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Abstract

Both EGF and insulin, or IGF, stimulate the growth ofmany
cell types by activating receptors that contain tyrosine ki-
nase activities. A monoclonal antibody (mAb 225) against
the EGF receptor produced in this laboratory has been
shown to competitively inhibit EGF binding and block acti-
vation of receptor tyrosine kinase. Here we report that a
human colorectal carcinoma cell line, DiFi, which expresses
high levels of EGF receptors on plasma membranes, can be
induced to undergo G, cell cycle arrest and programmed
cell death (apoptosis) when cultured with mAb 225 at con-
centrations that saturate EGF receptors. Addition of IGF-
1 or high concentrations of insulin can delay apoptosis in-
duced by mAb 225, while the G. arrest cannot be reversed
by either IGF-1 or insulin. Insulin/IGF-1 cannot activate
EGF receptor tyrosine kinase that has been inhibited by
mAb 225. Moreover, an mAb against the IGF-1 receptor,
which has little direct effect on DiFi cell growth, can block
the capacity of insulin/IGF-1 to delay apoptosis induced by
mAb 225, suggesting that the insulin/IGF-1-mediated delay
of apoptosis is acting through the IGF-1 receptor. In con-
trast, insulin/IGF-1 cannot delay the apoptosis caused by
the DNA damaging agent, cisplatin. The results indicate
that EGF receptor activation is required both for cell cycle
progression and for prevention of apoptosis in DiFi cells,
and that a signal transduction pathway shared by receptors
for insulin/IGF-1 and EGF may be involved in regulating
apoptosis triggered by blockade of the EGF receptor. (J.
Clin. Invest. 1995. 95:1897-1905.) Key words: antibodies,
monoclonal - receptors, epidermal growth factor-urogas-
trone * apoptosis - receptors, insulin-like-growth factor I.
colorectal neoplasms

Introduction

EGF is a growth factor that stimulates the proliferation of fibro-
blasts and most types of epithelial cells. The receptor for EGF
is a transmembrane glycoprotein with tyrosine kinase activity
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(1). Many human epithelial tumors have been found to express
high numbers of EGF receptors (2-11), and increased receptor
levels are associated with a poor clinical prognosis in cancers

involving the bladder (6, 9), breast (6, 7), and lung (10, 11).
Furthermore, EGF receptor activation has been implicated in
autocrine stimulation of cell growth in many experimental stud-
ies (12). Therefore, the EGF receptor appears to be an excellent
target for antitumor therapy.

We have produced and characterized two mAbs against the
human EGF receptor, 225 IgGi and 528 IgG2a (13, 14). They
bind to the EGF receptor with affinity similar to the natural
ligands, EGF and TGF-a, compete with ligands for receptor
binding, and inhibit ligand-induced activation of receptor tyro-
sine kinase (13-16). The mAbs have been shown to inhibit
proliferation of a variety of cultured tumor cell lines that express
EGF receptors and TGF-a, including vulva (13-15), breast
(17, 18), colon (19, 20), lung (21), renal (22), and prostate
(23) cells. Inhibition of cell growth has been suggested to result
from blockade of EGF receptor activation by growth factor
either present in the culture medium or produced by the cells
in an autocrine fashion (24-26). The mAbs are also able to

prevent the growth ofEGF receptor-bearing human tumor xeno-

grafts in nude mice (20, 24, 27-29). The initial phase I clinical
trials with these mAbs demonstrated the safety of administering
225 mAb in doses adequate to image tumors and to maintain
blood levels > 30 nM (receptor-saturating concentrations) for
more than 3 d (30).

Insulin and IGF-1 are closely related polypeptides with re-
spect to their amino acid sequences, three-dimensional struc-
tures, and range of biological activities (31). Their correspond-
ing receptors are similar in their subunit structure and molecular
size, and they display cross-reactivity in response to high con-
centrations of ligand (32-34). Both EGF receptors and IGF-1
receptors belong to the family of tyrosine protein kinases, and
they have been shown to phosphorylate some proteins in com-
mon (35). It also has been shown that both EGF and IGF-1
can regulate proliferation of the same cells (36).

mAb 225 can successfully prevent the growth of human
tumor xenografts in nude mice treated at an early stage, within
a week of inoculation, but fail to do so against well-established
xenografts of most cell lines tested (27). An exception is the
DiFi colorectal adenocarcinoma cell line, which displays the
highest sensitivity to mAb 225 of all cell lines studied. Well-
established xenografts of DiFi cells are completely eradicated
after mAb treatment (20). DiFi cells were derived from a pa-
tient with a hereditary colorectal carcinoma. They secrete TGF-
a and express high numbers of membrane-associated EGF re-
ceptors (4.8 X 106 receptors/cell) (37, 38). The reasons why
DiFi cells are extremely sensitive to inhibition by mAb 225
were explored.

Programmed cell death, or apoptosis, is a mode of cell death
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that plays an important role in embryonic development, meta-

morphosis, organ involution, and tumor growth kinetics. Events

associated with this process include activation of a Ca2 -depen-

dent endonuclease (39) and internucleosomal fragmentation of

genomic DNA, resulting in formation of a ladder of DNA frag-

ments (40-42). DNA fragmentation is followed by characteris-

tic morphological changes that involve chromatin condensation,

nuclear disintegration, and cellular fragmentation into mem-

brane-bound apoptotic bodies (43, 44). In the present studies,

DiFi cells were examined both biochemically and morphologi-

cally after mAb 225 treatment. We found that apoptosis could

be induced by mAb 225, which blocks EGF receptor tyrosine

kinase. Insulin, or IGF-1, which activates the tyrosine kinase

activity of IGF-1 receptors, could delay mAb 225-induced

apoptosis. Cell cycle arrest in G1 phase also was induced by

mAb 225 treatment, but this response to EGF receptor blockade

was unaffected by either insulin or IGF-1. The results show

that regulation of cell cycle traversal and regulation of apoptosis

are separable, and that common pathway(s) activated by both

EGF receptors and IGF-1 receptors may be involved in inhibi-

tion of apoptosis in these cells.

Methods

Materials. mAb 225 was produced in this laboratory and has been

previously described (13, 14). mAbs RI and aIR3 were generous gifts

from Dr. A. L. Harris (Oxford University, Oxford, UK) and Dr. K. Iwata

(Oncogene Science, Manhasset, NY), respectively. Antiretinoblastoma

(RB)1 antibody was purchased from PharMingen (San Diego, CA),

and antiphosphotyrosine antibody (PY69) was from ICN Biochemical

Inc. (Cleveland, OH). Anti-EGF receptor antibody (RKII) was kindly

provided by Dr. J. Schlessinger (New York University Medical Center,

New York). EGF and IGF-l were from Collaborative Research, Inc.

(Waltham, MA), and insulin was from Upstate Biotechnology Inc.

(Lake Placid, NY). Cisplatin was a gift from the Bristol Myers-Squibb

Company (Evansville, IN).
Cell cultures and growth assay. The DiFi human colorectal carci-

noma cell line was originally obtained from Dr. B. M. Boman (Creighton

University, Omaha, NE). DiFi cells were grown in 1:1 (vol/vol) DME/

Ham's F12 medium supplemented with 10% FBS at 37°C in 5% C02/
95% air. For each experiment, cultures in 10% FBS were seeded at low

density onto 6-well plates and allowed to attach and to initiate growth

in an unsynchronized fashion. The cells were switched to 0.5% FBS

the next day and different agents were added at the concentrations

indicated. Cells were trypsinized and counted with a Coulter counter

(Coulter Corp., Hialeah, FL) after indicated time intervals.
Analysis ofDNAfragmentation. For demonstration of internucleoso-

mal DNA fragmentation, 1 x 106 cells were harvested and washed with

PBS solution at 4°C. Lysis buffer (200 mM Tris-HCl, pH 8.3, 100

mM EDTA, 1% SDS, and 0.2 mg/ml proteinase K) was added. After

incubation for at least 4 h at 37°C, samples were extracted twice with

phenol:chloroform:isoamyl alcohol (25:24:1). After digestion with 0.1

mg/ml boiled RNase A in 10 mM Tris-HCl, pH 7.5, 15 mM NaCl at

37°C for 1 h, DNA was extracted with phenol and precipitated with

ethanol. The precipitates were dissolved in TE, pH 8.0 (10 mM Tris-

HCl and 1 mM EDTA). 10 ,ug DNA was subjected to electrophoresis

on a 1% agarose gel in TAE buffer (40mM Tris-acetate, 1 mM EDTA).

The agarose gel was stained with ethidium bromide, and the resulting

DNA fragmentation was visualized by ultraviolet illumination.

Quantitation of DNA fragmentation was determined by the method

of Kolber et al. (45) with slight modifications. In brief, cells were

1. Abbreviation used in this paper: RB, retinoblastoma.
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Figure 1. Dose-depen-
dent growth inhibition by
mAb 225. DiFi cells
were cultured in 0.5%
FBS DME/F12 medium
at 370C. Different doses
of mAb 225 and RI were
added as indicated. Cells
were trypsinized and
counted at various time
points. Each point repre-
sents the mean of tripli-
cate values for each sam-
ple ±SD.

radiolabeled with 20 1ACi [3H]thymidine for 24 h at 370C, washed three
times with serum-free medium, and chased in medium with 10% FBS
for 6 h. Labeled cells were exposed to various concentrations of mAb
225 or RI for the indicated time points. Cells were then harvested and
washed with PBS at 40C three times, and lysed with 0.4 ml hypotonic
lysis buffer containing 0.5% Triton X-100, 20 mM EDTA, and 5 mM
Tris-HCl, pH 8.0. After incubating at room temperature for 30 min,
samples were centrifugated at 15,000 g for 30 min. Pellets were washed
once with lysis buffer by centrifugation. The radioactivity in the com-
bined supernate (low molecular weight DNA) and in the pellets (intact
chromatin DNA) was determined by liquid scintillation counting.

Western blot. After treatment, cells were lysed with SDS sample
buffer (2% SDS-0.5% 2-mercaptoethanol-10% glycerol in 62.5 mM
Tris-HCl, pH 6.8) and boiled for 5 min. Equal amounts of protein were
analyzed by 7% SDS-polyacrylamide gel electrophoresis. The proteins
on the gel were transferred to nitrocellulose and reacted with antiphos-
photyrosine PY69, anti-EGF receptor RK II, or anti-RB antibodies.
[ '251] protein A (DuPont-New England Nuclear Research Products, Bos-
ton, MA) was used as label for autoradiography. When Western blots
of EGF receptor tyrosine phosphorylation were performed on lysates
and on immunoprecipitates of the receptor, results were comparable in
the 170-kD region of the gels because of the great abundance of EGF
receptor protein.

Immunoprecipitation. Aliquots of cell lysates containing equal
amounts of proteins in 0.5% NP-40 lysis buffer (150 mM NaCl, 50
mM Tris-HCl, pH 7.4, 0.5% NP-40, 40 mM NaF, 1 mM NaVO4, 0.3
mM PMSF, and 5 mM iodoacetic acid) were precleared with 50 1AI of
20% pansorbin cells (Calbiochem Corp., La Jolla, CA) for 1 h at 40C,
and then immunoprecipitated with mAb aIR3 plus rabbit anti-mouse
antibody (Accurate Chemical & Scientific Corp., Westbury, NY) and
protein A-Sepharose (Pharmacia LKB Biotechnology Inc., Piscataway,
NJ) as conjugates, for 2 h at 40C.

Cell cycle analysis. Trypsinized cells were washed with serum-free
DME/F12 medium twice. Cells were resuspended at 106 cells/ml in
propidium iodide solution (5 mM MgCl2, 10 mM Tris-HCl, pH 7.6,
0.5% NP-40, 50 jig/ml propidium iodide, and 100 ug/ml RNase A)
and incubated for 30 min at 37°C. Cell cycle analysis was then performed
on a FACScanO flow cytometer (Becton Dickinson and Co., Cockeys-
ville, MD).

Results

Induction of cell cycle arrest and apoptosis by mAb 225. Block-

ade of cell growth by mAb 225 results in cytostatic rather than

cytocidal effects in most human tumor cell lines studied (13-

16). To probe the mechanism of the high sensitivity of DiFi

cells to mAb 225 treatment, cell growth kinetics were examined

in response to varying doses of mAb 225 (Fig. 1). With 1 nM

mAb 225, there was inhibition of growth in comparison with
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Table L Cell Cycle Distribution of DiFi Cells
under Various Conditions

Cell cycle distribution (%)

Go/GI S G2/M

Control 69.1 19.0 11.9

10 nM mAb 225 84.6 5.9 9.6

10 nM mAb 225 + 10 nM EGF 52.8 29.1 18.2

10 nM EGF 56.7 29.0 14.3

10 nM mAb 225 + 1 tuM insulin 87.0 4.2 8.8

10 nM mAb 225 + 10 nM IGF-1 85.8 4.6 9.6

1 /M insulin 63.4 22.4 14.2

Exponentially growing DiFi cells were incubated with various combina-
tion of agents for 24 h. Cells were then trypsinized and incubated in
propidium iodide solution for 30 min at 370C. The cell cycle distribution
was analyzed by flow cytometry.

untreated control cultures. When the concentrations of mAb
225 were increased to 5, 10, and 20 nM, which saturate most
of the EGF receptors, cell numbers were reduced to levels lower
than the initial cell number before treatment, indicating that
cells were killed in response to mAb treatment. To explore the
possible mechanism by which mAb 225 kills cultured DiFi
cells, another mAb, RI, which binds to EGF receptors but does
not compete with ligand binding (46), was assessed in parallel
experiments. As shown in Fig. 1, 20 nM mAb R1 had little
effect on cell growth. This suggests that blocking of ligand
binding is an important factor in cell death resulting from treat-
ment with anti-EGF receptor mAb.

To determine the influence of mAb 225 on cell cycle tra-
versal by DiFi cells, FACSO analysis was performed (Table I).
Flow cytometry assays showed that DiFi cells accumulated in

GI phase during exposure to mAb 225 for 24 h. At 24 h, half
of the cells originally in S and G2 phases had collected in GI.

To determine whether DiFi cell death involved apoptosis,
we assessed internucleosomal DNA fragmentation and morpho-
logical changes after mAb 225 treatment. Analysis of DNA
extracts by agarose gel electrophoresis showed a concentration-
and time-dependent pattern of an internucleosomal DNA ladder
characteristic of apoptosis. At 18 h we detected no evidence of
DNA fragmentation (data not shown). By 24 h, fragmentation
was observed with 5 nM mAb and became very prominent with
20 nM mAb (Fig. 2 A). However, control mAb RI did not

cause DNA fragmentation. To quantitatively determine DNA
fragmentation, we prelabeled DiFi cell cultures with [H3]-
thymidine and then treated with various concentrations of mAb
225 or RI (Fig. 2 B). There was a clear relationship between
the amount of fragmented DNA and the concentration of
mAb 225.

Fig. 3 demonstrates the typical morphological changes in-
duced by treatment with mAb 225. Compared with the untreated
cells (Fig. 3 A), DiFi cells treated with 10 nM mAb 225 for
48 h showed a reduction in cell volume, condensation of nuclear
chromatin, and the appearance of nuclear fragmentation (Fig.
3 B) characteristic of apoptosis.

Rescue of mnAb 225-induced apoptosis by EGF and by
insulin. mAb 225 appears to induce apoptosis by blocking the
EGF receptor tyrosine kinase pathway. To confirm this hypothe-
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Figure 2. DNA fragmentation induced by mAb 225. (A) DNA assay
by gel electrophoresis. DiFi cells in 0.5% FBS DME/F12 medium were
cultured at 37°C with different concentrations of mAb 225 (1-20 nM)
or Rl (10 nM) for 24 h. Both floating and attached cells were harvested
and lysed with SDS lysis buffer in the presence of proteinase K, followed
by incubation for 4 h at 37°C. The lysates were then phenol extracted
and RNA digestion was performed in RNase A for 1 h at 37°C. DNA
was precipitated with ethanol and the concentration was determined. 10

,ug DNA was loaded on a 1% agarose gel with ethidium bromide and
electrophoresed. M, molecular weight marker. (B) Quantitation ofDNA
fragmentation. Cultures were labeled with [3H]thymidine overnight and
treated under the same conditions as indicated. Cells were lysed with
Triton X-100 lysis buffer. Fragmented DNA was separated from intact
nuclear DNA by centrifugation. Both supernate and pellet were counted
in scintillation solution. The percentage of fragmented DNA is calcu-
lated by supernate counts/supernate + pellet counts. Each point is the
average of triplicate values ±SD.

sis, we studied the capacity of EGF to rescue apoptosis mediated
by mAb 225. The Kd for EGF and mAb 225 binding to EGF
receptors is identical (2 nM) for all cell lines tested (47),
including DiFi cells (data not shown). As shown above, mAb
225 at 10 nM concentrations produced cell death (Fig. 4 A).
When equimolar concentrations of EGF were added, there was
a complete rescue from cell death induced by mAb 225. Para-

doxically, with DiFi and with other cell lines that greatly over-

express EGF receptors on plasma membranes, addition of a

saturating amount of EGF in the absence ofmAb also markedly
inhibited cell growth. In comparison with EGF, addition of
insulin had little effect on DiFi cell growth in the absence of
mAb 225 (Fig. 4 B). Interestingly, insulin could also delay cell
death caused by mAb 225. As shown in Fig. 4 B, insulin plus
mAb 225 maintained the initial cell numbers for 2 d, after which
cells began to die. Therefore, in contrast to the complete rescue

by EGF, insulin only delayed cell death mediated by mAb 225.
Higher concentrations of insulin produced similar results, and
IGF-1 produced a response similar to insulin (data not shown).

Antibody 225-induced Apoptosis 1899
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Figure 3. Light microscopic examination of DiFi cells exposed
to mAb 225. DiFi cells were either untreated (A) or treated with

10 nM mAb 225 (B). After a 48-h incubation period, cells were

transferred onto microscope slides with a cytospin, fixed, stained

with Wright-Giemsa dye, and observed under a light microscope

(x400).

To confirm that mAb 225-induced apoptosis was delayed
by addition of growth factor, the formation ofDNA internucleo-
somal ladders was examined after 1 d of treatment (Fig. 4 C).
10 nM mAb 225 alone induced a clear DNA ladder, while
the addition of either EGF or insulin together with mAb 225
prevented formation of the ladder, suggesting that mAb 225-
induced apoptosis was rescued by each growth factor. Treat-
ment with EGF alone, in the absence of mAb, resulted in forma-
tion of a very faint DNA ladder.

Effect of EGF and insulin/lIGF-I on mAb 225-mediated
cell cycle arrest. Addition of EGF in concentrations equivalent
to mAb 225 could completely prevent the GI arrest induced by
mAb 225 (Table I). However, addition of either insulin or IGF-
1 with mAb 225 did not influence the mAb 225-mediated cell
cycle arrest after 24 h exposure, at which time the mAb 225-
induced apoptosis was effectively delayed by insulin/IGF-l. In
the absence of mAb, insulin/IGF-1 alone had no influence on

the cell cycle phase distribution, and EGF by itself decreased
the fraction of cells in GI phase.

The existence of two RB protein forms that differ in phos-
phorylation states has been noted previously in most cell types

(48, 49). The more phosphorylated RB form, designated as

pRBphs, migrates more slowly during SDS gel electrophoresis
than the underphosphorylated form, designated as pRB. The
pRB form prevails in mid-GI cells and is converted to pRBphs
as cells approach S phase. The pRBphos form persists during the
rest of the cell cycle, until completion of M phase and entry

into GI. To further localize the site of cell cycle arrest caused
by mAb 225, the phosphorylation state of RB was visualized
by immunoblotting gels of cell lysates with anti-RB mAb (Fig.
5). Untreated asynchronously proliferating DiFi cells displayed
both phosphorylated and underphosphorylated RB forms with
molecular weights of 110 After 24 h of exposure to mAb

225, only underphosphorylated RB appeared, indicating that
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Figure 4. Rescue of mAb
225-induced cell death
by EGF and insulin.
(A, B) DiFi cells were
treated with various
added agents as indi-
cated, for different peri-
ods of time. Cell num-
bers were counted as de-
scribed in the legend to

Fig. 1. (C) DiFi cells
were treated with various
added agents, as indi-
cated, for 24 h. DNA

fragments were assayed
by agarose gel electro-
phoresis as described in
the legend to Fig. 2. The
concentrations of agents
used were: EGF, 10 nM;
insulin, 1 uM; mAb 225,
10 nM. GF, growth
factor.
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Figure 6. Tyrosine autophosphorylation of EGF and IGF-l receptor.

(A) Immunoblot with antiphosphotyrosine antibody PY69 and with anti-
EGF receptor antibody RKH. Cells were treated with different agents

indicated (10 nM EGF; 1 /SM insulin; 10 nM IGF-1; and 10 nM mAb

225) for 24 h and processed for immunoblotting as described in the

legend for Fig. 5. (B) Immunoblot of precipitated proteins with
antiphosphotyrosine antibody PY69. Cells were treated with growth
factors for various times as indicated. Cells were lysed with NP-40 lysis
buffer, and equal amounts of proteins were immunoprecipitated with

anti-IGF-1 receptor antibody aIR3. The precipitates were analyzed on

7.5% SDS-PAGE. After transfer to a nitrocellulose membrane, the pro-

teins were blotted with PY69 and autoradiographed.

most cells were in early and mid-GI phase. Addition of EGF
together with mAb 225 could prevent this conversion of RB
phosphorylation states, while neither insulin nor IGF-1 could
do so. EGF or insulin/IGF-l alone, in the absence of mAb,
had no effect on RB phosphorylation states. We conclude that
incubation of DiFi cells with mAb 225 prevents phosphorylation
of RB and induces an early to mid-GI phase arrest, which can

be prevented by coaddition of EGF but not insulin/IGF-l.
Delay ofmAb 225-mediated apoptosis by insulin/lIGF-I is

mediated by the IGF-J receptor. Ligand-induced receptor tyro-

sine kinase activation is reflected by autophosphorylation of the

receptor on tyrosine residues. In Fig. 6 A, both EGF receptor

levels and their levels of tyrosine phosphorylation were exam-

GF: 0 EGF Insulin IGF-1
225: - + - + - + - +

_.pRBphos
-pRB

Figure 5. Regulation of RB phosphorylation in DiFi cells. Cells were

treated with the different indicated agents (10 nM EGF; 1 AM insulin;
10 nM IGF-1; and 10 nM mAb 225) for 24 h and lysed with SDS lysis
buffer. 200 Ag of protein from the lysates was analyzed on 7.5% SDS-

PAGE. After transfer to a nitrocellulose membrane, the proteins were

blotted with anti-RB antibody and autoradiographed. Migration of pRB
and pRBP"" are indicated at the side of the gel. GF, growth factor.

ined by immunoblot after various treatments for 24 h. The ob-
served basal level of tyrosine phosphorylation resulted from

autocrine stimulation by TGF-a. mAb 225 caused reduction of

EGF receptor autophosphorylation that could be attributed to

both blocking of receptor tyrosine kinase activation and down-

regulation of receptors (Fig. 6 A). EGF stimulated tyrosine
phosphorylation, and it greatly downregulated the number of

receptors. Insulin/IGF-l had no effect on EGF receptor level

or tyrosine phosphorylation. When EGF was combined with

mAb 225 in equimolar amounts, it reversed the block in phos-

phorylation caused by mAb 225. In contrast, insulin/IGF-l

failed to reverse the block in phosphorylation caused by mAb

225. Therefore, it can be concluded that EGF reverses the induc-

tion of apoptosis by mAb 225 through competitively binding
to and activating EGF receptors, while insulin/IGF-l delays
mAb-mediated apoptosis through a mechanism that does not

involve the EGF receptor.

IGF-1 receptors are highly expressed in DiFi cells, as de-

tected by immunoblot (data not shown). To determine the tyro-

sine phosphorylation status of IGF-l receptors after stimulation

by either EGF or insulin/IGF-l, IGF-1 receptors were first im-

munoprecipitated with aIR3 mAb and subsequently immu-

noblotted with antiphosphotyrosine antibody (Fig. 6 B). The

results show that both insulin and IGF-1 can activate IGF-1

receptor tyrosine phosphorylation, while EGF has no effect on

IGF-1 receptor phosphorylation. It was therefore important to

know if IGF-l receptor activation is a requirement for the delay
in 225 mAb-mediated apoptosis caused by addition of insulin

or IGF-1.
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Figure 7. Blockage of effect of insulin and IGF-1 by anti-IGF-l recep-
tor antibody. DiFi cells were exposed to various conditions as indicated
for 48 h. (10 nM mAb 225; 10 nM IGF-1; 1 MM insulin; and varying
concentrations of antibody aIR3). Cell numbers were counted as de-
scribed in the legend for Fig. 1.

aIR3 is an mAb against the IGF-1 receptor that can inhibit

insulin/IGF-1 binding (50). When aIR3 was used alone, it had

little inhibitory effect on DiFi cell growth (Fig. 7). When it

was combined with mAb 225 and insulin/IGF-l, the delay of

mAb 225-induced cell death by IGF-1 was completely blocked

and the delay by insulin was partially blocked, in a dose-depen-
dent manner. Therefore, in the normal situation, DiFi cell sur-
vival relies mainly on activation of the EGF receptor signal
transduction pathway rather than the IGF- l pathway. However,
if the EGF pathway is inhibited, activation of the IGF- l pathway

(or possibly other pathways) can become critical for DiFi cell
survival.

Insulin/lIGF-J delay is specific for mAb 225-mediated
apoptosis. A variety of physical and chemical agents can induce
apoptosis (51). Though the mechanism of selection of this
pathway for cell death is not fully understood, it is clear that
cells possess effector mechanisms for self-destruction, which
may be activated by several different stimuli. To determine
whether insulin delays cell death by acting upon a final common
pathway of apoptosis, or whether it specifically delays the
apoptosis induced by blocking the EGF receptor signal trans-

duction pathway, the effect of insulin on cell death mediated
by cisplatin also was examined (Fig. 8). Cisplatin is an alkylat-
ing agent that produces interstrand and intrastrand base cross-

linking in DNA, and it is one of the most active drugs against
the human epithelial tumors that express high levels of EGF
receptors (52). The data in Fig. 8 A show that intemucleosomal
DNA fragmentation and apoptosis can be induced after 24 h

exposure to cisplatin, and that this is concentration dependent.
However, in contrast to the delay of mAb 225-mediated cell
death by insulin, cell death induced by cisplatin is not prevented
by insulin (Fig. 8 B).

Discussion

Culture of DiFi cells with anti-EGF receptor mAb 225 induced
cell cycle arrest in GI phase and apoptosis. Tyrosine phosphory-
lation of EGF receptors stimulated by either endogenous TGF-
a (Fig. 6) or exogenous EGF (data not shown) was blocked
by mAb 225, and this was prevented by coaddition of EGF at

A
cisDOP: 0 2 4 8 16 (ug/ml)

B

Control

Insulin

cisDDP

Insulin + cisDDP -I

0 20 40 60 80 100 120

Cell Numoer (% of control)

Figure 8. Effect of insulin on cisplatin-induced cell death. (A) DNA
fragmentation after treatment with cisplatin. DiFi cells were exposed to
different doses of cisplatin as indicated for 24 h. DNA fragmentation
was assayed by agarose gel electrophoresis as described in the legend
for Fig. 2. (B) DiFi cells were treated with 1 ,uM insulin or 8 ,tg/ml
cisplatin, or both agents, for 24 h. Cells were then counted as described
in the legend for Fig. 1.

concentrations equimolar to mAb. mAb 528 against the EGF
receptor, which also competitively blocks ligand binding, in-
duced comparable cell cycle arrest and apoptosis in DiFi cells
(data not shown), while monoclonal antibody RI against the
EGF receptor, which does not compete with ligand binding,
failed to induce arrest and apoptosis. These results strongly
suggest that blocking EGF receptor tyrosine kinase activity with
mAb 225 leads to cell cycle arrest and apoptosis in DiFi cells.

GI arrest began soon after addition of mAb 225, with G1
phase cells rising from 69-85% at 24 h. Since DiFi cells have
a doubling time of 2 d in culture, we extrapolate that cells in

GI arrest would approach 100% at 48 h. The location of the
arrest within G1 phase was defined by the hypophosphorylated
state of Rb, signifying a position before the commitment to S

phase progression. Disintegration of DNA into internucleo-
somal fragments was not detected until 24 h after addition of
mAb. The inhibitory effect of mAb 225 on the cell cycle was

reversible. If mAb was removed from cultures after 24 h, the

remaining cells recovered a growth rate that paralleled control
cells within a further 24 h (data not shown). These observations
suggest that two events occur in DiFi cells deprived of the EGF
receptor-mediated signal transduction pathway: First, cells ac-

cumulate in GI phase, an event which is reversible; later, cells

undergo programmed cell death.
For most human cell lines that express EGF receptors, the

effect of mAb 225 on proliferation is cytostatic. Epidermal car-
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cinoma A431 and breast adenocarcinoma MDA468 are two cell
lines that express high levels of EGF receptors and have been
extensively studied by ourselves and others. Culture of these
tumor cells with saturating concentrations of mAb 225 reduces
the rate of proliferation by 50% (13-15, 18), without a G1
arrest and without subsequent programmed cell death (data not
shown). Addition of mAb 225 to cultures of nonmalignant
cell lines, including breast epithelial cells and VACO330 colon
adenoma cells, results in arrest of growth with accumulation of
cells in GI phase, similar to the response observed in DiFi cells
but without subsequent apoptosis (53, 54). Thus the DiFi cell
line displays both shared and unique responses to EGF receptor
blockade. To explain the differences, future studies will com-

pare the responses of these malignant and nonmalignant cell
lines by assessing both proximal events in EGF receptor-medi-
ated signal transduction and distal events such as mitogen-acti-
vated protein kinase activation and cycin-dependent kinase ac-
tivity.

The well-documented capacity of EGF to inhibit prolifera-
tion of cells expressing high levels of EGF receptors is demon-
strated in Fig. 4 A (55, 14). We previously explored the dual
inhibition produced by anti-EGF receptor mAb and by EGF in
cultures of A431 and MDA468 cells expressing high numbers
of receptors (15, 18). With these cell lines, as with our current
observations on DiFi cells, both blockade of receptors by mAb
and stimulation with saturating amounts of ligand produced
growth inhibition; furthermore, inhibition by one agent could
be reversed by titrating with the other agent. The mechanism
of inhibition by EGF when cells express high levels of EGF
receptors (5 x 105-4 x 106) remains unexplained. The possi-
bility of altered glucose metabolism has been raised (56). Other
alternatives include sequestering of SH2-containing docking
molecules, or activation of alternative signaling pathways that
inhibit growth.

The present experiments contribute a number of observa-
tions that indicate that EGF and mAb 225 inhibit DiFi cell
growth through unrelated mechanisms: (a) mAb 225 arrested
cells in GI phase and prevented cell cycle traversal, whereas
EGF did not (Table I); (b) while both mAb and EGF produce
cell death, EGF produced only traces of accumulated DNA
fragments (Fig. 4 B) and did not cause the morphologic changes
characteristic of apoptosis (data not shown); (c) cell death
induced by EGF was not delayed by addition of insulin (data
not shown). It must be stressed that mAb 225 in either its
bivalent or monovalent forms does not activate EGF receptor
tyrosine kinase in intact cells (57, 58), so that the mechanism
of mAb action is quite different from that of the growth factor.
The results of these experiments suggest that EGF receptors
may be critical for cell cycle traversal and cell survival through
a number of different mechanisms. They also suggest that DiFi
cells require an optimal amount of activity in EGF receptor-
mediated signal transduction pathways for cell proliferation and
survival, and that too little or too much activity could be harmful
to the cells.

The activity ofmAb 225 appears to require bivalency, which
confers the capacity to induce receptor dimerization (57, 58).
When experiments were performed with the 225 Fab' monova-
lent fragment, inhibition of DiFi cell growth was markedly re-
duced (data not shown). This is comparable to our observation
of reduced antiproliferative activity of 225 Fab' against a vari-
ety of cell lines (57, 58).

Insulin, or IGF-1, is able to delay mAb 225-induced
apoptosis (Fig. 4). Unlike rescue with EGF, which competes
with mAb 225 for receptor binding and activates tyrosine kinase
activity, insulin/IGF-l appears to act through a different mecha-
nism. Insulin/IGF-l can neither activate tyrosine phosphoryla-
tion of EGF receptors (Fig. 6) nor change EGF receptor levels.
IGF-l receptors are expressed in DiFi cells, and their tyrosine
kinase activity is activated upon binding of insulin/IGF-l (Fig.
6). Monoclonal antibody aIR3, which blocks insulin/IGF-l
binding to IGF-1 receptor, can completely inhibit the delay of
apoptosis by IGF-1 (Fig. 7), which suggests that IGF-1 delays
mAb 225-mediated apoptosis by binding to and activating IGF-
1 receptors. The target protein activated via the IGF-1 receptor
may be shared in the signaling pathway activated by the EGF
receptor, or it may be unique to the insulin/IGF-1 receptor-
mediated pathway.

It has been observed that EGF may increase IGF-l produc-
tion, and an important role of EGF in the proliferation of 3T3
fibroblasts is to activate an autocrine loop via the IGF- I receptor
(59). However, EGF action on DiFi cells does not seem to
result from increasing IGF-1 production, since IGF-1 receptor
tyrosine phosphorylation is not activated after EGF treatment
(Fig. 6), and mAb aIR3 against the IGF-1 receptor does not
induce cell death, unlike mAb 225 (Fig. 7).

Addition of insulin/IGF-1 delayed mAb 225-mediated
apoptosis but did not affect GI cell cycle arrest. This suggests
that the pathways leading to apoptosis and to G1 cell cycle arrest
are separable. EGF receptor-mediated signaling pathways that
also can be activated by insulin/IGF-1 may prevent apoptosis,
while EGF receptor-mediated signaling pathways that cannot
be activated by insulin/IGF-1 may regulate movement through
GI phase of the cell cycle. Although the mechanisms that are
involved are not clear, the separation of apoptosis and GI cell
cycle arrest by the addition of insulin/IGF-l will help to guide
our further studies of regulation of both cell cycle traversal and
apoptosis.

Unlike EGF, which can completely rescue mAb 225-in-
duced apoptosis, insulin can only delay apoptosis for 48 h and
fails to do so after 48 h. The reasons why insulin only delays
apoptosis instead of accomplishing a complete rescue are un-
clear. The failure of prolonged rescue is not due to the degrada-
tion of insulin in the medium, as cells die even if fresh insulin
is added daily (data not shown). One possibility is that long-
term treatment with insulin might downregulate IGF-1 receptors
and thereby eliminate their corresponding signal required for
cell survival. Alternatively, another slower pathway, unrelated
to IGF-1 pathways, may be activated after EGF receptor
blockade.
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