase
of growth in 75-cm: flasks (C'orning. Corning. NY) below 50 passages.

For competitive EGF-binding studies, cell cultures were grown in
Costar 6-well Tissue Culture Clusters (Costar Corp., Cambridge, MA)
until reaching 50-60'; confluence. For growth curve and kinase assays,
cells were grown to 60-70rV confluence in DMEM (GIBCO/BRL.
Gaithersburg, MD) supplemented with 10'V v/v heat-inactivated FBS
(HyClone Laboratories, Inc., Logan, t'T) and 48 jjg/ml gentamicin in
a humidified 5r< CO;/95rr air atmosphere at 37Â°C.Cells cultured for

ligand binding and down-regulation assays were grow n in supplemented
McCoy's 5A containing 10'V FBS and 48 ug/m\ gentamicin. The

characterization of the DiFi cell line by karyotype analysis, electropho-
retic characterization of isozyme expression, and Â¡mmunostaining of
cytoskeletal proteins has been reported previously (9).

Growth Curve. DiFi cells (I x K)11)were plated in each of twenty-
four 100-mm Petri dishes (Costar) in DMEM/10r< FBS/48 Mg/ml

gentamicin. Dishes were divided into 3 groups of 8 dishes, each group
containing duplicate samples for control. 0.1 n\i EGF". I nM EGF. and

IO nM EGF. In addition. 2 or 3 dishes were plated for estimation of
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plating efficiency after 24 h (day 0). Plating efficiency ranged from 87
to 90'r. Media were changed to DMEM/1 % FBS and cells were allowed
to equilibrate at 37Â°Cfor 1 h. Exogenous EGF was added to desired
concentrations. Cells were incubated at 37Â°Cand viable cell numbers

from samples in each group were determined by counting in a hema-
cytometer at 24-h intervals giving total incubation times of 24 h (day
1), 48 h (day 2), and 72 h (day 3) after EGF addition.

EGF Response of DiKi Cells Grown in Soft Agarose. DiFi cells,
routinely maintained in the presence of 10% FBS, were suspended in a
0.4% Sea Plaque agarose overlay containing varying EGF concentra
tions (1.7 p,Mto 17 nM) in supplemented McCoy's 5A medium and 5%

FBS. The overlay (1.0 ml), consisting of cells, agarose, and medium,
was plated at 2000 cells/well in Costar 6-well plates over bottom layers
of soft agarose (0.8%) containing only 5% FBS in supplemented
McCoy's 5A medium. Plates were incubated at 37Â°Cfor 3 weeks in a

humidified incubator. Colonies were stained with tetrazolium violet
(1.0 mg/ml), counted, and photographed.

EGF-R Binding Assay. The assay was modified from the original
method of Carpenter (10). Epidermal growth factor (Collaborative
Research Inc.. Bedford, MA) was labeled with I25I sodium iodide
(Amersham, Arlington Heights, IL) by the chloramine-T method to
specific activities of 0.4-1.7 x 10* dpm/Mg (II). DiFi cells, 50-60%

confluent in 6-well plates, were washed twice in Binding Buffer prior
to the addition of 1.2 ml of buffer and I25I-EGF (2-200 ng). Binding
Buffer was removed following a 3-h incubation at 4Â°Con a gyratory

shaker (50 rpm). Cells were washed 4 times with ice-cold PBS and
solubilized with 2 ml of l N NaOH. Radioactive ligand was quantified
using a Beckman Gamma 4000 counter. Specific binding was deter
mined by subtracting the nonspecific binding (in the presence of a 100-
fold excess of unlabeled EGF) from the total binding (in the absence of
unlabeled EGF).

To analyze the possibility that receptors might be occupied by
endogenous ligands, modified one-point ligand-binding assays were
performed. Cells were treated as above with the addition of an acid
prewash prior to incubation in Binding Buffer. Cells were washed in
Binding Buffer followed by 0.1 M glycine HCI, pH 4.0, and incubated
10 min in the same buffer (10). After acid washing, cells were incubated
in Binding Buffer with '"I-labeled EGF, with and without a 500-fold
excess of unlabeled EGF for 3 h at 4Â°C.

Data were analyzed by the method of Scatchard (12). The number
of receptors and the apparent A'dwere determined by linear regression

analyses using the Equilibrium Binding Data Analysis program of
McPherson (13).

Binding of Epidermal Growth Factor in the Presence of Monoclonal
Antibody 528. To determine the possible existence of a high-affinity
EGF-R, binding assays were performed using various concentrations
(0.02-0.5 nM) of ':'I-EGF, with specific activities of 5.4-6.8 x IO8

dpm/Mg. in the presence and absence of 100 n\l 528 IgG similar to the
studies of Kawamoto et al. (14) on A431 cells. DiFi cells, 50-60%
confluent in 24-well plates (Corning), were washed twice in Binding
Buffer prior to the addition of 0.2 ml of Binding Buffer containing '"I-

EGF. The binding assay was performed the same as described above,
except that cells were solubilized using 0.5 ml of l N NaOH. Bound
radioactivity was also quantified the same as above.

Kinase Assays. Cells were trypsinized and cell density was determined
as above. Cells were plated and grown to log phase in 100-mm tissue
culture dishes in DMEM with 10% FBS. Cells were lysed in Ripa B
buffer (10 ^g/ml leupeptin, 20 HIN Na2HPO4, 150 ms NaCl, 5 m\i
EDTA, 5 niM phenylmethylsulfonyl fluoride, 1% aprotinin. pH 7.4)
clarified at 20,000 x ^ for 10 min at 4Â°C,and the protein concentration

in each sample lysate was determined by the bicinchoninic acid protein
assay (Pierce Chemical Co.. Rockford, IL). EGF-Rs were immunopre-
cipitated with monoclonal antibody Rl (Amersham) from 100 /jg of
protein in cellular lysates. EGF-R antibody complexes were harvested
with formalin-fixed Staphylococcits aureus (Cowan strain: Calbiochem.
La Julia. CA) and washed, and immune complex kinase assays were
performed as described by Maxwell et al. (15) followed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 8% polyacryl-
amide gels and autoradiography at -70Â°C using Kodak \-Omat film

and Du Pont enhancing screens. Quantitation of the intensity of the
bands was determined using a DU-8-Spectrophotometer equipped for

densitometric analysis.
Immunoblot Analysis of EGF-induced EGF-Receptor Autophospho-

rylation Activity in A431 and DiFi Carcinoma Cell Lines. EGF-induced
EGF-receptor autophosphorylation activity was examined in 2 human
tumor cell lines that overexpress the EGF-receptor protein: the A431
epidermoid carcinoma cell line (1-3 x. IO6receptors/cell) (16-18) and
the DiFi colorectal carcinoma cell line (4.8 x IO*receptors/cell). A431
cells (2 x IO6)were cultured in DMEM/F12 (I/I) medium containing

10% fetal bovine serum (Grand Island Biological Co./Bethesda Re
search Laboratories) in a humidified 5% CO2/95% air incubation
chamber at 37Â°C.DiFi cells (3.3 x IO6) were grown in McCoy's 5A

medium containing 10% FBS under conditions identical to those de
scribed for A431 cells. Cells were grown for 18-24 h, and monolayers
were washed twice with warm Ca2+,Mg:*-free PBS before respective

growth media containing 1% FBS were added. Cells were allowed to
equilibrate for 1 h at 37Â°Cbefore EGF (10 imi) was added to dishes

for 0, 2, 5, 10, and 30 min. Dishes were placed on ice and washed 3
times with ice-cold Ca2+,Mg2+-free PBS immediately after appropriate

incubation times. Cells were lysed in Ripa B buffer containing 10 Â¿ig/
ml leupeptin and 1% aprotinin (Sigma Chemical Co., St. Louis, MO).
Lysates were clarified at 10,000 rpm for 10 min at 4Â°C.The protein

concentrations of lysates were determined by the BCA protein assay
method (Pierce). Volumes of lysate containing 100 ng of total protein
were electrophoresed on a sodium dodecyl sulfate-containing 8% poly-
acrylamide gel (19). Resolved proteins were transferred onto 0.2-^m
nitrocellulose sheets (Schleicher & Schuell, Inc., Keene. NH) in 25 mM
Tris/190 mM glycine/20% methanol at 100 V for 2 h at 4Â°C(20).

Nitrocellulose sheets were equilibrated with Tris/NaCl buffer (50 mM
Tris-HCI (pH 7.5)/150 mM NaCl) and incubated in Tris/NaCl buffer
with 5% bovine serum albumin for 2 h at 37Â°C.Anti-P-tyrosine antibody

PY69 (1.0 Mg/ml: ICN Biomedicals, Inc., Radiochemicals Division,
Irvine, CA) was added in Tris/NaCl buffer with 5% BSA in 0.2%
Nonidet P-40 and incubated overnight at 4Â°C.Immunoblots were

washed 5 times with Tris/NaCl buffer containing 0.5% BSA and 0.2%
Nonidet P-40 and incubated with '"[-labeled rabbit anti-mouse IgG
(IO* cpm/lane; Organon Teknika-Cappel, West Chester, PA) in Tris/

NaCl buffer containing 5% BSA and 0.2% Nonidet P-40 for 2 h at
room temperature. Blots were washed 5 times with Tris/NaCl buffer
containing 1% BSA and 0.2% Nonidet P-40, dried, and autoradi-
ographed with Kodak XAR film with intensifying screens at -70Â°C.

Kffect of EGF and Receptor Antagonist Monoclonal Antibody 528
IgG on Cell Proliferation. DiFi cells were seeded at 1-2 x IO5cells/well
in 24-well plates in McCoy's 5A medium containing 2.5% FBS in the

presence and absence of 80 n\i 528 IgG or a control, nonspecific
murine IgG. Similar antagonist results were obtained at receptor-

specific antibody concentrations of 20 or 80 nM. Cells were grown for
3-4 days in the presence of various concentrations of EGF essentially

as described by Kawamoto et al. (21) in a similar analysis of A431 cells.
The extent of DiFi cell proliferation was measured using the tetrazolium
salt-based proliferation assay of Mosmann (22) or by counting detached

cells in a hemacytometer.
EGF-Receptor Down-Regulation Measurement. DiFi cells were grown

in 6-well plates (Corning) to 50-60% confluence in McCoy's 5A me

dium containing 10% FBS. Prior to the binding assay, cells were
incubated in 2.0 ml of supplemented McCoy's 5A medium containing

50 nM EGF (Amgen, Thousand Oaks, CA) for 0, 5, 15, 30, 60, 120,
and 240 min at 37Â°C(23). Control cells were incubated in 2.0 ml of
supplemented McCoy's 5A medium without EGF for 0 and 240 min.
After EGF incubation, cells were cooled on ice to 4"C, media were
removed, and cells were washed with Binding Buffer for 1 min at 4Â°C.

To remove cell-surface bound EGF. cells were washed with 0.1 M
glycine HCI, pH 4.0. for 10 min at 4Â°C.The cells were then assayed
for cell surface I25I-EGF binding similar to the acid-washed EGF-R

binding assays described above.
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Fig. 1. Monolayer growth of DiFi cells in the presence of different concentra

tions of exogenous EGF. Cells (1 x 10') were plated in 100-mm Petri dishes and

allowed to attach for 24 h. The concentration of exogenous EGF was brought to
0 (A). O.I (Â»).1.0 (T). and 10 DM(â€¢)EGF (time = 0). Viable cell counts Â»ere
determined at (). 24. 48. 72, and 120 h. Points, averages of duplicate values for
each sample Â±SEM.

RESULTS

Growth Response in Monolayer. To determine the effects of
exogenous EGF on the growth of DiFi cells in monolayer, cells
were seeded at a density of 1 x 10" cells/plate (day -1) in 10%

FBS, and allowed to attach for 24 h. Their media were subse
quently aspirated and replaced with fresh media containing 1%
v/v fetal bovine serum, supplemented with various concentra
tions of EGF on day 0, as described in "Materials and Meth
ods." The cells were harvested and counted at various times

after incubation, and the results are shown in Fig. 1. Without
addition of EGF (control), cell numbers increased 25% in 72 h.
Similar results were observed with the addition of 0.1 n,MEGF.
At concentrations of 1 nM EGF, cell numbers increased 8%. In
contrast, at 10 n\i EGF, cell numbers decreased by 60% after

72 h, suggesting that concentrations of EGF greater than 0.1
niMare growth-inhibitory to DiFi cells.

Growth Response in Soft Agarose Assays. Similar results to
those shown in Fig. 1 were obtained when DiFi cells were
grown in a soft agarose assay containing different concentra
tions of EGF, e.g., 0, 1.7 p\i, 17 p\i, 0.17 n\i, 1.7 n\\, or 17
nM EGF (Fig. 2). A slight reduction in colony formation
occurred at an EGF concentration of 0.17 nM. Greater reduc
tion in colony formation occurred at 1.7 and 17 nM EGF. The
small but detectable inhibition of DiFi cell growth in soft
agarose, which occurred at EGF concentrations below 1.7 nM,
may reflect the effect of the greater FBS concentration (5%
FBS) present in the soft agarose assays versus those utilized in
the monolayer experiments (1% FBS).

Competition Equilibrium Binding Assays for DiFi Cell EGF-
Receptor Levels. To establish whether levels of cell surface
EGF-R were produced in amounts consistent with an amplified
gene (8), competition equilibrium binding assays were per
formed. The result from a representative binding assay is shown
in Fig. 3. By this method, DiFi cells were shown to have 4.8 x
IO6 EGF receptors/cell (Table 1). Scatchard analysis revealed
only a single class of low-affinity receptors. To establish
whether significant numbers of occupied receptors might have
escaped detection, receptor numbers were determined utilizing
single replicate point competition equilibrium binding assays
with and without an acid prewash step. Previous reports have
shown that the acid prewash treatment is capable of removing
the endogenous ligand from cell surface receptors with an
efficiency greater than 98% (18). No additional receptors were
revealed by the acid prewash treatment (data not shown).

Binding of Epidermal Growth Factor in the Presence of Mono
clonal Antibody 528. To determine the existence of high-affinity
EGF receptors in DiFi cells, we studied '-51-EGF binding in
the presence and absence of an EGF-receptor blocking mono
clonal antibody (528 IgG) in a manner similar to that described
by Kawamoto et al. (14). In the absence of 100 nM 528 IgG,
':5I-EGF binding to DiFi cells shows a linear increase in binding

Fig. 2. Soft agarose assay of DiFi cell
growth in different concentrations of exoge
nous EGF. DiFi cells (2 x 10') were plated in

agarosc overlays containing: A, 0 pM: B. 1.7
PM; C 17 pM; D. 0.17 HM:E. 1.7 n.M;and F.17 nM EGF'. Plates were stained with tetrazo-

lium violet and photographed after ÃŒweeks of
growth.
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Fig. 3. Competition equilibrium radioligand binding analysis of '"I-EGF

binding at the cell surface of DiFi human colon tumor cells. DiFi cells were
grown to 50-60ci confluence and assayed for '"I-EGF binding (2-200 ng) in the
presence and absence of a 100-fold excess of unlabeled EGF. The assay conditions
are essentially those reported by Carpenter (10). as described in "Materials and
Methods." Saturable specific binding is plotted as a function of ligand concentra

tion. Inset. Scatchard analysis of the binding isotherm.

with increasing 125I-EGF concentrations (Fig. 4). In the pres
ence of 100 nM 528 IgG, 125I-EGF binding to DiFi ceils also
shows a linear increase in binding with increasing I25I-EGF
concentration, but the level of 125I-EGF binding is decreased

relative to binding in the absence of MAb 528 at all EGF
concentrations tested. The absence of a biphasic binding curve
using low concentrations of I25I-EGF in the presence of 100 n\i

MAb 528 suggests that DiFi cells express a homogeneous
population of EGF-Rs on their cell surface. Linear regression
analysis of these data (data not shown; r2 = 0.98) confirms a
single '"I-EGF binding site detected under these assay condi

tions in DiFi cells even in the presence of saturating levels of
monoclonal antibody. At higher concentrations of 125I-EGF
(from 0.5 to 50 nM EGF) I25I-EGF continued to show a linear

increase in binding until saturation was achieved (data not
shown).

Influence of EGF-R Monoclonal Antibody Antagonist Activity
on EGF Dose-Response. Because Scatchard analysis of ligand-
binding data did not reveal a second class of high-affinity EGF
receptors, DiFi cells were grown in the presence of increasing
doses of exogenous EGF in the presence and absence of an
EGF-R antagonist monoclonal antibody as described by Ka
wamoto et al. (14). As shown in Fig. 5, cells grown in the
presence of 80 nM 528 IgG exhibit a ligand-dependent stimu
lation at low EGF concentrations as reflected by an increase in
cell number when compared with control values. These results
might be interpreted to indicate the presence of a small popu
lation of high-affinity EGF-Rs. As reported for A431 cells, the
growth inhibition observed at higher concentrations of exoge
nous EGF is displaced to slightly higher ligand concentrations
(2-fold) in the presence of 80 nM receptor masking antibody
(Fig. 5). DiFi cell growth was not influenced by a comparable
dose (80 nM) of nonspecific, control murine IgG (see Fig. 5,
inset). Comparison of cell numbers in the absence of exogenous

Table I Comparinoli of receptor numbers and apparent dissociation constants
obtained from competition equilibrium binding studies

The values reported are average values from 2 independent experiments. Each
experiment represents triplicate data points.

Binding constant
Equilibrium binding

assay
Bmâ€ž(xlO6 receptors/cell)
Apparent A'd(nM) 4.8
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Fig. 4. I25I-EGF binding in DiFi cells in the presence and absence of 100 nM

antibody 528 IgG. Cells were grown to 50-60% confluence in 24-well plates
(approximately 100.000 cells/well). I25I-EGF (5.4-6.8 x 10" dpm/Mg) was added
to each well in 0.2 ml of Binding Buffer at various concentrations (0.02-0.5 nvi)
with (â€¢)and without (O) 100 nM 528 IgG. Cells were incubated at 4-C for 3 h
while shaking. After incubation, the cells were washed with ice-cold PBS and
solubilized for 2 h at 25Â°Cusing 0.5 ml of l N NaOH. Cell surface bound

radioactivity was determined by a gamma counter. Bound radioactive EGF is
presented (ordinate) as 1/1000 times the cpms.

ligand revealed 8.8 x 10' cells in the presence of 80 nM
monoclonal antibody 528 antagonist and 3.7 x IO4cells in the

absence of antibody antagonist, showing that there is an effect
on cell growth by monoclonal antibody 528 IgG alone.

EGF-Receptor Kinase Activity. The above experiments indi
cated that amplification of the EGF-receptor gene in DiFi cells
resulted in the expression of an extremely high number of cell
surface receptors capable of binding EGF and responding to
the ligand, as indicated, by growth inhibition. These experi
ments suggested that the EGF receptors of DiFi cells are both
biologically and biochemically functional. To further biochem
ically characterize DiFi cell EGF receptors, we examined the
ability of their EGF receptors to function as tyrosine-specific
protein kinases, and to undergo autophosphorylation. The abil
ity of EGF receptors to autophosphorylate in immune com-

10 100

EGF.nM

Fig. 5. Effect of EGF on DiFi cells grown in the presence and absence of
receptor antagonist monoclonal antibody 528. DiFi cells Â»ereseeded in 24-well
plates in McCoy's 5A medium containing 2.5(c FBS. Cells were grown 3-4 days
in the presence (â€¢)or absence (â€¢)of EGF-receptor monoclonal antibody antag
onist (MAb 528) at a concentration of 80 nM IgG and EGF concentrations
ranging from 0.0 to 50 nM. Cell proliferation was measured by counting detached
cells in a hemacytometer. Inset, DiFi cell growth in the presence of a nonspecific
murine IgG at an antibody concentration of 80 nM and exogenous EGF concen
trations from 0.0 to 0.01 nM.
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plexes was compared with that of the well-characterized EGF
receptor from A431 cells. The results are shown in Fig. 6. EGF
receptors from both A431 and DiFi cells are extremely active
in this assay, with Fig. 6 showing the results from a 2-min
exposure to X-ray film. In DiFi cells, an approximate 2-fold

increase in activity is observed with respect to A431 cells (as
measured by densitometry), a result that closely correlates with
the difference in the number of cell surface receptors in these 2
cell lines. Thus, in this assay, the receptors immunoprecipitated
from DiFi cells are of a specific activity approximately equiva
lent to those from A431 cells.

The phosphorylation of EGF receptors in response to exog-
enously added EGF was examined by growing cells in serum-
depleted media, adding EGF, harvesting cells at various times
thereafter, and performing immunoblotting with an antiphos-
photyrosine antibody, as described in "Materials and Methods."

A comparison of phosphotyrosine incorporation into the EGF
receptor of DiFi and A431 cells is shown in Fig. 7. EGF
receptors from both cell lines show greater than 10-fold in
creases in incorporation of phosphotyrosine after EGF stimu
lation. However, the maximum increases were observed at
different times, i.e., occurring after 5 min in A431 cells and
after 10 min in DiFi cells. This difference in kinetics of incor
poration was highly reproducible. Because of the extraordinar
ily high number of functional EGF receptors in these 2 cell
lines, the short exposure times for these blots do not reveal
other phosphotyrosine proteins. However, overexposed blots
revealed the appearance of similar, additional phosphotyrosine-

<f

containing proteins in both cell lines (data not shown). These
results suggest that the DiFi cell surface receptors identified by
Scatchard analysis are biochemically functional.

EGF-Receptor Densensitization in DiFi Cells. To assess the
desensitization of the EGF receptor in DiFi cells, we examined
these receptors after continuous exposure to 50 n\i EGF for
various times. In the presence of 50 HMEGF, cell surface I25I-

EGF binding to the EGF receptor decreases 30% from control
levels (Fig. 8). These data reveal a small but rapid reduction in
the number of EGF receptors at the cell membrane of DiFi
cells. This EGF-stimulated drop in receptor number is time-
dependent and begins within 5 min with maximal reduction
occurring within 60 min. Long-term (4 h) exposure to EGF was
also examined to determine more precisely the time dependence
and minimum receptor level. The 4-h time point did not show
a lower level of receptor number (30%) than the 60-min time
point. This fact further supports the observation that the reduc
tion in cell membrane-associated EGF receptors in DiFi cells

after exposure to 50 n\i EGF is relatively small but rapid.

DISCUSSION

The DiFi cell line represents one of the first colorectal
carcinoma cell lines to be established from a Gardner's syn

drome patient. Previous experiments have shown that DiFi
cells have amplification of their epidermal growth factor recep
tor gene (8). Additionally, Southern hybridization analyses
demonstrated that the amplified EGF-receptor gene is rear
ranged. Although the relationship between overexpression of
the EGF receptor and tumorigenicity is not well understood,

A431 DiFi

EGF-R O <v <o

â€¢?â€¢Â£.Â« /
Â«f ^ ^ of
O <V 10 *=

-Â«EGF-R

Fig. 6. Immune complex kinase assay of EGF receptor from DiFi and A431
cells. Monolayer cultures were washed and lysed, and the EGF-R was immuno
precipitated from 500 ^g of total protein with monoclonal antibody Rl. Immune
complexes were washed, and kinase assays were performed as described in
"Materials and Methods." A431 cells were treated under identical conditions and

are shown for comparison.

Fig. 7. EGF-induced stimulation of tyrosine phosphorylation of the EGF
receptor in DiFi cells. Cells were grown to log phase, incubated in serum-free
medium, washed, and replenished with medium containing 10 ng/ml EGF. Cells
were returned to 37Â°Cand lysed after incubation for the times indicated. Protein
(500 i/g) in cell lysates was subjected to sodium dodccyl sulfate-polyacrylamide
gel electrophoresis and proteins transferred to nitrocellulose as described in
"Materials and Methods." Phosphotyrosinc-containing proteins were detected
with PY69 antiphosphotyrosine antibodies, followed by incubation with '"I-
labeled rabbit anti-mouse antibodies. A43I cells were treated under identical
conditions and are shown for comparison.
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Fig. 8. Kinetics of cell surface '"1-EGF binding in the presence and absence

of 50 nM EGF. DiFi cells were grown to 50-60'V confluence in 6-well plates
(approximately 1 x 10* cells/well). Prior to the EGF binding assay, cells were
incubated with 2.0 ml of supplemented McCoy's 5A medium containing 50 nM
EGF (O) for 0. 5, 15. 30. 60. 120. and 240 min at 37Â°C.Control cells were
incubated with 2.0 ml of supplemented McCoy's 5A medium without EGF (â€¢)

for 0 and 240 min. After this preincuhation. cells were washed with binding buffer
for 1 min at 4'C and washed with 0.1 M glycine MCI. pH 4.0. for 10 min al 4Â°C.
Cells were then assayed for '"I-EGF binding as described in "Materials and
Methods" for acid-washed EGF-receptor binding. Cell-surface bound radioactiv
ity was qtianlitated by a gamma counter. 125I-EGF binding is represented as the

percent of control (no EGF) bound.

receptor homology to the avian erythroblastosis virus erbB
oncogene has implicated it in cellular transformation (24).
More recently it has become more clear that NH? terminally
truncated forms of the EGF-R and NH: terminally truncated
constructs (25) have constitutive transforming activity, whereas
overexpression of the complete receptor sequence provides
transforming activity that is ligand dependent (26). Similarly,
cells containing chimeric EGF receptors, incapable of being
endocytosed, became transformed when they were exposed to
constant, high concentrations of ligand (27). The role of the
EGF-R in maintaining the tumorigenic properties of cells is
well-illustrated by the capacity of specific antibodies that bind
to the EGF-R to suppress cell tumorigenicity (28). Previous
studies have demonstrated that overproduction of EGF recep
tors in colon carcinomas and colon carcinoma cell lines is
uncommon (29). Of the 10 colon carcinoma cell lines that we
have analyzed to date (30), only the DiFi cell line has exhibited
an overproduced EGF receptor. Relationships between EGF-
receptor levels and differentiation class appear to be somewhat
controversial in the literature. Some reports show a correlation
between differentiation class and EGF-receptor number (30-
32). Other studies, based solely upon clinical specimens, have
been unable to establish a clear relationship between EGF-
receptor level and differentiation class (33, 34). Recently,
Maddy et al. (35) hase reported higher EGF-receptor levels in
more differentiated human prostate tumors, and Nathan et al.
(36) have shown that sodium butyrate, a growth inhibitor and
differentiation-inducing chemical, can elevate EGF-R numbers
in 1 of 3 human colon tumor cell line clones (36). Only in glial
tumor cells and in lines derived from carcinomas of the breast
have inverse relationships been detected between EGF-R num
ber and differentiation class (37-39).

We were interested in studying the EGF-R levels in DiFi
cells because previous experiments have shown that DiFi cells
have EGF-R gene amplification and increased levels of the
EGF-R message (8). Furthermore, this cell line represents a
unique in vitro model because it is one of the first colorectal
carcinoma cell lines to be established from a Gardner's syn
drome patient. The Gardner's syndrome gene is inherited in an

autosomal dominant fashion and has recently been mapped to

chromosome region 5q21-q22 (40). This disease is character

ized by multiple adenomatous polyposis of the colon and rectum
and is associated with nearly a 100% risk for colorectal cancer
in untreated patients. Therefore, studies on the EGF-R in DiFi
cells may provide insights into the signal transduction pathways
of these cells.

The cellular growth response of DiFi cells to exogenous EGF
in the monolayer and soft agar assays is unusual when compared
with other colorectal cell lines because growth inhibition was
observed at EGF doses that are similar to the concentration
(0.1 nM) that is mitogenic in other cell lines (30). However, the
epidermoid carcinoma cell line A431 shows a mitogenic re
sponse to EGF at lower concentrations (0.003-0.1 n\i) and
exhibits a toxic response at higher concentrations (>1 nM) (14).
Similar results have been observed for the head and neck
squamous cell carcinoma cell line 1483A, which also overex-
presses the EGF receptor (41).

Scatchard analysis of radioligand binding data (Fig. 3) re
vealed 4.8 x IO6 EGF receptors/cell at the cell surface of DiFi
cells with a binding constant (apparent A'd) of 4.6 nM. Acid

wash prior to ligand-binding analysis did not reveal additional
EGF-Rs. This result indicates that the number of EGF-Rs
determined by ligand-binding assays represents all of the cell
membrane-associated receptors. Furthermore, it suggests that
receptor occupation levels are too low to measure. Given the
propensity for DiFi cell growth to be inhibited by ligand con
centrations >1.7 nvi, it is not surprising that levels of cell
surface receptor occupation are low.

Another unusual property of DiFi cells is the indication by
Scatchard analysis that the EGF receptors exist as a single,
low-affinity class of receptor. For this reason, we examined the
binding capacity and EGF response after binding of the mono
clonal antibody 528, which is a blocking antibody that binds to
low-affinity EGF receptors (14). Comparison of I25I-EGF bind

ing to cell surface receptors on DiFi cells in the presence and
absence of MAb 528 IgG revealed a single homogeneous pop
ulation of binding sites (Fig. 4). These data are in contrast to
the findings reported for EGF binding in A431 cells (14).
However, our data still do not exclude the possibility that a
small, undetectable population (<1%) of high-affinity ligand
binding sites exists. Studies of the /J-adrenergic system receptor
subtypes indicate that it is unlikely to resolve 2 receptor sub
types when one subtype exists in very small quantities, even
with optimal ligand binding, unless the difference in affinities
between these 2 sites is greater than 200-fold (42).

Our results (Fig. 5) demonstrated that at EGF concentrations
of <1 nM, growth stimulation was observed in the presence of
the 528 IgG, suggesting that a second, high-affinity class of
EGF receptors might exist. However, the smaller shift in the
growth-inhibitory region of the curve for DiFi cells compared
with results reported for A431 cells (14) suggests that the
population of high-affinity receptors is small, in agreement with
the results obtained from Scatchard analysis. Therefore,
whereas DiFi cells may express a very small fraction of high-
affinity EGF receptors, i.e., beneath the level of detection by
Scatchard analysis and EGF binding in the presence of 528
IgG, the large majority of the EGF receptors appear to be low-
affinity receptors.

The concept that there is a population of modulated EGF
receptors that is a distinct subset of the total number of mem
brane-associated receptors is an idea put forth by Wiley et al.
(43). If this were to occur, a large cell surface EGF-receptor
population would be unable to undergo autophosphorylation
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due to global modulation, even though at high EGF concentra
tions they could bind ligand. Because we see roughly the same
increase in EGF-receptor autophosphorylation that we see in
cell surface receptor number, when we compare DiFi cells with
A431 cells, we do not think global modulation is a major
receptor regulatory mechanism in DiFi cells.

These results might also be interpreted to suggest that the
EGF receptors are functionally aberrant. To examine this pos
sibility, we determined the ability of the receptor to function in
an immune complex kinase assay, by analyzing receptor phos-
phorylation on tyrosine after EGF stimulation. In immune
complex kinase assays, the receptors behaved similarly to those
of the well-characterized A431 cells, except that a 2-fold in
crease in activity was observed in DiFi cells with respect to
A431 cells, in close agreement with the approximate 2-fold
increase in surface receptor number relative to A431 cells.
Addition of EGF stimulated tyrosine phosphorylation to a
greater extent than that observed for A431 cells, with maximum
stimulation occurring IO min after ligand addition, as compared
with 5 min after ligand addition to A431 cells. Thus, the earliest
events in DiFi cell response, i.e., EGF binding, activation of
tyrosine specific protein kinase activity, and autophosphoryla
tion, are similar to other cell lines that overexpress their EGF
receptor.

Although A431 cells overexpress their EGF receptors, it has
been demonstrated that they are capable of reducing their
measurable cell-surface EGF receptor 80% in response to
growth in the presence of sustained high concentrations of EGF
(23). It was of interest, therefore, to determine whether receptor
desensitization (e.g., down-regulation) could be detected in DiFi
cells. We found a small but rapid decrease in 125I-EGF binding

to cell surface receptors after continuous exposure to 50 nM
EGF. The small decrease in I25I-EGF cell surface binding
suggested that EGF-receptor down-regulation, as a mechanism
of modulating EGF response, was not a major factor. This is
in contrast to the EGF-receptor down-regulation observed in

A431 cells.
Other cell receptor systems, such as the 0-adrenergic system,

reveal a biphasic process of receptor desensitization (44) com
prising a rapidly evolving receptor desensitization that is com
plete in 30 min and a long-term desensitization that occurs
after several hours of exposure to ligand. DiFi cells, in contrast,
did not present this biphasic process. This fact is confirmed by
the inability of DiFi cells to further down-regulate their EGF
receptors after a 4-h exposure to EGF. Thus, based on the level
and kinetics of decreased EGF cell surface binding in DiFi cells,
an alternative process for EGF-receptor desensitization in DiFi
cells might be receptor sequestration rather than down-regula

tion (44).
Since the kinetics of 125I-EGF cell surface binding showed a

rapid decrease, receptor sequestration might be a more plausible
model to explain our observations. Sequestration, as opposed
to down-regulation, does not require that receptors be degraded.
Receptor degradation would only be evident after several hours.
The possibility of EGF-receptor sequestration as a desensiti
zation process is supported by in vivo studies of EGF-receptor
binding in rat hepatocytes. In these studies, when EGF occupies
a majority of the EGF receptors (>509Â¿),a rapid (<15 min)
decrease in cell surface receptor content is found (45). These in
vivo studies also showed, at lower concentrations of EGF, that
receptor density returns to control levels fairly quickly, and the
return to control levels is resistant to inhibition by reagents
that block protein synthesis. Such findings suggest that receptor

sequestration could be the mechanism for EGF-receptor desen
sitization in rat hepatocytes. The exact mechanism and signif
icance of the observed, rapid (<5 min) decrease in 125I-EGF

binding (Fig. 8) in DiFi cells is currently under further
investigation.

The function of the EGF-R in DiFi cells has been addressed
in 2 ways. The first is the clear inhibitory growth response that
has been seen in all of the growth response experiments. The
other is the clear demonstration that the immune complex
precipitated receptor exhibits tyrosine-specific protein kinase
activity in response to specific ligand. The role that such a large
number of EGF-Rs plays either in growth regulation or in
tumorigenicity remains unclear. It may be necessary to examine
the relationship between tumorigenicity and EGF-receptor
number in additional cell lines that overexpress and overpro
duce their EGF receptor before a clear pattern emerges.

The most frequently studied cell line with overexpressed and
overproduced EGF receptors due to gene amplification is the
A431 epidermoid carcinoma cell line. The level of EGF-recep
tor overproduction that we observed in DiFi cells (number of
receptors = 4.8 x 106/cell) is approximately twice as high as
the number of receptors on A431 cells (1-3 x IO6 receptors/

cell). Our results show a single population of receptors with an
apparent A'd of 4.6 nM. which is comparable with the major
EGF-receptor population of A43I cells with an apparent A'dof

1 nM. A431 cells display a minor population of high-affinity
EGF receptors (0.1-0.2% of the total receptor population) with
an apparent A",,of 0.07 nM. Interestingly, Berkers et al. (46)

have recently shown that A431 cells contain one affinity class
of EGF receptor in their membrane vesicles, and that class
apparently corresponds to the low-affinity receptor seen in
A431 cells (47). These results suggest that the growth-inhibition
role of EGF in cells that overexpress their EGF-receptor results
from the ligand's interaction with the low-affinity receptor.

DiFi cells offer an excellent model for further studies on this
class of receptor.
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