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ABSTRACT

To examine the mechanisms by which a-interferon ill Vai inhibits
growth factor-mediated proliferative responses, we examined specific
ligand-activated, receptor-dependent events. In direct ligand binding stud
ies, we showed that IFN-a treatment of cells leads to a reduction in

epidermal growth factor (EOF) receptor recognition at the cell surface,
coupled with an alteration in the binding characteristics of EGF for its
specific receptors. Specifically, the heterogeneity of binding exhibited by
EGF was affected, and there was loss of the high affinity binding compo
nent. I Â».1 -indiimi autophosphorylation of the EGF receptor was unaf
fected by IFN treatment. The trafficking of EGF-receptor complexes was
followed using three-dimensional confocal microscopy. Confocal imaging
revealed that the rapid internalization of EGF-receptor complexes was

significantly reduced when cells were exposed to IFN. Accompanying the
IFN-induced changes in receptor binding characteristics, we identified an

alteration in EGF receptor gene expression; when cells were treated with
IFN-O!, elevated RNA levels specific for the EGF receptor were detected.
Overall, IFN-a treatment inhibited EGF-induced cell proliferation. Our
results imply that EGF-bound receptors that are unable to internalize are

not fully competent with respect to signal regulation of both gene expres
sion and growth. The data suggest that the signaling potential of the bound
growth factor-receptor complex is apparently increased by an unspecified,
species-specific, high affinity binding component. We propose that IFN
treatment of responsive cells prevents the interaction of EGF-bound

receptor with this component.

INTRODUCTION

Mammalian cell proliferation is a regulated process in which spe
cific peptidc factors are required for the cell to transit the various
stages of the cell cycle. The mitogenic signals of peptide factors such
as EGF' are transduced through their respective membrane-associated

receptors (1,2). The ligand-receptor interaction is followed by a series
of biochemical reactions (3-9), including the selective activation of a
discrete set of competence genes (10-16). There is accumulating

evidence to suggest that growth factor receptors are modulated not
only by their respective ligands but also by other growth factors
(17-20). This receptor communication influences cellular growth

characteristics.
IFNs-a, -ÃŸ,and -yare biologically active polypeptides that mediate

growth-inhibitory, antiviral, immunomodulating, and differentiating

effects on sensitive cells. A critical function for IFNs may be the
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regulation of normal cell proliferation and differentiation. Little is
understood about the molecular mechanisms of growth inhibition
mediated by IFNs and other inhibitory cytokines, and it remains
unclear as to which biological responses elicited by IFNs play a
crucial role. Receptor binding studies have identified at least two
functional IFN receptors that are integral parts of the cell membrane
on human cells. IFNs-a and -ÃŸbind to one type of receptor, whereas
IFN-y binds to another (21-24). Each of these receptors is distinct

from EGFR, and each ligand has a specific affinity for its receptor
alone. Cells respond to exposure to IFNs by initiating a series of
biochemical changes. Although several of their effects may take sev
eral h to develop, signal transduction immediately following the bind
ing of IFN to its receptor is a rapid event. Indeed, the extent of
receptor occupancy determines the magnitude of the biological re
sponse with regard to transcriptional regulation of IFN-responsive

genes (25). In this report we examine the regulatory communication
between IFN-a and the mitogen EGF. We describe how IFN perturbs
mitogenic signaling by affecting ligand-stimulated receptor events.

The data indicate that ligand binding to one receptor causes a separate
ligand-receptor interaction to be modified.

MATERIALS AND METHODS

Cell Cultures. T98G cells are derived from a human glioblastoma multi
form tumor and express in culture a number of normal and transformed growth
characteristics. Cells are routinely suhcultured in a-MEM supplemented with

10% (v/v) FCS.
Cytokines. Recomhinant human IFN-aCon, (specific activity ~3 X IO9

unils/mg protein) was provided by AMGcn Inc.. Ã‡A.IFN-aCon,, as a variant
IFN-a, was designed to represent an average IFN-a with an amino acid chosen
at each site that was most frequently represented among the different IFN-a

subtypes. Recombinant human EGF was a gift from I.C.I. Pharmaceuticals,
United Kingdom.

Assays of Growth-regulatory Activities of IFN-a and EGF. The inhibi
tory effects of IFN-aCon, on T98G cultures were determined according to an
antiproliferative assay that calibrates cell numbers spectrophotometrically (26-
28). T98G cells (HWwell) were seeded in 96-well Titcrtek tissue culture plates
in a-MEM supplemented with 10% FCS. Sixteen h later, the medium was

replaced with fresh medium that contained no FCS. Cultures were quicsccd by
serum starvation for 48 h and then either inoculated with 25 ng/ml of IFN-
aCon, or left untreated. After an additional 6 h, both IFN-treatcd and -un

treated cells were treated with cither 10 or 20 ng/ml of EGF. At specified times,
the cells were then fixed with cthanol (95%), stained with crystal violet (0.1%
in 2% ethanol), and destained (0.5 M NaCl in 50% ethanol); then growth
was estimated from ahsorbance measurements of destained cells at 570 nm
using a Microplate Reader MR600 and a calibration of absorhance against cell
numbers.

In parallel experiments, cellular DNA content was determined for T98G
cells treated with IFN-aCon, and EGF by flow cytometry using an EPICS

Profile analyzer (Coulter Corp., Hialeah, FL) and cells were stained with
propidium iodide. Briefly, cells were seeded in 25-cm- tissue culture flasks in
a-MEM supplemented with 10% FCS at a seeding density of 8.5 X IO4
cells/cm2 for â€”¿�16h; then the cells were serum starved for 96-120 h and either

treated with 33 ng/ml of IFN-aCon, for 24 h or left untreated. Both IFN-treated
and -untreated cells were then treated with 10 ng/ml of EGF for ~12 h.

Monolayers were disrupted, cells were harvested, and single cell suspensions
of 1-2 X 10'' cells/ml were fixed in 70% ethanol. The cells were then treated
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IFN-a INHIBITION OF EOF EFFECTS

with RNase (50 /J.g/ml) for 10 min at room temperature and stained with 15 PL\
of a 0.5-mg/ml propidium iodide stock solution for 15 min at room tempera

ture. Stained cell suspensions were immediately analyzed for DNA content.
lodination of EGF. lodination of EGF was carried out using a chlora-

mine-T procedure (29). Briefly, 20 fig of EGF were reacted on ice with a 2-fold
excess by weight of chloramine T to which 2 fid Na'25I were added. The

reaction was stopped after 10 min by the addition of a 2-fold excess by weight
of sodium melabisulfite. Free I25I was separated from growth factor-bound '25I

on a Bio-Rad disposable 10-ml Sephadex column (M, 6000 exclusion) equili
brated in PBS containing l mg/ml BSA. Fractions containing maximum mi-
togenic activity were pooled and contained >90% trichloroacetic acid-precipi-

table radioactivity.
FITC Labeling of EGF. This procedure is based on a method described

elsewhere (30). Twenty >xg EGF were reacted on ice with FITC (I mg/ml) in
100 DIMsodium borate buffer. pH 8.5, for a total reaction volume of 400-600
\L\. After 1 h, the reaction was stopped by separating FITC-conjugated growth
factor from free FITC on a Bio-Rad disposable I()-ml Sephadex column

equilibrated in PBS containing 1 mg/ml BSA. Fractions containing maximum
mitogenic activity were pooled and stored in the dark at -2()Â°C.

Confocal Microscopy. A series of sections were collected using a Bio-Rad

MRC 600 upright confocal microscope with an argon ion laser light source, a
neutral density filter to allow only 10% of transmitted light to reach the
specimen, and a high sensitivity blue excitation filter set for FITC detection.
Since T98G glial cells are quite flat, the size of the variable confocal aperture
was sufficiently reduced to improve image quality and decrease section thick
ness without attenuating the signal.
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Fig. 1. Interferon-induced inhibition of cell proliferation. A, quiescent T98G cultures
(D) exposed to EGF at either 10 (E3)or 20 ng/ml (^). Growth was estimated at the times
indicated, according to the protocol described Â¡n"Materials and Methods." In parallel

experiments. IFN-treated, quiescent cultures (â€¢)were similarly treated with either 10 (HI)
or 20 ng/ml (H) of EGF and then examined for growth at the times indicated. Points,
average of triplicate determinations, oars, SE. In R. DNA content/cell was determined for
propidium iodide-stained T98G cells, using flow cytomctry, according to the procedure
described in "Materials and Methods." /, â€”¿�T98G cells quiesced by serum starvation for
% h. 2, ~TÂ°8G cells quiesced by serum starvation for 120 h and then treated with EGF
for 14 h. 3, -T98G cells quiesced by serum starvation for 120 h, then treated with IFN

for 24 h, followed by EGF for 10 h.
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Fig. 2. Effects of IFN Ireatmenl on binding of I251-EGF to receptors on T98G cells.
(HI), untreated cultures; (â€¢).IFN-aCon, treated cultures. Cells were incubated for 2 h at
4Â°Cwith the indicated concentrations of I25I-EGF. IFN treatments were at 50 ng/10s cells

for 24 h. The values shown were obtained by subtracting nonspecific cpm bound from
total cpm bound. Nonspecific binding represented 4% of control binding values and was
determined in the presence of a 100-fold excess of unlabelcd EGF. Points, mean of
triplicate cultures. SD, Â±3%.Inset, Scatchard plots.

A X40 oil immersion objective lens was used with a minimal additional
zoom factor of x 1.5. The stage was moved at 1-jj.m intervals through each cell,

and a minimum of 12 optical sections were collected per cell. A minimum of
five multiple scanning passes were made and averaged into each optical section
using distributed averaging (31, 32). This eliminates the uneven effects of
bleaching over the entire series yet provides the improved signal-to-noise

advantages of averaging over time.
Each image had a pixel resolution of 512 x 512 x 8 hits. Thus the intensity

range was 0 to 256. During collection, we were particularly careful not to
saturate this range so that the final maximum on any given section was always
below an intensity value of about 225. The output of the confocal microscope
was a stack of registered, adjacent, 1-fim-thick optical sections through the

entire cell. Of the numerous replicate cells analyzed by confocal microscopy.
14 representative cells were included for the purposes of this study and 5 are
included in Figs. 3-8 to illustrate the binding of FITC-EGF to T98G receptors
under different conditions: 4Â°Cfor 2 h; 4Â°Cfor 2 h followed by 37Â°Cfor 15
s; 4Â°Cfor 2 h followed by 37Â°Cfor 2 min; accompanying/following IFN

treatment.
Three-dimensional Shell Analysis. The entire stack of images was trans

ferred over a high speed Ethernet link to a 3D Volume Investigation worksta
tion (ICAR 80.8; I.S.G. Technologies, Mississauga, Canada). The host plat
form was a UNIX-based Silicon Graphics workstation with a high speed

proprietary graphics processor consisting of TI 3152 DSP parallel processors
(n = 8) with 16 megabytes of image memory, a high resolution ( 1024 x 1024)

image display format, and an overall performance of 80 MIPS.
The original images were all filtered using a low pass gaussian filter (SD <

1.0) to eliminate background noise. The gaussian filter was always less than the
point spread function of the microscope, so this could be viewed as a resto
ration filter. The maximum intensity within the stack of images was deter
mined. This value was divided by 25 to obtain what we call a "shell thickness"

or width. If, for example, the maximum value was 200, then the shell thickness
would be 8 units. Twenty-five voxel-based surfaces were computed by seg
menting for density windows of, Â¡nthe above example, 0-8, 9-16, 17-24, etc.,
up to 193-200. Each of these surfaces was called a shell and represented the
three-dimensional iso-concentration of the labeled compound. Thus each shell

corresponded to a range of intensity levels and reflected the density of bound
FITC-EGF. When these 25 shells were examined as a moving cine of images

on the workstation, it was possible to see relationships and distribution geom
etries not possible with conventional microscopy.

The volume of each shell was determined by counting the total number of
voxels. These volumes were plotted as a histogram (see Fig. 4), which maps a
complex four-dimensional relationship of label concentration and the X-Y-Z
spatial distribution of the label into a one-dimensional view. Fig. 4 is a

histogram of the 25 bins selected for reconstruction of the cell in Fig. 3, Set 3.
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IFN-0 INHIBITION OF EOF EFFECTS

Seti Set 2

Fig. 3. Localization of FITC-EGF in 2-dimensional sections through T98G cells examined under confocal microscopy. Four consecutive sections of 3 representative TV8G cells
fluorescently stained with FITC-EGF. Set 1, Ireatment with FITC-EGF at 4Â°Cfor 2 h. Set 2, localization of label following FITC-EGF treatment at 4Â°Cfor 2 h and then 37Â°Cfor 15
s. Set 3, localization of label following FITC-EGF treatment at 4Â°Cfor 2 h and then 37Â°Cfor 2 min.

Fig. 3, Set 3, arrows, indicates the values which were selected for the recon
structions to he displayed in the cell. For example. 28% signifies that this
particular shell contains all intensities higher than 28% of the maximum.
Eighty % represents the maximum 20% of all intensities, i.e., the brightest
signal or highest clustering of the fluorescent stain. The volume represented by
the first column should correspond to the volume of the cell itself since it
includes the lowest intensities of background staining and thus provides a
visible outline of the cell. The higher level shells represent the volume of the
FITC-EGF label at increasing concentrations. This shell analysis cannot be

taken as an absolute measure of anything without additional calibration and
correction for nonlinearities. However, it does provide an objective and re-

peatable criterion for data analysis which at least makes relative comparison
from one cell to another possible.

The three-dimensional voxel images of individual shells could be interac

tively displayed and rotated to obtain a preferred presentation of the image.

Colors of individual shells could be displayed using a variety of rendering
schemes, but gradient density illumination was the most effective. The cell
surface was "cut away" to reveal the spatial localization of one shell relative

to the next. Following the creation of objects with appropriately informative
orientations, color, shading, etc., the production of high quality photographic
prints was immediately available by direct link with a Kodak XL700 printer.

Receptor Binding Assays. Subconfluent monolayers were incubated at
4Â°Cin a-MEM containing 2% PCS and indicated concentrations of either

'25I-EGF. After 2 h, the binding medium was aspirated and cultures were

washed twice with ice-cold PBS. Cells were solubilized in 0.5 M NaOH and

radioactivity was counted in a Beckman 55(K) gamma counter. Specificity of
binding was determined in parallel binding assays containing a 100-fold excess

of unlabeled growth factor.
When FITC-conjugated EOF was used as the ligand, subconfluent mono-

layers grown in Lab-Tek chamber slides were incubated at 4Â°Cfor 2 h, washed
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Fig. 4. Three-dimensional shell histogram of C'cll .1 in Fig. 3. Ahscis.\a, intensity range

of the two-dimensional images; ordinate, volumes of the shells. To obtain each column of
the histogram, the total intensity was divided into 25 equal bins and a voxel-based surface
was computed for each value. Arrows, three-dimensional images displayed in Fig. 5 (see

text for additional details).

twice with ice-cold PBS, and then either fixed immediately with ice-cold 95%
ethanol (or 4% paraformaldehyde) or warmed to 37Â°Cfor varying times and

then fixed with 1J5% ethanol (or 4% paraformaldehyde). Fixed cells were

overlaid with a glycerol-hased mounting medium (pH 8.5); a coverslip was

attached: and fluorescence was visualized under UV light using cither a Carl
Zeiss or confocal microscope.

Analysis of Binding Data. Specific '-5I-EGF binding data were used to
determine receptor numbers and Klt, With increasing concentrations of I25I-

ligand in the cellular binding reactions, respective specific binding activities
corresponding to each '^l-ligand concentration were calculated. These spe

cific binding data were plotted according to the method of Scatchard (33, 34)
and analyzed using the LIGAND program of Munson and Robard (35). A
Macintosh version of the LIGAND program supplied by the NIH was used.
This program objectively allows the determination of receptor numbers and
ACjScharacterizing the binding reaction.

RNA Purification, Electrophoresis, and Northern Hybridization. Total
RNA was extracted from T98G cells by extraction with guanidinium thiocya-

nate and CsCl; ultracentrifugation (36). Northern hybridization procedures
have been described previously (26). The EGFR probe was a 4.4-kilobasc pair
insert in pBR322. and ÃŸ-actinwas a 2.0-kilobase pair insert in pUC18.

Immunoprecipitation. Immunoprecipitation was performed essentially as
has been described (37). T98G cells (1.6-1.8 X IO7) were harvested and lysed

with 0.5% NP40 buffer, centrifuged at 12,000 X g for 5 min and then treated
with Staphylococcux aureux protein A for 30 min at 4Â°C.Following this, 300

ng of murine monoclonal aEGF receptor antibody (Oncogene Science, Inc.,
Manhasset, NY) was added for l h at 4Â°C,and then protein A-Sepharose was
added for an additional 50 min at 4Â°C.The beads were then washed with NP40

lysis buffer and immunoprecipitated proteins were analyzed by SDS-PAGE

and Western blot.
Western Blots. Western blotting was performed essentially according to

the method of Towbin et a!. (38). T98G cells (2 X 10s) were harvested by lysis

with SDS-gel sample buffer followed by immediate boiling for 10 min. Lysates

were frozen, thawed, and centrifuged at 12,000 x g for 5 min and supernatants
were analyzed by SDS-PAGE. The separated proteins were electrophoretically

transferred to nitrocellulose, and the unrcacted sites on the nitrocellulose were
blocked overnight with 5% BSA. The blot was incubated with 5 fig ptyr-
specific antibody (I.C.I. Immunobiologicals, CA) at 4Â°Covernight in blocking

solution and washed twice with TBS, once with 0.5"Â¿NP40 in TBS. and twice

with TBS. The blot was then incubated with rabbit anti-mouse antibody for 1

h in blocking buffer. This was followed by sequential washes with TBS, 0.5%
NP40 in TBS, and TBS. The blots were then incubated with 1 jxCi of 125I-

labeled protein A (Amersham Corp.) in 5 ml of blocking solution for l h and
washed as before. The blot was then autoradiographed.

RESULTS

Interferon-induced Inhibition of Cell Proliferation. In earlier

studies, we reported the antiproliferative activities of different mo
lecular species of IFNs in T98G cells (26-28). The results in Fig. LA
show that the dose-related mitogenic effects of EGF on quiescent
T98G cells are inhibited by IFN-aCon, treatment. In situ propidium

iodide staining of DNA in cells, followed by analysis of DN A content/
cell, revealed that quiescent T98G cells are stimulated to enter and
transit the cell cycle and proliferate upon EGF treatment. IFN treat
ment of G|,-G, synchronized cultures resulted in a failure to progress

to S phase following EGF treatment (Fig. IÃŸ).
EGF Receptor Binding Studies. Specific binding of 12SI-EGFto

T98G cells at 4Â°Cgenerated a binding isotherm (Fig. 2). Scatchard

analysis of the equilibrium binding data from T98G cells reveals a
nonlinear plot indicative of a heterogeneity among EGF-binding com
ponents (Fig. 2, inset). Exposure of T98G cultures to IFN-aCon, for
24 h resulted in a reduced EGF-binding capacity (Fig. 2). The het

erogeneity of binding observed with untreated cells was not seen. A
monophasic interaction of ligand with receptor was identified (Fig. 2,
inset), reflecting a reduced binding capacity.

Extrapolation of the data from the Scatchard plot demonstrated that
actively growing T98G cells express between 15,000 and 20,000 EGF
receptors at their cell surface. IFN treatment for 24 h resulted in a
dramatic reduction in recognizable receptors expressed at the cell
surface to ~10()0. The heterogeneity of binding observed for T98G
cultures may represent high (Kj ~10"13 M) and low (KÂ¿~10"n M)

affinity binding components of the EGF receptor. Apparently, there
are relatively few high affinity sites yet abundant low affinity sites.
IFN treatment of T98G cultures resulted in a reduction in the number
of EGF receptors capable of binding EGF and an apparent associated
loss of the high affinity binding component. The affinity of EGF for
the low affinity binding components apparently remained unaffected
by IFN treatment. We have also observed that quiescent T98G cells in
GO express fewer EGF receptors (â€”1000) at their cell surface and

exhibit a monophasic interaction of ligand with receptor (data not
shown).

In subsequent studies we examined binding characteristics using
FITC-conjugated EGF. We used confocal microscopy in conjunction
with specific computerized three-dimensional reconstruction pro

grams and selected three T98G cells under varying conditions to
describe translocation events. An average of 14 serial sections were
collected at l-/nm intervals and 4 representative consecutive sections
(a-d) from 3 cells (Sets 1-3) are shown in Fig. 3. Set 1 represents a
cell exposed to FITC-EGF for 2 h at 4Â°Cand shows focal clustering

at the edge of the cell. There are also two pockets of staining near
either end of the elongated cell, but no EGF is seen around the
nucleus, the outline of which is not apparent. Set 2, composed of 4
serial sections from another T98G cell incubated with FITC-EGF for
2 h at 4Â°Cand then warmed to 37Â°Cfor 15 s, shows the process of

translocation of the FITC-EGF from the periphery of the cell towards

the nucleus. Channels of fluorescence can be seen which are no longer
associated with the cell surface but are seen in the cytoplasm adjacent
to the nuclear region. The 4 serial sections depicted in Set 3 show the
FITC-EGF clustered around the nucleus with little significant fluo

rescence observed in the cytoplasm. In this instance, the T98G cell
was incubated with FITC-EGF at 4Â°Cfor 2 h and then warmed to
37Â°Cfor 2 min.
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Fig. 5. Three-dimensional reconstructions of the three cells depicted in Fig. 3. a, the entire cell outline obtained hy selecting low intensity labeling: b and c, the results of shell analysis
depicting increasing staining specificity. The three-dimensional images shown are representative samples of a total of 25 obtained using shell analysis.

Next, three-dimensional reconstructions were carried out using

shell analysis. The range of minimum and maximum intensities was
divided into 25 equal bins (Fig. 4) to illustrate the spatial localization
of the FITC-EGF from areas of lowest to highest intensities (see
"Materials and Methods" for details). The three cells in Fig. 5, show

ing only 3 representative shells (a-c) indicate: a, the entire cell; and b

and c, with the surface then cut away to reveal EOF (shown in red),
corresponding to specific bins. The bins were chosen as described in
"Materials and Methods." Fig. 5, Set l, a T98G cell incubated with
FITC-EGF for 2 h at 4Â°C,demonstrates the clustering of fluorescence

at the cell surface with negligible internalization towards the cell
nucleus. Cell 2 follows a similar incubation at 4Â°Cfor 2 h with

FITC-EGF; when the cell is warmed to 37Â°Cfor only 15 s, there is a

rapid translocation of the FITC-EGF towards the nuclear region as

seen by the channel formation of the label (Fig. 5, Set 2). After
incubation of Cell 3 with FITC-EGF at 4Â°Cfor 2 h and continued
warming at 37Â°Cfor 2 min, FITC-EGF localized to and accumulated

entirely around the nucleus (Fig. 5, Set 3). The rapidity of movement
of the EOF is clearly apparent.

In subsequent experiments, we examined the influence of IFN-a
treatment on these translocation events. When IFN-a was added to the
T98G cells simultaneously with the FITC-EGF at 4Â°Cfor 2 h and the
cells were warmed to 37Â°C,FITC-EGF was not internalized. Four

representative 1-pim sections through a cell are depicted in Fig. 6 and
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Fig. 6. Localization of FITC-EGF on a T98G cell that has been simultaneously treated
with FITC-EGF and IFN-aCon, for 2 h at 4Â°Cand then warmed to 37Â°Cfor ~15 min.

Consecutive l-/Â¿msections through the cell.

Fig. 7. Localization of FITC-EGF on a T98G cell that was treated with IFN-aCon, for
Ifi h, followed by exposure to FITC-EGF at 4Â°for 2 h. then warmed to 37Â°Cfor ~ 15 min.

Consecutive 1-jxm sections through the cell.

Fig. 8. Three-dimensional reconstructions of the cells seen in Figs. 6 (Set I) and 7 (Sel 2). Intensity shells were normalized to values presented in Fig. 5.
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show the diffuse staining pattern across the cell surface. A reduction
in overall binding capacity for the FITC-EGF was observed with
IFN-treated cells, as demonstrated by the decrease in staining inten

sities shown. Similarly, if the cells were pretreated with IFN-a for up
to 16 h prior to EOF treatment at 4Â°Cfor 2 h and then warmed to
37Â°C,the FITC-EGF remained predominantly at the cell surface. Four

representative l-/j.m sections through a cell, thus treated, are depicted
in Fig. 7. Again, there was an overall reduction in FITC-EGF binding
capacity observed on IFN-treated cells. Three-dimensional recon

structions and shell analysis of the serial sections collected for Figs. 6
and 7 were carried out. Shells representing the same intensity values
as those in Fig. 3 were used, allowing a direct comparison. The data
showed that the FITC-EGF was distributed primarily at the cell sur

face with negligible internalization. Moreover, an 82% reduction in
bound FITC-EGF was observed, compared with the untreated cells in

Fig. 5 (Fig. 8).
Effect of IFN Treatment on EGFR Gene Expression. Since we

were able to show a prolonged effect of IFN treatment on EOF
binding characteristics, we investigated the effects of IFN-a treatment

on EGFR gene expression. Total RNA was isolated from quiescent
(G()), IFN-a- , EOF-, and (IFN-a + EGF)-treated T98G cultures.

RNA was harvested as indicated in the legend to Fig. 9. The inhibitory
effects of IFN-a on growth-regulated genes have been reported (39,
40). We observed that pretreating quiescent T98G cultures with IFN-a

for 6 h prior to exposure with EOF resulted in elevated RNA levels for
the EGFR under conditions where RNA expression levels for ÃŸ-actin

remained unaltered.
Effect of IFN Treatment on EGFR Autophosphorylation. The

results from our receptor binding studies with 125I-EGF suggest that

IFN treatment of cells affects the growth factor-receptor interaction.
The long term effect of IFN treatment is to alter EGF-EGFR binding
characteristics. We undertook experiments to determine whether post-

receptor binding events that are a direct consequence of ligand binding
to the receptor are affected by IFN treatment. The earliest events that
follow EOF binding to its receptor are autophosphorylations at tyro-
sine residues 992, 1068, 1148, and 1173 at the C' terminus of the

receptor (41, 42) and activation of the intrinsic protein tyrosine kinase
activity of the membrane-bound receptor. Autophosphorylation at the
C'-regulatory domain of the EOF receptor is integral to kinase acti

vation (43, 44). Since our data infer that the low affinity component
of the EGF-receptor interaction is unaffected by IFN treatment yet

there is a loss of a high affinity component, we were interested to
determine how these changes to the EGF-receptor interaction would

affect tyrosine phosphorylation of the EGFR. Indeed, a novel type of
tyrosine kinase, designated IFN-tyk, that participates in the early
events of IFN-a signaling has been described recently (45). It was of
interest, therefore, to determine whether membrane-associated tyro-
sine kinase activity induced by IFN-a treatment of cell cultures would

subsequently affect the phosphorylation potential of EGFRs. Our re
sults (Fig. 10) demonstrate that IFN-a treatment of T98G cells, at

those doses and for those times that alter the binding characteristics of
EOF for its receptor,4 do not affect the EGF-induced phosphorylation

of cellular substrates (Fig. 10, A and C) or the autophosphorylation of
the EGFR (Fig. 10, B and D) at tyrosine residues following a 2- min

exposure to EGF. Whether quiescent (Fig. 10, A and B) or actively
growing (Fig. 10, C and D) T98G cells were examined, the outcome
was identical; EGF-induced tyrosine phosphorylation events were
unaffected. Moreover, we do not observe any changes in EGF-induced

IFN-a

EGF (min.) - 30 30 60 60

EGF-R

/3-ACTIN

300

200-

S 100 H

IFN-a

EGF (min) 30 30 60 60

4 E. N. Fish and K. Banerjee, unpublished observations.

Fig. y. Effects of IFN-a on EGFR RNA expression levels in T98G cells. A, total RNA
harvested from T98G cultures and treated as shown. Briefly, 2 X IO7 quiescent T98G cells
that had either been pretreated with IFN-crCon, at 33 ng/ml for ft h or left untreated were
subsequently exposed to EGF at K) ng/ml for 30 min or 1 h. Five fig RNA were separated
by 1% agarose gel electrophoresis and (hen transferred to filters lhat were probed for
EGFR by Northern hybridi/ation. The different lanes were also probed for /3-actin to
assure equivalent loading of RNA. B, intensity of the radioactive signals that correponded
to the 10-kilobase band were quantitated using an LKB Ultroscan XL laser densitometer
which were normali/ed relative to ÃŸ-actinsignals and plotted as indicated.

phosphorylations effected by IFN, whether the exposure to EGF is
conducted at 4 or 37Â°Cor whether the IFN is added simultaneously

with the EGF.

DISCUSSION

Despite intensive investigation, the signaling events by which bind
ing of peptide factors to plasma membrane receptors activate gene
transcription and cell growth regulation remain largely undefined. For
EGF, there is good evidence that an activated EGFR is coupled via
phosphorylating events to several cellular proteins implicated in signal
transduction, namely rasGAP, PI-3 kinase, PLC-y, PLD, and mitogen-

activated protein kinase (9, 46, 47). Our experiments were directed at
examining the immediate effects of IFN-a treatment on EGF-induced
mitogenesis. Our results demonstrated that the effects of IFN-a on
EGF-receptor binding characteristics and EGFR gene expression were
reflected in an inhibition of cell proliferation. To examine the mecha-
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-EGF +EGF -EGF tEGF

IFN-a (hrs.) - 5 IS
II

15 IFN-a(ng/ml) 1C2 IO3
II 102 103

Fig. 10. Effects of IFN-a on EGF-induced tyrosine
phosphorylations. A and B, T98G cultures treated with
IFN-a (1(>2 ng/ml) for the limes indicated and then
incubated in the absence (-) or presence ( + ) of EGF
al 25 ng/ml for 2 min. All treatments were at 37Â°C.A,

extent of EGF-induced lyrosine phosphorylation of
total cellular proteins from quiescent cells; R. auto-
phosphorylation of the EGF receptor. C and D, extent
of EGF-induced tyrosine phosphorylation of total cel
lular proteins (C) and EGF receptor (D) following
simultaneous treatment at 37Â°Cfor 2 min with EGF at
1()2ng/ml and IFN-a. Immunoprecipitation with anti-
EGF receptor antibodies and SDS-PAGE analyses of
proteins and Western blotting was as described in
"Materials and Methods." To assure that equivalent

amounts of proteins were loaded in each lane, protein
aliquots that were duplicates to those described in the
figure were separated by SDS-PAGE and silver

stained (data not shown). 92.5-

D 200 -

92.5-

69 -

46 -

nism(s) by which IFN-a exerts an influence on EGF-mediated pro-
liferativc responses, we examined specific ligand-activated, receptor-

dependent events. In direct ligand binding studies, we showed that
IFN-a treatment of cells led to an apparent reduction in EGF-binding
capacity. In addition, we observed that IFN-a treatment led to a
change in the binding characteristics of the EGF-receptor interaction;

there was a loss of a high affinity component associated with the
heterogeneity of binding. Although the EGF-binding capacity of IFN-
treated cells was reduced, ligand-induced receptor phosphorylation

was unaffected by IFN treatment, implying that the available EGFRs
are accessible to EGF and functionally activatable, at least in the
context of autophosphorylation. However, we demonstrated that in-
ternalization of the EGF-receptor complex was significantly reduced

when cells were exposed to IFN. These data infer that although
EGF-activated responses are mediated by receptor binding, the sig

naling potential of the bound receptor complex is increased by a high
affinity component, as yet unspecified, that is associated with, or
affects the process of, internalization. EGF-bound receptors that are

unable to internalize are not fully competent with respect to signal
regulation of growth. This result contrasts with an earlier report that
described the effect of human IFN-a2 treatment of bovine MDBK

cells on human EGF binding and internalization (48). The authors
indicated that treatment with IFN had no effect on EGF internaliza
tion, but their binding data did not reveal the characteristic high and
low affinity binding components for EGF-EGFR interactions. Since

these studies were conducted in bovine cells, using human IFN and
human I25I-EGF, we must conclude that the high affinity component

of the EGF-EGFR interaction may be species specific and that the

effect of IFN treatment on EGF internalization, at least in the system
described (48), is likely to be mediated by a species-specific compo

nent.
The apparent dichotomy of reduced EGF binding capacity yet el

evated EGFR gene expression that we report may be reconciled as
follows. IFN-a treatment may impose a block in processing of EGFR

RNA to protein, identified as an accumulation of EGFR RNA. Alter
natively, the rate of turnover of EGFR RNA may be dramatically
restricted following IFN-a treatment such that the amount of gene

product at the cell surface at any given time is limited. Either of these
alternatives would result in a reduced EGF binding capacity.

In this report we have demonstrated the effective application of
three- dimensional confocal microscopy for examining cytokine-re-

ceptor trafficking. We observed a very rapid translocation of the
EGF-receptor complex to the perinuclear region that may suggest a

signaling role, perhaps associated with the perinuclear membrane, for
the internalized EGF-receptor complex. This concept is in contrast

with reports that suggest that the primary role of endocytosis of the
EGF-receptor complex is attenuation of the growth signal (44, 49).

Most recently, studies related to NGF binding (50) provided evi
dence that NGF interacts with responsive cells with biphasic equilib
rium binding kinetics, reflecting two classes of receptors. Biological
responsiveness to NGF depends on interactions with a high affinity
component; high affinity NGF binding requires coexpression of the
trk protooncogene and the low affinity NGF receptor. Our data infer
that high affinity EGF binding requires the lower affinity EGF-recep

tor interaction and another component that may facilitate internaliza
tion. Cytokine recognition by a secondary binding molecule in the
context of the cytokine-receptor complex would constitute a high

affinity binding component. Indeed, considerable evidence in other
systems would suggest that receptor-ligand complexes, once formed,
further associate with a membrane "interaction molecule," leading to

different binding affinities. For insulin-receptor (51), interleukin 2-re-
ceptor (52), ÃŸ-adrenergic-receptor (53), and EGF-receptor (54, 55)
interactions, ligand-receptor association with second cell surface in

teraction molecules has been proposed. There is substantial evidence
that IFN-a treatment leads to an inhibition of protooncogene expres
sion (56-62). The loss of the high affinity binding component for the
EGF-receptor interaction may, like NGF binding, be associated with

the loss of expression of a specific protooncogene as yet unspecified.
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Alternatively, IFN-induced inhibition of internalization of EGF-recep-

tor complexes may be a consequence of competition for a limited pool
of coated pit proteins that effect internalization by IFN-receptor com

plexes. The notion of competition being a major regulator of inter
nalization for EGF-receptor complexes is not without precedent and

conforms with a ternary complex model for EGF binding (54, 63).
It has been shown that the membrane phospholipid environment

affects the activity of the EGFR and the internalization rate of the
EGF-EGFR complex (64). There is some evidence to suggest that
IFN-tt treatment of cells leads to a transient activation of phospho-

lipase A2 and rapid hydrolysis of arachidonic acid that is associated
with transcription factor activation (65). It is intriguing to speculate
that the loss of the high affinity binding component of the EGF-
receptor interaction, effected by IFN-a treatment, may in part be due
to depletion of membrane phospholipid content, associated with IFN-

induced activation of phospholipase A2 and that this influences both
the binding capacity and high affinity binding characteristics for EGF.

In conclusion, these studies identify a mechanism whereby IFNs
may effect growth inhibition. The implications are that IFN treatment
of sensitive cells restricts the proliferative response to EGF, specifi
cally by affecting receptor-mediated events.
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