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ABSTRACT

The CaKi-I line of renal carcinoma (RC) cells is highly sensitive to
the antiproliferative effect of human leukocyte interferon (IFN-a). These
RC cells express high numbers of cell surface receptors for epidermal
growth factor (EGF), and EGF stimulates their proliferation. IFN-a
blocks EGF-stimulated proliferation of these cells and down-regulates
EGF receptors (EGFR) by inhibiting EGFR synthesis. Although EGF
stimulates the proliferation of RC cells resistant to the antiproliferative
action of IFN-a, IFN-a treatment does not block the EGF-stimulated
proliferation of these cells and has no effect on EGFR expression. Thus,
the down-regulation of EGFR is specific for RC cells sensitive to IFN-a.
While IFN-a does not affect the level of total cellular message or total
polyadenylated message for the EGFR, IFN-a treatment decreases the
level of cytoplasmic EGFR message. Analysis of polysome distribution
of cellular mRNAs indicates that IFN-a treatment results in an accu
mulation of I <.l R mRNA in lighter polysome fractions, consistent with
a partial block in translational elongation. Thus, IFN-a regulates the
expression of EGFR and possibly other growth-related proteins by post-
transcriptional mechanisms, which may play an important part in the
complex inhibitory action of IFN-a on RC proliferation.

INTRODUCTION

EGF3 is a mitogenic polypeptide which binds to a cell surface

receptor and regulates the differentiation and proliferation of
both normal and neoplastic cells in vivo and in vitro (I). Several
lines of evidence suggest an important role for the EGFR in
the etiology of many forms of neoplasia (2). We have focused
our studies on RC inasmuch as elevated EGFR mRNA gene
expression or protein production has been reported in cultured
and noncultured renal cancers (3, 4). Furthermore, a stimula
tory effect of EGF on the proliferation of RC cell lines has also
been described (5). RC is one neoplasm in which human leu
kocyte interferon (IFN-a) has shown promising therapeutic
results in a subset of patients (6, 7). In previous studies, we
determined that ~20% of RC cell lines are highly sensitive to
the antiproliferative action of IFN-a (8).

IFN-as are leukocyte-derived proteins with pleiotropic bio
logical effects including the inhibition of proliferation of both
normal and transformed cells (9). Although IFN induces many
rapid events in cells, such as the induction of specific gene
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expression and changes in the plasma-membrane-cytoskeletal
complex, the antiproliferative action of IFN is not evident until
24-48 h after addition (9-11). Several studies suggest that the
antiproliferative effects of IFN-Â«may be mediated in part by
down-regulation of receptors for growth factors such as insulin,
transferrin, and EGF (10-13). IFN-a down-regulates EGFR in
bovine kidney cells and in human fibroblasts (12, 13). The
binding of EGF to various cell types is also modulated by other
cytokines and growth factors, including platelet-derived growth
factor, bombesin, vasopressin, and tumor necrosis factor (14-
16). In these cases, the number of EGFR and/or affinity of
EGF binding are affected. The biological significance of trans-

modulation of the EGFR should thus be interpreted in light of
the differing effects of these cytokines and growth factors on
cell proliferation.

In the present study we examine the effects of IFN-a on the
regulation of EGFR expression in a highly IFN-sensitive RC
cell line. These RC cells express high numbers of EGFR on the
cell surface and EGF stimulates their proliferation. IFN-a
blocks EGF-stimulated cell proliferation and decreases the cell
surface expression of EGFR by inhibiting receptor synthesis.
At the time of maximal reduction in EGFR synthesis, IFN-a
treatment results in a decreased level of cytoplasmic steady-
state EGFR message but does affect the level of total cellular
message or total polyadenylated message for the EGFR. In
addition, IFN-Â«treatment brings about a partial block in the
elongation of EGFR-translational complexes. These results
suggest that IFN-a modulates the expression of the EGFR by
posttranscriptional mechanisms, which is one factor in the
inhibitory action of IFN-a on RC proliferation.

MATERIALS AND METHODS

Cell Culture. The CaKi-I line of RC cells, from the American Type
Culture Collection, and the SK-RC-44 line of RC cells were maintained
in DMEM supplemented with 7.5% DBS. For analysis of the effects of
IFN-Â«on cell proliferation, RC cells were plated at 1 x IO5cells/25-

cnv flask. After 1 day, the cultures were refed with DMEM supple
mented with IFN-Â«Con, (17), a consensus analogue of the known
human IFN-a subtypes, at varying concentrations. The cell counts were
enumerated on a daily basis by a nondisruptive photographic technique
(18).

Interferon. Recombinant IFN-Â«(1 x IO9 units/mg protein) desig
nated IFN-rtCon, was provided by Dr. L. Blatt (Amgen, Thousand
Oaks, CA) for these studies. IFN activities are expressed in terms of
international reference units per ml, as assayed by protection against
the cytopathic effect of vesicular stomatitis virus on human fibroblasts,
using the NIH IFN-Â«standard for reference.

Measurement of Cell Proliferation by the Neutral Red Assay. RC cells
(4 x 10' cells/0.2 ml DMEM supplemented with 2% DBS) were seeded

into individual wells of 96-well tissue culture micotiter plates. The
plates were incubated for 24 h, after which the medium was removed
and the cells were refed with 0.2 ml of DMEM supplemented with 2%
DBS containing various combinations of EGF and IFN-Â«.After an
additional 3-day incubation, the medium was removed and replaced
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with 0.2 ml of DMEM plus 2% DBS containing 50 ^g/ml neutral red
(19). The medium containing neutral red had been preincubated over
night at 37Â°Cand centrifuged to remove dye crystals. The cells were

incubated for 3 h to allow for uptake of dye into viable cells. Thereafter,
the medium was removed, the cells were rapidly washed with 1%
formaldehyde/1 % CaCl2, and the dye was extracted in 0.2 ml of 1%
acetic acid/50% ethanol for 10 min at 22Â°Cwith agitation. The plates

were transferred to a microplate reader equipped with a 540 nm filter
to measure the absorbance of the extracted dye. Previous studies have
demonstrated that quantitation of the extracted dye is linear with the
number of cells, both by direct counts and by cell protein content (19).

EGK Binding. EGF was labeled with 125Ito a specific activity of 125
Ci/g with limiting amounts of chloramine-T (20). For analysis of EGF
binding to cell surface receptors, RC cells were plated at 5 x IO1cells/
cm2 in 24-well plates. After 1 day. the cells were refed with DMEM
supplemented with IFN-Â«at 2000 units/ml. Controls received no IFN-
a. At 24 and 48 h after IFN-Â«addition, cultures were washed twice
with DMEM at 4Â°Cand refed with DMEM containing 1% bovine
serum albumin. 20 mM jV-2-hydroxyethylpiperazine-;V'-2-ethanesul-
fonic acid (pH 7.4), and |;5I-EGF at varying concentrations (0.3-10
n.\i). The cells were incubated at 4Â°Cfor 5 h with gentle shaking and

then rapidly washed twice with DMEM with 0.1% bovine serum
albumin. The cells in each well were solubilized with 0.4 ml of 0.5%
SDS, 1 mM EDTA, 0.1 N NaOH at 60Â°Cfor 10 min and total

radioactivity was determined in a gamma counter. Specific binding was
the difference between the binding of EGF in the absence and presence
of excess unlabeled 10 ^M EGF. The data from three experiments were
averaged, corrected for cell numbers, expressed as specific EGF binding
to cells, and plotted according to the method of Scatchard (21).

Immunoprecipitation of the EGFR. RC cells were plated at 5 x IO3
cells/cnr in 35-mm dishes and refed after 1day with DMEM containing
IFN-Â«(2000 units/ml). Controls received DMEM without IFN-Â«.At
varying times after IFN-u addition, cells were washed twice with
methionine-free DMEM and then incubated with methionine-free
DMEM containing 0.2 mCi/ml of ["Sjmethionine for 30 min at 37Â°C.

Labeled cells were washed twice with serum-free DMEM, lysed in hot
2% SDS, and heated at 100Â°Cfor 5 min. Cell lysates were diluted in

radioimmunoprecipitation assay buffer (22) to a SDS concentration of
0.1% SDS and immunopredpitated with saturating amounts of poly-
clonal antibody prepared against the denatured human EGFR (a gift of
Dr. S. Decker). Immunoprecipitates were collected on protein A-Seph-
arose beads, washed extensively, and solubilized in hot 2% SDS. Sam
ples were run on 7% polyacrylamide gels in the presence of SDS. After
electrophoresis, gels were fluorographed, dried, and exposed to Kodak
XAR-5 film for 2-4 days at -80Â°Cin cassettes with enhancing screens.
Quantitation of immunoprecipitated 15S-labeled EGFR was done by

excising bands from gels and counting radioactivity in a beta counter.
RNA Isolation. RC cells were plated at 8 x 10' cells/cm2 in 150-mm

dishes and refed after 1 day with DMEM containing IFN-Â«(2000
units/ml). Control cultures received DMEM without IFN. Monolayers
were washed and harvested in ice-cold PBS. Total RNA was extracted
from RC' cells using guanidinium isothiocyanate followed by centrifu-
gation through cesium chloride (23). Poly(A*)RNA was prepared from

total RNA by affinity Chromatograph) on oligodeoxythymidylate cel
lulose spun columns (Pharmacia LKB Biotechnology, Piscataway, NJ).
Total cytoplasmic RNA was prepared by Nonidet P-40 lysis of cells
followed by proteinase K digestion. phenol:chloroform:isoamyl alcohol
extraction, and ethanol precipitation (24).

RNA Accumulation Assay. The level of specific RNA transcripts was
measured by solution hybridization with "P-labeled antisense RNA
probes (25). Hybridizations involving poly(A+)RNA were carried out

in the presence of 6 Â¿igof carrier yeast RNA. The GAPDH probe was
generated from a 550-nucleotide A/i/idlll/A'Aal cDNA fragment of the

human gene (26). HER probe was generated from a 634-nucleotide
EcoR\/BgI\\ cDNA fragment encoding a segment of the intracellular
kinase domain of the human EGFR gene (27). The EGFR probe was
generated from a 435-nucleotide Â£coRI/SmaI cDNA fragment encod
ing an extracellular segment of the human EGFR gene (27). -y-actin
probe was a 900-nucleotide BamY\\/Hina\\\ fragment from a murine
cDNA clone (28).
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Polysome Isolation and Distribution. RC cells were plated at 8 x 10'
cells/cm2 in 150-mm dishes and refed after 1 day with DMEM contain
ing IFN-u (2000 units/ml). Controls received DMEM without IFN-a.
At 18-21 h after IFN-Â«addition, polysomes were isolated as described
by Levine et al. (29) with the following modifications. All steps through
gradient centrifugation were carried out at 4Â°C.Cells were washed in

PBS containing 50 jig/ml cycloheximide and harvested with a rubber
policeman. After pelleting (1000 x g, 5 min), cells were suspended in
lysis buffer (150 mM KC1/10 mM MgCI./lO mM Tris-HCI, pH 7.5/
0.5% Triton X-100/50 Mg/ml cycloheximide) containing 1000 units/
ml of RNAsin (Promega) and 20 mM dithiothreitol, and the lysates
were spun at 12.000 x g for 10 min. The postmitochondrial superna-
tants were made 1% in Triton X-100. For each variable, equal amounts
of protein were layered onto 15-40% continuous sucrose gradients in
lysis buffer and spun at 26,000 x g in an SW4I rotor for 3.5 h. Five
equal fractions were collected from each gradient and the absorbance
at 254 nm was recorded. Fractions were precipitated with ethanol in
the presence of carrier yeast RNA. Precipitates were dissolved in 0.2%
SDS:20 mM Tris-HCI and extracted with phenolxhloroform. RNA was
reprecipitated with salt and ethanol and dissolved in water. Equal
volumes from each fraction were analyzed for the content of EGFR
and GAPDH mRNA by RNase protection. The resulting autoradi-
ograms were analyzed on a GelScan XL densitometer (LKB-Pharmacia,

Inc.).

RESULTS

Sensitivity of CaKi Cells to the Antiproliferative Action of
IFN. Fig. 1 illustrates the sensitivity of CaKi cells to the
antiproliferative action of IFN-Â«.IFN at concentrations as low
as 30 units/ml induces a marked deviation from exponential
growth and depresses the proliferation rate within 1 day. At
IFN-Â«concentrations between 1000 and 3000 units/ml, the
proliferation of CaKi cells ceases within 2-3 days. In contrast,
IFN-Â«treatment has no effect on the proliferation of the IFN-
resistant SK-RC44 cell line (8).

Effect of IFN-a on the Stimulation of CaKi Cell Proliferation
by EGF. As illustrated in Fig. 2, both CaKi and SK-RC44 cells
grow well in medium containing 2% fetal bovine serum without
the addition of any exogenous growth factors. In contrast, IFN-
Â«addition markedly inhibits the proliferation of CaKi cells, but
not of SK-RC44 cells, grown in low serum-containing medium.
This result illustrates that IFN-Â«blocks the autocrine stimula-

Days after IFN addition
Fig. 1. Effects of IFN-Â«on the proliferation of CaKi cells. At 1 day after

plating cells into 25-cm2 flasks, medium was decanted and monolayers were refed
with medium containing IFN-Â«at varying concentrations. The cultures were
photographed daily over a 4-day period under phase contrast optics. The data
from 4 experiments were averaged (SEM <IO%).
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Fig. 2. Effects of IFN-a on the EGF-stimulatcd proliferation of RC cells. At 1
day after plating cells into microtiter wells, medium was aspirated and the cells
were refed with medium containing EGF at varying concentrations and IFN-Â«
(2000 units/ml). After 3 days, the cells were stained with neutral red and the dye
uptake was quantitated by absorbance at 540 nm. The results of 3 experiments
were averaged (SEM <3%).

tion of IFN-sensitive tumor cells. Exogenous addition of EGF
to the culture medium stimulates the proliferation of CaKi and
SK-RC44 cells. EGF addition (1 ng/ml) increases the number
of cells by 20% at 3 days after addition. A near maximal
stimulation (30%) is observed at 10 ng/ml. IFN-a treatment
(2000 units/ml) blocks the EGF-stimulated proliferation of
CaKi cells but not of SK-RC44 cells. IFN-a treatment results
in a dose-dependent reduction of the EGF-stimulated cell pro
liferation (data not shown). Thus, IFN-a blocks the stimulatory
action of both exogenous and autocrine growth factors on the
IFN-sensitive CaKi cells.

Effect of IFN-a on EGF Binding to the Cell Surface of CaKi
Cells. Control experiments demonstrated that when 125I-EGF
is incubated with CaKi cells at 4Â°Cfor 4 h, <4% of cell-

associated radioactivity is internalized based on the ability of
dilute acetic acid to extract surface-bound EGF (data not
shown). These conditions were then used to determine whether
IFN-a affects EGF binding to CaKi cells. CaKi cells were
incubated for periods up to 3 h or for 1 or 2 days with IFN-a
(2000 units/ml), cells were washed with PBS and then incubated
with 125I-EGF at varying concentrations. After incubation for 4
h at 4"C, cells were washed twice with PBS and total cell-

associated radioactivity was determined. The EGF binding data
were transformed into linear Scatchard plots, indicating that
EGF binds to a single class of homogeneous sites on CaKi cells
at the EGF concentrations examined (Fig. 3/1). The binding of
EGF to untreated CaKi cells indicates that these cells have
-200,000 high affinity (Kd = 3 nM) receptors. IFN-a reduces
the number of EGF-binding sites by 35 and 65% after 1 and 2
days of treatment, respectively. At 3 days after IFN-a addition
EGF binding falls to 20% of control values. IFN-a, itself, at
concentrations up to 10,000 units/ml does not compete with
'"I-EGF binding to CaKi cells and has no short term effect on
EGF binding, i.e., from 5 min up to 3 h after IFN-a addition
(data not shown). These results illustrate that IFN-a does not
rapidly down-regulate EGFR, but rather at later times IFN-a
treatment progressively down-regulates EGFR in the IFN-a-
sensitive CaKi cells. In contrast, IFN-a treatment (48 h, 2000
units/ml) does not affect the EGF binding to the SK-RC44 cell

line that is resistant to the antiproliferative action of IFN-a
(Fig. 3Ã„). Analysis of EGF binding to several IFN-sensitive
and -resistant RC cell lines indicates that both sensitive and
resistant cells display high numbers of EGFR, from 50,000 to
300,000 receptors/cell (data not shown).

Effect of IFN-a on EGFR Synthesis in RC Cells. We next
examined the possibility that the down-regulation of EGFR
induced by IFN-a results from IFN-a inhibition of EGFR
synthesis in CaKi cells. Cells were plated in 35-mm dishes and
refed with medium containing IFN-a, and at the indicated
times, cells were labeled for 30 min with [35S]methionine. The

cells were then lysed and proteins were immunoprecipitated
with a polyclonal antiserum that recognizes the intracellular
carboxy-terminal portion of the EGFR (22). As illustrated in
Fig. 4A, this antibody immunoprecipitates the mature M,
170,000 form of the EGFR from CaKi cells. IFN-a treatment
decreases the synthesis of EGFR within 15 h after addition.
Excising the bands corresponding to the EGFR and counting
the radioactivity by liquid spectrometry enabled us to quantitate
the time course of the effect of IFN-a on EGFR synthesis (Fig.
4B). Quantitatively similar results were obtained by densitom-
etry scanning of autoradiographs within a linear range of ex
posure. The synthesis of receptors decreases linearly with time,
reaching 80% inhibition by 18 h after IFN-a addition. Little
further inhibition of EGFR synthesis is observed up to 36 h
after IFN addition. A similar time course of IFN-mediated
inhibition of EGFR synthesis was obtained when a monoclonal
antibody against the amino terminus of the EGFR was used in
immunoprecipitation experiments (data not shown).

Furthermore, to determine whether IFN-a inhibition of
EGFR synthesis was specific for IFN-sensitive RC cells, the
effect of IFN treatment on EGFR synthesis was examined in
RC cell lines that were previously shown to be either sensitive
or resistant to the antiproliferative action of IFN-a (8). As
shown in Table 1, IFN-a treatment (24 h) of 4 IFN-sensitive
RC cell lines resulted in significant inhibition of EGFR synthe
sis (>70%). In contrast, IFN-a treatment had little effect on
EGFR synthesis (<15%) in 3 IFN-resistant RCcell lines (Table
1). As shown in Table 2, the IFN-induced inhibition of EGFR
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Fig. 3. Effects of IFN-Â«treatment on the binding of '"I-EGF to RC cells. At

1 day after plating IFN-sensitive CaKi (A) and IFN-resistant SK-RC-44 (B) cells
into 24-well multiwell plates, medium was aspirated and the cells were refed with
medium containing IFN-Â«(2000 units/ml). After I or 2 days at 37'C, cultures
were washed with DMEM and incubated with DMEM containing 20 min A/-2-
hydroxyelhylpiperazine-A'. pH 7.4, and |'"I]EGF at varying concentrations (0.3-
10 nM) at 4Â°Cfor 5 h. The cells were washed and solubilized and total radioactivity

was determined in a gamma counter. The results of three experiments were
averaged (SEM â€¢¿�CIO'*)and analyzed according to the procedure of Scatchard.
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Fig. 4. Effects of IFN-a treatment on EGFR synthesis in CaKi cells. At 1 day after plating cells in 35-mm dishes, medium was aspirated and the cells were refed
with medium containing IFN-a (2000 units/ml). At the indicated times, cells were washed in methionine-free medium and labeled for 30 min with [3*S)methionine.
EGFR were immunoprecipitated from cell lysates and analyzed by SDS-PAGE. The bands corresponding to the EGFR were excised and the radioactivity was counted
by liquid spectrometry. The results of 4 experiments were averaged (SEM <15%).

Table 1 Effects of IFN-a on the synthesis of EGFR in RC cell lines
RC cell lines were treated with 1000 units/ml of IFN-a for 24 h and the

synthesis of EGFR were determined as described in "Materials and Methods."
Control cultures received no IFN-a. The results of two experiments done in
duplicate were averaged (Â±SEM) and the results (Â±SEM) are presented as the
inhibition of EGFR synthesis in IFN-treated cultures relative to synthesis in
controls.

CelllineSK-RC17

SK-RC42
SK-RC49
CaKi
SK-RC04
SK-RCI2
SK-RC44IFN

sensitivitySensitive

Sensitive
Sensitive
Sensitive
Resistant
Resistant
Resistant%

of inhibition
of EGFRsynthesis73

Â±8
78 Â±10
84 Â±6
79 Â±8
11 Â±4
13 Â±6
7Â±3

synthesis in CaKi cells was highly dependent on the IFN-a

concentration, with a 23% inhibition of receptor synthesis
observed at 30 units/ml of IFN-a.

To exclude the possibility that the inhibition of EGFR syn
thesis by IFN reflects a general inhibition of protein synthesis
mediated by IFN-a in CaKi cells, equal amounts of radioactivity
(trichloroacetic acid-precipitable) were subjected to immuno-
precipitation with antisera against the EGFR. Furthermore, the
synthesis of -y-actin, raf-1 kinase, and the a-chain of the IFN-a

receptor are unchanged in CaKi cells for at least 48 h after
IFN-a addition (data not shown). These data suggest that the
down-regulation of EGFR induced by IFN-a in CaKi cells
results from a selective inhibition of EGFR synthesis by IFN.
Furthermore, although the immunoprecipitable EGFR is max
imally inhibited by 18 h after IFN-Â« addition, EGF binding

continues to fall to 20% of the control value when IFN-a
treatment is continued to 3 days.

Effect of IFN-a on EGFR Gene Expression. To determine
whether the inhibition of EGFR synthesis by IFN in CaKi cells
results from the ability of IFN-a to influence the expression of
the EGFR gene, we analyzed the effect of IFN-a treatment on
EGFR transcript levels. At various times after IFN-a addition,
total RNA was isolated and hybridized to specific antisense
RNA probes and the RNase-resistant products were analyzed
on sequencing gels (Fig. 5). The level of expression of the
human EGFR gene was assayed with probes for a segment of
the intracellular kinase domain (HER) and the extracellular
domain (EGFR) of the EGFR. In addition, the expression of
the housekeeping genes, GAPDH and 7-actin, was assayed in
RNA preparations. Fig. 5 shows that IFN has no significant
effect on the level of EGFR transcripts in either total cellular
RNA (Fig. 5A) or total poly(A+)RNA (Fig. 5B) after 18 h of

Table 2 Effects of IFN-a concentration on EGFR synthesis in CaKi cells
CaKi cells were treated for 24 h with IFN-a at varying concentrations and the

synthesis of the EGFR was determined as described in "Materials and Methods."
Control cultures received no IFN-a. The results of two experiments done in
duplicate were averaged and the results (Â±SEM) are presented as the inhibition
of EGFR synthesis in IFN-treated cultures relative to synthesis in controls.

IFN
concentration

(units/ml)
% of inhibition

of EGFR synthesis

10
30

100
30

1000

8Â±5
23 Â±7
41 Â±6
74 Â±8
79 Â±8
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Fig. 5. RNase T2 protection analysis of total RNA, total poly(A*)RNA, and cytoplasmic RNA for EGFR and GAPDH gene expression. Cells were treated with
IFN-o for the times indicated and RNase T2 digestions performed as described in "Materials and Methods." The products were electrophoresed on 6% (A) or 5% (B
and C) polyacrylamide denaturing gels. A: Lane m, end-labeled Hpa\i digest of pbr 322 DNA as a nucleotide length marker; Lane I, HER probe, 676-nucleotide
undigested probe; Lane 2, GAPDH probe, 582-nucleotide undigested probe; Lanes 3-5, 15 jig of total RNA hybridized with HER and GAPDH probes; Lane 6, EGFR
probe, 480-nucleotide undigested probe; Lane 7, GAPDH probe, 582-nucleotide undigested probe; Lanes 8-10, 15 >jgof total RNA (same RNA samples as in Lanes
4-6) hybridized with EGFR and GAPDH probes. B: Lanes 1-2, 0.2 Mgof poly(A*) RNA hybridized with HER, GAPDH, and actin probes. C: Lanes I and 2, 11 jig

of cytoplasmic RNA hybridized with HER, GAPDH, and actin probes. The major protected fragments of the GAPDH, HER. EGFR, and actin probes are 550, 634.
435, and 135 nucleotides long, respectively.

treatment. Similar results were obtained with antisense probes
against the intracellular and extracellular domains of the
EGFR. Densitometry scanning of the autoradiographs within
a linear range of exposure shows that IFN-a inhibits the level
of EGFR transcripts <15%. The level of GAPDH and actin
transcripts do not vary significantly throughout 18 h of IFN
treatment. In contrast, IFN-a treatment results in a consistent
[40 Â±7%(SEM) in 5 experiments] decrease in cytoplasmic
EGFR transcript levels in RC cells after 18 h of treatment (Fig.
5C). At this time after IFN-a treatment, a similar (30 Â±6% in
5 experiments) decrease in cytoplasmic GAPDH transcripts is
also apparent. The specificity of the down-regulation of these
RNAs is further illustrated by the findings that at 18 h after
IFN-a addition the level of cytoplasmic transcripts for the IFN-
stimulated gene ISG 15 (data not shown) is increased at least
5-fold, while that of 7-actin is unaffected by IFN treatment
(Fig. 5).

Effect of IFN-a on the Polysome Distribution of Cellular
mRNAs. We then examined the possibility that the IFN-a
inhibition of EGFR synthesis results from the accumulation of
EGFR mRNA in light polysomes in IFN-treated CaKi cells.
Cytoplasmic extracts containing polyribosomes were prepared
from control and IFN-treated cells (2000 units/ml, 18-21 h),
and analyzed for the level of GAPDH and EGFR transcripts
(Fig. 6). IFN-a treatment of CaKi cells results in an accumu
lation of EGFR mRNA in the lighter polysome fractions. A
similar shift is observed in GAPDH mRNA distribution in
lysates of IFN-treated cells. A shift in polysome profiles was
observed in three separate experiments and is interpreted to
mean that IFN-a treatment results in a partial block in the
elongation of EGFR and GAPDH translational complexes.
Similar to what was shown in Fig. 5C, a decrease in both EGFR
and GAPDH cytoplasmic message in IFN-treated cells is evi
dent in Fig. 6 despite having loaded equal amounts of protein
onto each gradient.

DISCUSSION

The regulation of growth of normal cells is controlled, in
part, by the interaction of growth factors produced by the cell

and their cellular receptors. Malignant transformation has long
been associated with the deregulation of growth factor and
growth factor receptor expression. EGF regulates the differen
tiation and proliferation of both normal and neoplastic cells
(1). The human EGFR is a M, 170,000 transmembrane glyco-
protein found on normal and transformed cells of diverse origin,
including normal and neoplastic kidney tissue (30). Both EGF
and transforming growth factor a bind to the EGFR. Ligand
binding activates an intrinsic receptor tyrosine kinase and ini
tiates a signal transduction pathway resulting in ligand-induced
responses in the target cell. Overexpression of the EGFR gene
or protein is found in numerous human cancers of epithelial
origin including renal (4, 9), lung (31), breast (32), and gastric
carcinoma (33), suggesting that magnification of EGFR-me-
diated cellular events may be an important component of the
transformed phenotype of epithelioid cells.

In a previous study we have shown that IFN-a inhibits the
proliferation of some RC cell lines in culture and as xenografts
in nude mice (8). However, although the antiproliferative action
of IFN has been studied for almost 30 years, the cellular
mechanisms of the antiproliferative effect remain largely un
defined. We have previously developed the hypothesis that IFN-
a may attenuate the response of cells to mitogens by downre-
gulating the expression of growth factor receptors (11). This is
in accordance with our previous data that IFN-a pretreatment
of the human Daudi lymphoblastoid cell line, which is highly
sensitive to the antiproliferative effect of IFN-a, blocks the
mitogenic effect of insulin and transferrin and results in down-
regulation of cell surface insulin and transferrin receptors (10,
11). Similarly, IFN-a has been reported to inhibit the EGF-
stimulated growth of human fibroblasts and MDBK cells and
to down-regulate EGFR in these cells (12, 13).

In the present study we find that IFN-a inhibits the prolif
eration of the CaKi-I RC cell line and blocks the EGF-stimu-
lated proliferation of these cells. This cell line expresses a high
level of cell surface EGFR (-200,000 receptors/cell). Prolonged
treatment of CaKi cells with IFN-Â« inhibits the synthesis of
EGFR and reduces the number of cell surface EGFR. This
effect of IFN-a on the synthesis of EGFR is distinct from the
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Fig. 6. Effect of IFN-a on the polysome distribution of EGFR and GAPDH

mRNAs. Polysemes were isolated on 15-40% continuous sucrose gradients.
Equal amounts of cellular protein were loaded onto each gradient. Five equal
fractions were collected and RNA was precipitated with 10 tig of carrier yeast
RNA. Equal fraction volumes were then analyzed for mRNA content by hybrid
ization with GAPDH and HER probes followed by T2 RNAse digestion. CY, T2
digestion product of 10 Â¿igof carrier yeast RNA alone hybridized with HER and
GAPDH probes. A, Autoradiogram of polysome distribution. B, densitometric
analysis of autoradiograms of polysome distributions (average of three experi
ments). Fractions 1 and 5 correspond to the bottom and top of the gradient,
respectively.

rapid transmodulation of EGFR by platelet-derived growth
factor, vasopressin, and bombesin, in which conversion of high
affinity to low affinity receptors is observed while the total
number of cell surface receptors remains constant (34). On the
other hand, phorbol esters rapidly decrease the total number of
EGFR by inducing the loss of high affinity EGF binding sites
(35). Tumor necrosis factor down-regulates EGFR on fibro-
blasts (36) and nerve growth factor down-regulates EGFR on
rat pheochromocytoma PC-12 cells (37) by a general reduction
in protein synthesis. We report herein that IFN-a down-regu
lates cell surface EGFR in CaKi-I cells by inhibiting EGFR
synthesis. The down-regulation is not due to a general inhibition
of protein synthesis by IFN-a inasmuch as equivalent amounts
of radioactivity from [35S]methionine-labeled IFN-treated and
control cells were subjected to immunoprecipitation, and IFN-
a addition did not affect the synthesis of 7-actin, raf-1 kinase,
and the IFN-a receptor. Furthermore, at 24 h after IFN-a
treatment only a 25% inhibition of total cellular protein syn
thesis is observed.

In a recent study, IFN-a was found to induce a specific
increase in the number of EGFR (via an increase in receptor
synthesis) in 2 human epidermoid cancer cell lines (KB and
A431) that are sensitive to the antiproliferative action of IFN-
a (38). However, EGF inhibits the proliferation of A431 cells
(39), and in KB cells the effect of EGF on cell proliferation was
not examined. In the present study, we demonstrate that EGF
stimulates the proliferation of RC cells, as has been shown
previously (5). Furthermore, IFN-a treatment inhibits EGFR
synthesis selectively in IFN-sensitive RC cells but not in IFN-

resistant RC cells.
IFN-a inhibits EGFR synthesis without affecting the levels

of EGFR transcripts in total cellular RNA or total poly (A+)

RNA in treated cells. The inhibition of EGFR synthesis me
diated by IFN-a is unlikely to be due to attenuation of EGFR
mRNA, because similar results were obtained with probes
(HER and EGFR) which detect different exons of the EGFR
gene. In contrast, IFN-a has been found to attenuate mRNA
for c-myc in human lymphoblastoid cells (40). We report a
consistent decrease in the level of EGFR (and GAPDH) tran
scripts in cytoplasmic RNA in IFN-treated cells. These data
suggest that IFN-a affects a posttranscriptional process such as
the transport of message from the nucleus. This effect on
cytoplasmic levels is small (40%) and may partially account for
the inhibitory effect (80% reduction) of IFN-a on EGFR syn
thesis. In a recent study, mouse IFN-a//3 inhibited the serum-
stimulated rise in fibronectin and c-myc protein synthesis in
murine fibroblasts, due to an accumulation of the mRNA for
these proteins on light polysomes, suggesting a translational
block at the level of elongation (29). We report that IFN-a also
shifts the polysome distribution of EGFR (and GAPDH)
mRNA in IFN-sensitive RC cells. However, the majority of the
EGFR and GAPDH message is still found in the heavier
polysome fractions. Thus, we propose that the decreased syn
thesis of EGFR in IFN-treated RC cells is due to a partial
translational block as well as the reduction in cytoplasmic
EGFR mRNA. A plausible hypothesis is that the synthesis of
growth-related proteins, such as anabolic enzymes (GAPDH),
and growth factors and their receptors, may be inhibited by
IFN-a treatment in a manner similar to that of the EGFR.

In summary, IFN-a inhibits the synthesis of EGFR and
thereby down-regulates EGFR in RC cell lines sensitive to the
antiproliferative action of IFN-a but has no effect on receptor
synthesis in IFN-resistant RC cells. The mechanism of the
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antiproliferative action of IFN-a is probably multifactorial and
not limited to the down-regulation of the EGFR. IFN-a induces
two levels of posttranscriptional regulation which result in
decreased EGFR synthesis. These results suggest is that post
transcriptional regulation of growth-related genes by IFN-a has

an important role in the complex antiproliferative action of
IFN.
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