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Abstract
The mechanisms of tumor cell resistance to interferon-a
(IFNa) are at present mostly unsolved. We have previously
demonstrated that IFNa induces apoptosis on epidermoid
cancer cells and EGF antagonizes this effect. We have also
found that IFNa-induced apoptosis depends upon activation
of the NH2-terminal Jun kinase-1 (Jnk-1) and p38 mitogen-
activated protein kinase, and that these effects are also
antagonized by EGF. At the same time, IFNa increases the
expression and function of the epidermal growth factor
receptor (EGF-R). Here we report that the apoptosis induced
by IFNa occurs together with activation of caspases 3, 6 and 8
and that EGF also antagonizes this effect. On the basis of
these results, we have hypothesized that the increased EGF-R
expression and function could represent an inducible survival
response that might protect tumor cells from apoptosis
caused by IFNa via extracellular signal regulated kinase 1 and
2 (Erk-1/2) cascades. We have found an increased activity of
Ras and Raf-1 in IFNa-treated cells. Moreover, IFNa induces a
50% increase of the phosphorylated isoforms and enzymatic
activity of Erk-1/2. We have also demonstrated that the
inhibition of Ras activity induced by the transfection of the
dominant negative Ras plasmid RASN17 and the inhibition of
Mek-1 with PD098059 strongly potentiates the apoptosis
induced by IFNa. Moreover, the selective inhibition of this
pathway abrogates the counteracting effect of EGF on the
IFNa-induced apoptosis. All these findings suggest that
epidermoid tumor cells counteract the IFNa-induced apopto-
sis through a survival pathway that involves the hyperactiva-
tion of the EGF-dependent Ras->Erk signalling. The selective
targeting of this pathway appears to be a promising approach
in order to enhance the antitumor activity of IFNa.
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Introduction

Interferon-a (IFNa) is a biological agent widely used in the
therapy of several neoplasms such as myeloma, renal cell
carcinoma, epidermoid cervical and head and neck tumors
and melanoma.1–5 IFNa, the first cytokine to be produced by
recombinant DNA technology, has emerged as an important
regulator of cancer cell growth and differentiation, affecting
cellular communication and signal transduction pathways,
and is also produced during the immunological control of
tumor growth.5 However, inconsistent data have been
obtained regarding the clinical effectiveness of IFNa in the
therapy of solid tumors. In fact, the benefit of IFNa treatment is
limited to some neoplasms while others are completely or
partially resistant. The mechanisms of tumor resistance to
IFNa have been studied in vitro. The alteration of JAK-STAT
components of the IFNa-induced signalling can be indeed a
mechanism of resistance to IFN. In fact, it has been shown
that melanoma cell lines refractory to the antiproliferative
effects of IFNs are deficient in STATs and that the expression
of STATs can be restored by in vitro gene therapy.6 More
germane to clinical practice is the possibility that IFN
treatment could be improved by the concomitant administra-
tion of agents known to enhance JAK-STAT responses; the
use of retinoids in combination with IFNa in cancer therapy is a
salient example.7,8

The way in which tumor cell growth is suppressed by IFNa is
not well known. A possibility is that cancer cells undergo
apoptosis after exposure to the cytokine. In fact, it is reported
that IFNa induces apoptosis in human squamous cancer,9,10

glioma11 and virus-infected cells.12 Therefore, it is likely that
this cytokine acts, at least in part, through the triggering of
programmed cell death.

On the other hand, EGF is able to protect eukaryotic cells
from the onset of apoptosis.13–16 EGF acts through the
binding to its specific receptor, EGF-R a transmemembrane
protein with a cytoplasmic tyrosine kinase domain.17,18 The
phosphorylation of the intracytoplasmic tail allows the inter-
action of EGF-R with cytoplasmic factors that can induce Ras
activation and the subsequent stimulation of the mitogen-
activated protein kinase (MAPK) cascade composed of three
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intracellular protein kinases (MKKK, MKK and MAPK), which
are activated successively by phosphorylation events.17,18

Raf-1, stimulated after steric interaction with Ras, phosphor-
ylates and activates an MKK whose main component is Mek-
1. Mek-1 phosphorylates the MAPKs extracellular signal
regulated kinase 1 and 2 (Erk-1/2) that translocate to the
nucleus and phosphorylate gene transactivators, such as the
serum response factor-1, that are involved in the regulation of
cell proliferation.17,18 Moreover, it has been recently reported
that Erks mediate a strong antiapoptotic effect.19,20 For
instance, Erk plays an important role in protecting cardiac
myocytes from apoptotic death following oxidative stress.21

Protection of PC12 cell death by N-acetylcysteine requires
Erk activation20 that is, moreover, involved in the phorbol
myristate acetate-mediated inhibition of drug-induced apop-
tosis in tumor cells.22

We have reported that IFNa increases the functional
expression of the epidermal growth factor receptor (EGF-R)
at the surface of human epidermoid carcinoma cells.23,24

Moreover, we have shown that IFNa induces apoptosis in
these cells through the triggering of a stress response that
leads to the activation of NH2-terminal Jun kinase-1 (Jnk-1).10

EGF also antagonizes these effects. On the basis of these
findings, we have hypothesized that increased EGF-R
expression and function could be part of an inducible survival
pathway, which is activated in the tumor cells by exposure to
IFNa. In this paper, we have investigated the molecular basis
of the counteracting effects of IFNa and EGF on the apoptosis
of human epidermoid cancer cells. Specifically, we have
evaluated the involvement of the caspase cascade and of
EGF-dependent signalling in the apoptotic and antiapoptotic
events recorded in our experimental model. We have then
studied the effects of IFNa and EGF on the activity of Ras,
Raf-1 and Erk-1/2. We have finally evaluated if the selective
inhibition of Ras and Mek-1 could enhance apoptosis induced
by IFNa in order to provide direct evidence on the anti-
apoptotic activity of this pathway in our experimental model
and to identify novel molecular targets to enhance the
antitumor effects of this cytokine.

Results

Effects of IFNa and EGF on the apoptosis of
human epidermoid cancer cells

We have found that IFNa (48 h 1000 IU/ml) induced apoptotic
DNA fragmentation in the KB cell line and that the exposure of
IFNa-treated cells to 10 nM EGF for 12 h antagonized this
effect (Figure 1a). Before performing apoptosis detection
assays, both attached and suspended cells were collected. In
these experimental conditions, 30% of cells exposed to IFNa
for 48 h were apoptotic while only about 8% of cells treated for
48 h with IFNa and exposed for 12 h to 10 nM EGF underwent
to apoptosis (Figure 1b). Interestingly, also the exposure to
10 nM EGF alone for 12 h is able to induce apoptosis in 15% of
the cell population (Figure 1a and b). Such an effect is not
surprising since apoptosis and cell proliferation are coupled
processes, and EGF can induce apoptosis in squamous
cancer cells. In order to identify the molecular effectors of the
apoptosis induced by IFNa, we have evaluated the expression

of p53 and c-myc and the activity of caspases in KB cells. We
have found that apoptosis induced by either IFNa or EGF was
paralleled by a significant increase of p53 and c-myc
expression in KB cells, as evaluated with Western blot assay.
The antagonism of EGF on apoptosis occurred together with
the restoration of p53 and c-myc expression to basal levels
(Figure 1C). We have thereafter studied the role of caspases
in the modulation of apoptosis by IFNa and EGF in our
experimental model. KB cells were treated with IFNa for 12,
24, 48 and 72 h and then the activity of caspases was
evaluated with a fluorimetric protease assay. Caspases 6, 8
and 9 showed an activation peak after 24 h exposure to IFNa
(Figure 2a). The activation peak of caspase 3 was instead
found after 48 h exposure to the cytokine. Moreover, the
exposure of KB cells to 10 nM EGF for 12 h was always able to
antagonize the caspase activation induced by IFNa both at
24 h and 48 h (Figure 2b-d). In fact, EGF completely
abrogated caspases 6, 8 and 9 and caspase 3 activities.
EGF alone also induced a slight increase of caspase
stimulation, but the extent of activation was far lesser than
that recorded in IFNa-treated cells. Therefore, in our experi-
mental model the IFNa-induced apoptosis is correlated with
the activation of the caspase cascade, and EGF was able to
antagonize both apoptotic death and caspase activation.
Moreover, the apoptosis recorded in KB cells exposed to EGF
alone did not appear to be induced by a caspase pathway
similar to that recorded in IFNa-treated cells.

Effects of EGF and IFNa on Ras activity

We have previously shown that IFNa induces growth inhibition
paralleled by increased EGF-R expression and sensitivity to
the growth-promoting effects of EGF in epidermoid cancer
cells.23,24 Therefore, we have investigated if the activity of the
Ras-dependent MAPK pathway was increased in IFNa-
treated cells. This and all the following experiments were
performed without serum starvation in order to set up more
physiological experimental conditions. Moreover, EGF was
added for short-term exposures in order to evaluate the
responsiveness of each signalling component to its physiolo-
gical ligand in untreated and IFNa-treated KB cells. We have
firstly studied the activity of Ras through the affinity precipita-
tion of Ras with the minimal binding domain of Raf-1. We have
found that the levels of activated Ras (linked to the minimal
binding domain of Raf-1) were increased in IFNa-treated cells.
In fact, the activated Ras levels were about two-fold higher in
IFNa-treated cells than in control cells, and the stimulation of
Ras activity by exposure to EGF for 10 min was further
enhanced in IFNa-treated cells reaching levels 3.5-fold higher
than untreated controls (Figure 3). At longer times of exposure
to EGF, Ras activity decreased either in EGF- or EGF/IFNa-
treated cells (Figure 3). Therefore, in IFNa-treated KB cells,
the increased activity of EGF-R signalling was indeed coupled
to enhanced Ras activity and was further stimulated by the
addition of exogenous EGF.

Effects of IFNa and EGF on Raf-1 expression and
activity

We have evaluated the effect of IFNa and EGF on Raf-1
activity by a kinase assay using histone H1 as substrate of
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Raf-1, and we have found that Raf-1 activity is increased
either by EGF or IFNa and is potentiated after EGF addition for
10 min to KB cells exposed to IFNa (Figure 4). Moreover, we

have determined Raf-1 levels by Western blotting, and found
that they were almost unmodified by the different treatments
(Figure 4). These experiments demonstrate that an increase
of basal and EGF-induced enzymatic activity of Raf-1 can be
recorded downstream of the EGF->Ras signalling in IFNa-
treated cells.

Effects of IFNa and EGF on Erk-1/2 activity

On the basis of the finding that IFNa induced a hyperactivation
of Mek-1, we have evaluated the effects of this cytokine on the
activity of Erk-1/2, the downstream enzymatic targets of Raf-
1. We found that the exposure of KB cells to IFNa for short
times (5 min�12 h) had no effects on MAPK activity, while
they were maximally activated after 48 h of treatment with the
cytokine (Figure 5a, lower panel). The latter effect paralleled
EGF-R upregulation, which reached a peak after 48 h of
exposure to IFNa (Figure 5a, upper panel and see also ref.
24). Therefore, the timing of MAPK25 activation by IFNa
overlapped that of EGF-R upregulation, suggesting that the
stimulation of MAPK activity could be a consequence of the
increased surface expression of EGF-R with subsequent
amplification of downstream signalling.

We have subsequently evaluated the kinetics of Erk-1/2
activation by EGF in untreated and IFNa-treated KB cells. We
again found an almost two-fold increase of the two enzyme
activities in 48 h 1000 IU/ml IFNa-treated cells. In both
untreated and 48 h 1000 IU/ml IFNa-treated KB cells, the
maximal activation of Erk-1/2 occurred after 10 min of
exposure to 10 nM EGF, as evaluated with an immunoconju-
gated kinase assay (Figure 5b and c). However, the exposure
to IFNa caused an almost two-fold increase of the maximal
activation of Erk-1/2 induced by EGF (Figure 5b and c).
Therefore, 48 h exposure to IFNa increased the activity of Erk-
1/2 without affecting the sensitivity to further stimulation by
exogenous EGF.

IFNa enhanced the apoptosis induced by
dominant negative Ras plasmid RASN17 in KB
cells

We have shown that the EGF-dependent Ras-> Erk pathway
was hyperactivated in cells exposed to IFNa. In order to
demonstrate that such signalling could indeed retain an
antiapoptotic activity in the cells exposed to IFNa, we have
selectively inhibited Ras activity by a dominant negative
mutant. KB cells have been cotransfected with a plasmid
encoding for a dominant negative Ras RASN17 and with the
E. coli b-galactosidase reporter gene. The cells were analyzed
by FACS after PI labelling as described above. In all cases,
the cotransfection resulted in specific green fluorescence in a
fraction of the cell population owing to the expression of b-
galactosidase (see Figure 6 b Gal NEG versus b Gal POS).
The latter effect allowed us the gating of nontransfected (G2)
or transfected cells (G1) in order to perform cell cycle analysis
(red fluorescence determined by PI labelling). We have found
that b-galactosidase expression alone did not cause apopto-
sis (2 and 6% of apoptosis either in nontransfected or b-
galactosidase-transfected cells, respectively) (Figure 6a, G2

Figure 1 EGF antagonizes apoptosis induced by IFNa in human epidermoid
cancer cells. KB cells were seeded and treated with IFNa and/or EGF as
described in the Materials and methods section. (a) The internucleosomic DNA
fragmentation was assessed as described in the Materials and methods section.
(b) The percent of apoptotic cells, evaluated by FACS analysis, is shown as bars.
CTR: untreated cells; IFNa: 48 h 1000 IU/ml IFNa; EGF: 12 h 10 nM EGF;
IFNa+EGF: 48 h 1000 IU/ml IFNa+12 h 10 nM EGF. The experiment was
performed three times and S.E.s were always less than 5%. (c) Evaluation of the
expression of p53, c-myc and b-actin. Proteins were extracted and run on SDS–
PAGE as described in ‘Materials and methods section’. The experiment was
performed at least three times and the results were always similar. CTR:
untreated cells; IFNa: 48 h 1000 IU/ml IFNa; EGF: 12 h 10 nM EGF; IFNa+EGF:
48 h 1000 IU/ml IFNa+12 h 10 nM EGF; VP-16: 18 h 50 mM etoposide
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and G1). In the cells cotransfected with RASN17 and b-
galactosidase almost 29% of apoptotic cells were detected
(Figure 6b, G1), while only 2% of apoptosis was found in
nontransfected cells (Figure 6b, G2). The exposure of b-
galactosidase-transfected cells to 1000 IU/ml IFNa for 24 h
induced apoptosis in 16% of the cell population (Figure 6c,
G1) against 14% of apoptotic cells in nontransfected popula-
tion (Figure 6c, G2). The treatment of b-galactosidase and
RASN17 cotransfected cells with 1000 IU/ml IFNa induced an
almost 76% of apoptosis (Figure 6D, G1), while programmed
cell death was found in only 13% of the nontransfected cell

population (Figure 6D, G2). We have performed these
experiments after 24 h of exposure to IFNa because at this
time maximal b-galactosidase expression occurred. More-
over, almost 80% of cells were apoptotic after 48 h from the
transfection with RASN17 (data not shown). In this experi-
ment about 30% of the cell population was transfected with b-
galactosidase plasmid. It was therefore demonstrated that the
abrogation of Ras activity by a transfected dominant negative
mutant sensitized tumor cells to IFNa-induced apoptosis,
indicating an antiapoptotic function of Ras in this experimental
model.

Figure 2 Modulation of caspases 3, 6, 8 and 9 by IFNa and EGF. (b) KB cells were seeded and treated with 1000 IU/ml IFNa for the indicated times. The specific
caspase activity was determined with a fluorimetric assay as described in the ‘Materials and methods section’. Caspase 3 (K); caspase 6 (’); caspase 8 (X); caspase
9 (O). The experiment was performed three times and S.D.s were always less than 5%. Bars, s.d. (b–d) KB cells were seeded and treated with 1000 IU/ml IFNa for the
indicated times. EGF (10 nM) was added to the cells for the last 12 h of incubation alone or in combination with IFNa. The specific caspase activity was determined with a
fluorimetric assay as described in the ‘Materials and Methods section’. Caspase 3 (b); caspase 6 (c); caspase 8 (d); caspase 9 (e). 1000 IU/ml IFNa (O); 10 nM EGF
(’); IFNa+12 h 10 nM EGF (&). The experiment was performed three times and S.D.s were always less than 5%. Bars, S.D.
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MEK-1 inhibitor PD098059 specifically abrogated
recovery from IFNa-induced apoptosis by EGF

Since Ras is implicated in the triggering of several different
signal transduction pathways, we have verified that the
integrity of the downstream ERK-targeted pathway was

indeed required for the antiapoptotic effects of EGF.26

Therefore, we have evaluated if the specific inhibition of
Mek-1 could also potentiate the growth inhibition and
apoptosis induced by IFNa and if the Ras->Erk-1/2 pathway
plays a crucial role in the survival of epidermoid cancer cells
exposed to IFNa. Only 5% untreated KB cells were apoptotic
as assessed by FACS and in situ TUNEL analysis (Figure 7a).
Again 48 h 1000 IU/ml IFNa induced 30% apoptosis and 12 h
10 nM EGF antagonized this effect (only 8% apoptotic cells
were recorded under these experimental conditions) (Figure
7b and e and relative insets, respectively). In total, 50 mM
PD098059 and 10 nM EGF alone induced 35 and 15%
apoptosis, respectively (Figure 7c and d, respectively).
PD098059 was again able to enhance the effect induced by
IFNa causing programmed cell death in about 80% of cells,
thus suggesting a supra-additive effect induced by the
addition of MEK-1 inhibitor to IFNa (Figure 7f). Moreover,
50 mM PD098059 abrogated the anti-apoptotic effects of EGF
in IFNa-treated cells since an almost 30% of apoptosis was
recorded in cells exposed to IFNa, EGF and PD098059
(Figure 7h). On the other hand, PD098059 caused almost no
effects on the apoptosis induced by EGF (Figure 7g).
Interestingly, PD098059 reduced MAPK phosphorylation
almost completely already after 6 h in KB cells (Figure 7i).
All together, these data suggest that the antiapoptotic
effects induced by EGF occurred through the activation of
Erk, which is therefore the final target of an antiapoptotic
kinase cascade.

Discussion

IFNa is a cytokine that has shown a well-defined but still
limited activity against human tumors.1–5 Resistance to IFNa
has been demonstrated to be in part based on receptor or
post-receptor signalling defects in the tumor cells.6–8 How-
ever, the cancer cell escape from the antiproliferative activity
of IFNa and the mechanisms by which this cytokine causes

Figure 3 Effects of EGF and IFNa on Ras activity. (Upper gel) Affinity
precipitation of Ras performed with the minimal binding domain of Raf-1
conjugated with agarose as described in the ‘Materials and methods section’.
CTR, untreated; IFNa, 48 h 1000 IU/ml IFNa; E100, 10 min 10 nM EGF; I/E 100,
48 h 1000 IU/ml IFNa and 10min 10 nM EGF; E1 h, 1 h 10 nM EGF; I/E 1 h, 48 h
1000 IU/ml IFNa and 1 h 10 nM EGF; Asp, minimal binding domain of Raf-1
incubated only with Mab raised against Ras without cell extracts. (Lower gel)
Western blot assay for the expression of the total Ras protein. CTR, untreated;
IFNa, 48 h 1000 IU/ml IFNa; E100, 10 min 10 nM EGF; I/E 100, 48 h 1000 IU/ml
IFNa and 10 min 10 nM EGF; E1 h, 1 h 10 nM EGF; I/E 1 h, 48 h 1000 IU/ml IFNa
and 1 h 10 nM EGF. The experiments were performed at least three different
times and the results were always similar. (Bars) Quantitization of the intensity of
the different bands with an appropriate apparatus (Bio-Rad) and expression as
arbitrary units. CTR, untreated; IFNa, 48 h 1000 IU/ml IFNa; E100, 10 min 10 nM
EGF; I/E 100, 48 h 1,000 IU/ml IFNa and 10min 10 nM EGF; E1 h, 1 h 10 nM
EGF; I/E 1 h, 48 h 1000 IU/ml IFNa and 1 h 10 nM EGF; Asp, minimal binding
domain of Raf-1 incubated only with Mab raised against Ras without cell extracts.

Figure 4 Effects of IFNa and EGF on Raf-1 activity and expression. KB cells
have been cultured for 48 h in the absence or presence of 1000 IU/ml IFNa with
or without the addition of 10 nM EGF for the last 5 min as described in the figure
by + and �. Raf-1 was immunoprecipitated and analyzed for kinase activity by
immunocomplex kinase assay using histone H1 as substrate. Lane C1 indicated
a control where the immunocomplex kinase assay was performed on untreated
EGF-stimulated cells in the absence of the substrate. Lane C2 indicated a control
assay performed using nonimmune serum to immunoprecipitate untreated EGF-
stimulated cells. At the same time, the cells were also processed for the
determination of Raf-1 expression as described in the ‘Materials and Methods
section’.
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direct antitumor effect remain still unsolved. Apoptosis
induction appears to be a way by which IFNa exerts its
antiproliferative effects.9–12 It is well established that tumor
cells overcome the natural propensity to undergo apoptosis
with the overexpression and/or overactivation of growth
factor-induced signal transduction pathways.13–15 EGF-R
overexpression is a common event in epidermoid cancers
and is considered an unfavorable prognostic factor.27 It has
also been demonstrated that Erk-1/2 antagonize apoptosis in
several experimental models.22,28–30 We have previously
reported that IFNa induces growth inhibition and increases the
expression and function of EGF-R in human epidermoid
cancer cells.23,24 Moreover, we have demonstrated that the
growth inhibition induced by IFNa is, at least in part, because
of the apoptosis triggered by a stress response leading to the
activation of JNK-1, and that EGF antagonizes growth
inhibition, apoptosis and the biochemical events induced by
the cytokine.10 On the basis of these findings, we have

hypothesized that the increased expression and function of
the EGF-R could be part of a survival response that could
protect tumor cells from the apoptosis triggered by IFNa. In
this paper, we have investigated the molecular bases of the
counteracting effects of IFNa and EGF on apoptosis. We have
firstly studied the involvement of caspases in the execution of
the apoptotic process. We have found that IFNa induced an
activation peak of caspases 6 and 8 after 24 h, while the
maximal activation of caspase 3 was recorded 24 h later. The
differential timing of caspase activation is in agreement with
the sequence of activation of these proteases during the
apoptotic process and suggests an involvement of caspases
in the execution of apoptosis induced by IFNa.31 Our findings
are, moreover, in agreement with the recent observations by
Thyrell et al.,32 who found induction of caspase activity by
IFNa in apoptotic tumor cells. In our experimental conditions,
we have found that the addition of EGF to IFNa-treated KB
cells completely antagonized apoptosis induction and the

Figure 5 IFNa increases Erk-1 and Erk-2 activity in human epidermoid cancer cells. (A) upper panel) 125I-EGF binding on human epidermoid KB cells. KB cells were
treated for different times with 1000 IU/ml IFNa. At the indicated times, cells were processed for the determination of the 125I-EGF specific binding, as described in the
‘Materials and methods section’. The values were expressed as % of control. The experiments were performed three times and SDs were always less than 5%. (a, lower
panel) KB cells were cultured for the indicated times in the absence or presence of 1000 IU/ml INFa. Then the cells were processed for the determination of the
expression and phosphorylation of Erk-1 and -2 evaluated after blotting with an anti-MAPK and an anti-pMAPK specific Mab, respectively, as described in the ‘Materials
and methods section’. The experiments were performed at least three different times and the results were always similar. (b and c) KB cells were cultured for 48 h in the
absence or presence of 1000 IU/ml IFNawith or without the addition of 10 nM EGF for different times. Then an immunoconjugated kinase assay of (b) Erk-1 and (c) Erk-2
was performed as described in ‘Materials and Methods section’. Untreated KB cells (’); IFNa-treated KB cells (K). The experiment was performed three times and
s.d.s were always less than 5%. Bars, s.d.
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triggering of the caspase cascade, suggesting that the EGF-R
signalling suppresses apoptosis, thereby antagonizing the
activation of its executioners. These results appear also in line
with the recent findings demonstrating the involvement of

growth-factor-dependent pathways in the protection from
caspase activation induced by Bad overexpression. More-
over, it has been demonstrated that the EGF-R-dependent
pathway controls keratinocyte survival and the expression of
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the proapoptotic bcl-xL expression through a Mek-dependent
pathway.30

We have then investigated the involvement of EGF-
mediated intracellular signalling in the protection of epider-
moid cancer cells from IFNa-induced apoptosis. We have
found that the EGF- and Ras-dependent MAPK cascade is
hyperactivated in IFNa-treated cells and could be further
stimulated by the addition of EGF. In fact, we have
demonstrated an increased activity and responsiveness to
EGF stimulation of Ras, Raf-1 and Erk-1/2 in KB cells
exposed to IFNa. These findings suggest that the EGF-R
function is preserved in IFNa-treated cells, taking also into
account the activation threshold of the EGF-dependent
signalling. Interestingly, maximal MAPK hyperactivation
occurred after 48 h from the beginning of the treatment with
IFNa. It must be considered that the maximal upregulation of
EGF-R on the cell surface occurs with the same timing,
suggesting that overstimulation of the MAPK pathway could
be produced by the amplification of the EGF signalling owing
to the increased expression of the receptor.23,24 We have
previously described that other antiproliferative agents, such
as cytosine arabinoside, 5aza-20 deoxycytidine and 8-chloro-
cAMP (8ClcAMP), also increase EGF-R expression on KB
cells.33–35 On this basis, we have hypothesized that the up-
regulation of growth factor receptors is a common event in
growth-inhibited tumor cells and could represent a protective
response towards the antiproliferative stimuli.36 Also in the
case of 8ClcAMP, the EGF-induced signalling MAPK is
amplified likely as a consequence of the increased expression
of EGF-R.35 However, MAPK activity is reduced in 8Cl-cAMP-
treated KB cells, suggesting a selective inhibition of Erks or of
a still unknown upstream activator induced by the drug.35 It
has to be considered that chronic activation of Erk has been
reported to induce apoptosis in eukaryotic cells.37–40 How-
ever, we can exclude that IFNa-induced apoptosis occurs
through the hyperactivation of Erks on the basis of both the
timing of Erk activation and the effects of the combined
treatment of KB cells with IFNa and EGF. In fact, we have
found that the exposure of IFNa-treated KB cells to EGF did
not simply induce a recovery of cell growth, but it also caused
a proliferative effect much greater than that recorded in KB
cells exposed to EGF alone.24

The involvement of the Ras->MAPK pathway in the
protection of KB cells from the apoptosis induced by IFNa is
further demonstrated by both Ras inactivation by RASN17
transfection and Mek-1 inhibition by exposure to PD098059.
In fact, the transfection of RASN17 in KB cells caused
apoptosis as demonstrated by the FACS analysis performed
on transfected cells and also potentiated the apoptosis

induced by IFNa. These data suggest that the integrity of
Ras function was necessary to produce an anti-apoptotic
signal that mediates a survival response in cells exposed to
IFNa via Erk-1/2 activation. In fact, we have demonstrated that
Ras-dependent survival signalling targets Erk-1/2 since the
reduction of MAPK activity by PD098059 enhanced apoptosis
caused by IFNa. An additional important finding is that
PD098059 specifically abrogated the recovery from apoptosis
induced by EGF in IFNa-treated cells. A second important
antiapoptotic pathway involves signalling via Akt/PKB.41,42 In
fact, it has been demonstrated that Akt can be activated
concomitantly or independently from Ras->ERK-1/2 signalling
by growth factors.43–45 Additionally, it has been reported that
PC12 cells display a protective antiapoptotic pathway in
response to hypoxic stimuli.46 The protection from apoptosis
by Akt could be because of the regulation of mitochondrial
physiology since Akt is involved in the regulation of bcl-related
proteins such as Mcl-1.43 However, the requirement of Akt for
the protection from apoptotic events is highly variable
depending upon the experimental model used.44,45,47 In our
experimental conditions, we have demonstrated that
PD098059 completely antagonized the antiapoptotic effects
of EGF. Moreover, we have preliminarily found that the
specific EGF-R-associated kinase inhibitor ZD1839 (IRESSA)
synergizes with IFNa in inducing the growth inhibition and
apoptosis of several human epidermoid cancer cell lines,
which is coupled to complete inhibition of ERK activity (A
Budillon et al., manuscript in preparation). Therefore, our
results suggest that the activation of Ras->Raf-1->Mek1-
>Erk-1/2 signalling has a prominent role in the antiapoptotic
effects exerted by EGF in epidermoid cancer cells exposed to
IFNa, providing evidence of the potential benefits of the
molecular interference with this pathway. However, the
occurrence of other survival pathways will warrant further
investigations and we cannot presently completely exclude a
role of the Akt pathway in the modulation of apoptosis of KB
cells.

Consistent with our results, additional findings have been
recently reported on the interaction between the Ras->Erk
pathway and the myc oncogene on apoptosis onset.48 In fact,
it has been recently found that the activation of the Ras/Mek
signalling suppresses myc-dependent apoptosis in cells with
MAPK cascade amplification because of Ras activation.48 In
our experimental model, we have also found increased
expression of p53 and c-myc in cells exposed to IFNa while
the EGF anti-apoptotic effects were paralleled by down-
regulation of myc and p53 expression.

In conclusion, we have provided evidence that IFNa makes
the survival of human epidermoid cancer cells dependent on

Figure 6 IFNa enhances the apoptosis induced by the dominant negative Ras plasmid RasN17 in KB cells. KB cells were seeded, electroporated with dominant
negative Ras plasmid RASN17 and/or b-galactosidase plasmid, and treated with IFNa for 24 h as described above. Then the cells were fixed in methanol, incubated with
anti-b-galactosidase MAb and anti-mouse FITC rabbit antiserum and analyzed after DNA labelling with propidium iodide. Cell cycle analysis was performed after
appropriate gating on cell population expressing b-galactosidase as described in the ‘Materials and methods section’. (a) Parental untreated cells (CTR); (b) RASN17
transfected cells (RASN17); (c) 24 h 1000 IU/ml IFNa-treated parental cells (IFNa 24 h); (D) 24 h 1000 IU/ml IFNa-treated RasN17 transfected cells (IFNa
24 h+RASN17). bGal NEG, cells exposed to an irrelevant mouse IgG and subsequently labelled with an anti-mouse FITC rabbit antiserum. bGal POS, cells exposed to
an anti-b-galactosidase mouse IgG and subsequently labelled with an anti-mouse FITC rabbit antiserum. G1, gating of cells expressing b-galactosidase; G2, gating of
cells not expressing b-galactosidase. The lower histograms show the analysis of cell cycle performed on the G2 and G1 population, respectively. The apoptotic cells
were shown as a percentage of total cell population indicated by a bar. The experiments were performed at least three different times and the results always gave less
than 5% s.d. In each experimental point 10,000 events were analyzed.
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Ras/Erk signalling, which acts as a survival pathway. The
specific disruption of the latter could be a useful approach to
potentiate the antitumor activity of IFNa against human
epidermoid tumors as indicated by the results achieved by
selective interference with Ras and Mek-1 function in cells
exposed to IFNa.

Materials and Methods

Materials

DMEM, BSA and FBS were purchased from Flow Laboratories (Milan,
Italy). Tissue culture plasticware was from Becton Dickinson (Lincoln Park,
NJ, USA). IFNa was a gift of Schering (Schering-Plough, NJ, USA).

Receptor grade EGF and protein Sepharose were purchased from Sigma
(St. Louis, MO, USA). Rabbit antisera raised against Raf-1 C-12, bactin,
Erk-1 K-23 and Erk-2 MAb C-14 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-pan-Ras MAb clone 10 was
purchased from Calbiochem.

Cell culture

The human oropharyngeal epidermoid carcinoma KB cell line, obtained
from the American Type Tissue Culture Collection, Rockville, MD, USA,
was grown in DMEM supplemented with heat-inactivated 10% FBS,
20mM HEPES, 100 U/ml penicillin, 100 mg/ml streptomycin, 1% L-
glutamine and 1% sodium pyruvate. The cells were grown in a humidified
atmosphere of 95% air/5% CO2 at 371C.

Figure 7 The antiapoptotic effects of EGF are mediated by the selective activation of ERK. KB cells were seeded and treated with IFNa and/or 50 mM PD098059 for
48 h and/or 10 nM EGF for 12 h. At the time of the experiment, cells were fixed and processed with TUNEL techniques as described in the ‘Materials and methods
section’. The experiments were performed at least three different times and the results were always similar. (a) Control cells; (b) 48 h 1000 IU/ml IFNa-treated cells; (c)
48 h 50 mM PD098059-treated cells; (d) 12 h 10 nM EGF-treated cells; (e) 48 h 1000 IU/ml IFNa- and 12 h 10 nM EGF-treated cells; (f) 48 h 1000 IU/ml IFNa- and 48 h
50 mM PD098059 treated cells; (g) 12 h 10 nM EGF- and 48 h 50 mM PD098059-treated cells; (h) 48 h 1000 IU/ml IFNa- and 48 h 50 mM PD098059-treated cells and
12 h 10 nM EGF. Insets: The cells were seeded and treated with the different substances as described above. At the time of the experiment KB cells were FACS
analyzed after detachment and DNA labelling with propidium iodide as described in the ‘Materials and methods section’. The experiments were performed at least three
different times and the results always gave less than 5% SD. In each experimental point, 10,000 events were analyzed. (I) The expression and phosphorylation of Erk-1
and -2 was evaluated after blotting with an anti-p-MAPK (upper gel) and an anti-MAPK-specific MAb (lower gel) in KB cells treated for different times with 50 mM
PD098059. The experiments were performed at least three different times and the results were always similar
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Western blot analysis

KB cells were grown for 48 h with or without IFNa and were thereafter
exposed for the indicated times to 10 nM EGF at 371C. For cell extract
preparation, the cells were washed twice with ice-cold PBS/BSA, scraped,
and centrifuged for 30min at 41C in 1ml of lysis buffer (1% Triton, 0.5%
sodium deoxycholate, 0.1 NaCl, 1mM EDTA, pH 7.5, 10mM Na2HPO4,
pH 7.4, 10mM PMSF, 25mM benzamidin, 1 mM leupeptin, 0.025 U/ml
aprotinin). Equal amounts of cell proteins were separated by SDS–PAGE.
The proteins on the gels were electrotransferred to nitrocellulose and
reacted with the different MAbs.

Affinity precipitation of Ras

KB cells were treated with IFNa and EGF as described above. The cells
were lysed in Mg2+ buffer containing 20 mM HEPES, pH 7.5, 150mM
NaCl, 1% Igepal CA-630, 10mM MgCl2, 1 mM EDTA and 2% glycerol.
Then, 10ml Ras binding domain (RBD) conjugated to agarose was added
to 1 mg of cell lysate and the mixture was incubated at 41C for 1 h. The
agarose beads were collected by microcentrifugation at 14,000� g for 5 s.
and washed three times with Mg2+ buffer. The agarose beads were boiled
for 5 min in 2� Laemmli sample buffer and collected by a microcentrifuge
pulse. The supernatants were run on 12% SDS-PAGE, then the proteins
were electrotransferred on a nitrocellulose film. The nitrocellulose was
incubated overnight with 1 mg/ml of anti-Ras Mab, clone RAS10 and with a
secondary Mab, a goat a-mouse HRP conjugated IgG, for 1.5 h. The film
was washed with PBS/0.05% Tween 20 and detected by ECL,
chemiluminescence’s technique (Amersham).

Internucleosomal DNA fragmentation (ladder)

For all apoptosis evaluation experiments (gel ladder and FACS analysis),
both attached and suspended cells were collected prior to the processing.
DNA fragmentation was measured after extraction of low molecular weight
DNA. Briefly, 10� 106 cells were resuspended in 900 ml 1� Tris-EDTA
buffer and lysed with 25ml 20% SDS. DNA was precipitated in ethanol for
6 h in the presence of 5 M NaCl. The high molecular weight fraction was
sedimented by high-speed centrifugation, and the fragmented DNA was
extracted from the aqueous phase with phenol and chloroform and then
precipitated with ethanol. After resuspension in water, DNA was
electrophoresed using 1.5% agarose gel and visualized by ultraviolet
light following ethidium bromide staining.

Evaluation of apoptosis by DNA-flow cytometry

Cells were centrifuged and directly stained in a propidium iodide (PI)
solution (50 mg PI in 0.1% sodium citrate, 0.1% NP40, pH 7.4) overnight at
41C in the dark. Flow cytometric analysis was performed using a FACScan
flow cytometer (Becton Dickinson, San Jose, CA, USA) interfaced with a
Hewlett-Packard computer (mod. 310) for data analysis. To evaluate cell
apoptosis, PI fluorescence was collected as FL2 (log scale) by the CellFIT
software (Becton Dickinson). For the evaluation of apoptosis after
transfection with RASN17 and/or b-galactosidase plasmids, cells were
fixed in methanol and then incubated with an anti-b-galactosidase MAb for
1 h at 41C and labelled with an FITC anti-mouse rabbit antibody for 1 h.
Thereafter, the cells were stained with PI as described above. In the latter
case, apoptosis and cell cycle analysis were performed on the whole cell
population and on b-galactosidase expressing cells after appropriate
gating. For the evaluation of intracellular DNA content, at least 10,000

events for each point were analyzed in at least three different experiments
giving a s.d. less than 5%.

MAPK assay

KB cells were cultured and treated as described above. Then the cells
were washed twice with ice-cold PBS, scraped and lysed for 1 h at 41C in
the following buffer: 10 mM TRIS, 150mM NaCl, 2 mM EGTA, 2 mM DTT,
1 mM sodium orthovanadate, 1 mM PMSF, 10 mg/ml aprotinin, 10mg/ml
leupeptin and 1% glycerol. Equalized amounts of proteins from lysates of
KB cells (50 ml) were incubated for 90 min at 41C with 50ml of protein A-
Sepharose conjugated to 25 mg anti-Erk-1 or anti-Erk-2 MAbs. The
suspension was centrifuged at 14,000� g, the supernatant discarded,
and the immunoprecipitated washed twice with 250 ml of the following
buffer: 20 mM Tris-acetate, pH 7.0 (201C), 0.27 M sucrose, 1 mM EDTA,
1 mM EGTA, 1 mM sodium orthovanadate, 10mM sodium glyceropho-
sphate, 50mM sodium fluoride, 5 mM sodium pyrophosphate, 1% Triton
X-100, 0.1% 2-mercaptoethanol, 1 mM benzamidine, 0.2 mM phenyl-
methylsulfonylfluoride and 0.5 M NaCl. The immunoprecipitates were
washed once with 250 ml of the following buffer: 50 mM Tris-HCl, pH 7.5
(201C), 0.03% Brij-35, 0.1 mM EGTA and 0.1% 2-mercaptoethanol. Then
the immunoprecipitates were incubated for 30 min at 301C with 5ml of a
solution containing 1.2 mM Mg++ ATP with 200 mCi/ml of [g32P]ATP and
15 ml of a solution containing a peptide that is specifically phosphorylated
by MAPK (Amersham, Biotrak, Milan, Italy).25 The reaction was stopped
with the addition of 2.94% (w/v) ortophosphoric acid and red carmosin
solution and then microfuged for 15 s. The reaction mixtures were spotted
onto phosphocellulose filters (Whatman P81) and washed three times in
1% acetic acid. Filters were air-dried and then counted by liquid
scintillation using Omnifluor/toluene (DuPont-New England Nuclear,
Boston, MA, USA).

Raf-1 kinase assay

Assay for Raf-1 kinase activity was performed by immunocomplex kinase
assay as already described for MAPK using anti-Raf-1 antiserum. H1
histone (10 mg) (Upstate Biotechnology Inc.) was used as substrate in
30 ml of buffer A containing 10 mCi of [g32P]ATP, the reaction was allowed
to proceed for 30min at 301C, and the proteins were separated by SDS-
12.5% PAGE.

Electroporation

Cells were detached from confluent 100mm- dishes. Cells (100� 106)
were incubated in appropriate electroporation vials with 800 ml of
electroporation buffer (20 mM HEPES, 137mM NaCl, 5 mM KCl,
0.7 mM Na2HPO4 and 6mM glucose) and 15mg of the RASN17 DNA
and/or 5mg/ml b-galactosidase DNA in 20mM HEPES. Then cells were
electroporated at 250 V and at 975 mF for 6 s. The cells were incubated at
371C with or without 1000 IU/ml IFNa for 24 h. After the incubation, the
cells were processed for FACS analysis as described above.

TUNEL technique

For TUNEL assay, after washing in PBS supplemented in 0.1% BSA, cells
were treated with an in situ detection kit, according to the manufacturers
instructions (Boehringer Mannheim Biochemicals). Nuclei with fragmented
DNA were visualized by a fluorescence microscope.
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Determination of caspase activity

Cells were seeded and treated with 1000 IU/ml IFNa for different times
and/or 10 nM EGF for 12 h. At the time of caspase determination, cells
were lysed. For each reaction, 50 ml of cell lysate was added to 1 ml
reaction mixture composed of reaction buffer, DTT 10mM and the specific
substrate peptide (DEVD for caspase-3, VEID for caspase-6, IETD for
caspase-8 and LEHD for caspase-9) conjugated to 7-amino-4-trifluor-
omethylcoumarin (AFC). The mixtures were incubated for 1 h at 371C. The
levels of free AFC were measured using a spectrofluorometer with an
excitation wavelength of 400 nm and an emission wavelength range of
480–520 nm (peak at 505 nm).
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