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We have previously demonstrated that tyrosine phosphorylation of STAT1/3 and p38 mitogen-

activated protein kinase (p38 MAPK) activation are involved in the apoptotic response triggered
by a chimeric cyclic peptide of the interferon-α2b (IFN-α2b) in WISH cells. Since the peptide also
induced serine phosphorylation of STAT proteins, in the present study we examined the kinase
involved in serine STAT1 phosphorylation and the signaling effectors acting upstream such
activation. We first found that p38 MAPK is involved in serine STAT1 phosphorylation, since a
reduction of phophoserine-STAT1 levels was evident after incubating WISH cells with cyclic
peptide in the presence of a p38 pharmacological inhibitor or a dominant-negative p38 mutant.
Next, we demonstrated that the peptide induced activation of protein kinase Cδ (PKCδ). Based on
this finding, the role of this kinase was then evaluated. After incubating WISH cells with a PKCδ
inhibitor or after decreasing PKCδ expression levels by RNA interference, both peptide-induced
serine STAT1 and p38 phosphorylation levels were significantly decreased, indicating that PKCδ
functions as an upstream regulator of p38. We also showed that PKCδ and p38 activation
stimulated by the peptide was inhibited by a specific pharmacological inhibitor of phosphatidy-
linositol 3-kinase (PI3K) or by a dominant-negative p85 PI3K-regulatory subunit, suggesting that
PI3K is upstream in the signaling cascade. In addition, the role of PI3K and PKCδ in cyclic peptide-
induced apoptosis was examined. Both signaling effectors were found to regulate the anti-
proliferative activity and the apoptotic response triggered by the cyclic peptide in WISH cells.
In conclusion, we herein demonstrated that STAT1 serine phosphorylation is mediated by the
sequential activation of PI3K, PKCδ and p38 MAPK. This signaling cascade contributes to the
antitumor effect induced by the chimeric IFN-α2b cyclic peptide in WISH cells.
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Introduction

Human alpha interferon (IFNα) consists of a group of structurally
related proteins exhibiting pleiotropic biological effects, such as
antiviral, antiproliferative and immunoregulatory actions [1–4].
In accordance with their biological activities, IFNα has been
employed as a therapeutic agent in the treatment of viral
infections, autoimmune disorders and different types of cancers
[5–7]. The interaction of IFNα with its receptor leads to the
activation of the classical Jak/STAT pathway and other down-
stream signaling cascades which contribute to elicit the multi-
plicity of IFN-mediated responses [8–14]. After binding, IFNα
induces the dimerization of two different receptor subunits:
IFNAR2, which is associated with the tyrosine kinase Jak1, and
IFNAR1, which is associated with Tyk2 [8–12]. Activation of Jak1
and Tyk2 leads to tyrosine phosphorylation of both receptor
chains and several STAT proteins, which translocate to the nucleus
and regulate the transcription of target genes [8–12]. IFNα also
regulates a full transcription activity through phosphorylation of
the serine residue located in position 727 of STAT1 and STAT3
[15–17]. Besides the Jak/STAT pathway, the activation of several
intracellular effectors, including the phosphatidylinositol 3-kinase
(PI3K), the mitogen-activated protein kinases (MAPK) ERK, p38
and JNK, and the protein kinase Cδ (PKCδ), is required to generate
IFN-mediated responses [10,11,13,14,18].
We have previously synthesized a chimeric cyclic peptide of the

IFN-α2b molecule which represents a mimotope mainly interacting
with the receptor subunit IFNAR2 [19]. Structurally, it consists of
IFN-α2b sequences 30–35 (loop AB) and 122–137 (helix D), with
amino acids 30 and 137 linked by two Gly residues and amino
acids 122 and 35 connected by a (Gly)4 bridge [19]. The loop AB
would constitute the main region involved in IFNAR2 binding,
being probably minor the contribution of helix D residues to the
interaction [20–23]. This cyclic peptide inhibits WISH cell prolif-
eration and induces an apoptotic response by activating both death
receptor and mitochondrial pathways [24]. It was further demon-
strated that the peptide induces tyrosine and serine phosphoryla-
tion of STAT1 and STAT3, and p38 MAPK activation [25]. Although
it has been claimed a role for p38 as a serine kinase for STATs [26],
some studies concerning IFN action showed that PKCδ mediates
serine phosphorylation of STAT1 [27,28]. It was also demonstrated
that even though PKCδ behaves as an upstream regulator of p38
MAPK in IFNα-sensitive leukemia cell lines, PKCδ but not p38
functions as a serine kinase for STAT1 [27]. Based on these facts, we
decided to examine whether p38, PKCδ or both kinases regulate
the phosphorylation of STAT1 induced by the cyclic peptide. The
involvement of PI3K as a regulator of this activation pathway was
also evaluated. In addition, we investigated the contribution of
these serine kinases in the peptide-induced cell growth inhibitory
activity and apoptotic response.
Materials and methods

Reagents

Recombinant human IFN-α2b with a specific activity of 2�108 U/mg
protein was supplied by Bio Sidus S.A., Buenos Aires, Argentina.
Synthesis and purification of IFN-α2b chimeric cyclic peptide was
performed as described previously [19]. The peptide was dissolved
in a medium containing 0.3 M glycine, 8 M urea, pH 8.5. Experi-
mental assays including control samples (without peptide) were
performed in the presence of 20 μl of this vehicule per ml of assay
medium. Rabbit polyclonal anti-STAT1, anti-PKCδ, anti-p38, anti-
phospho-STAT1 (Ser727), anti-phospho-PKCδ (Thr 507), anti-
phospho-p38 (Thr180/Tyr182), p38-MAP kinase inhibitor
SB203580, PKCδ inhibitor rottlerin and PI3K inhibitor Ly294002
were from Santa Cruz Biotechnology, CA, USA. Rabbit polyclonal
anti-actin antibody was from Sigma-Aldrich, Inc., MO, USA.

Cell culture and proliferation assay

WISH (ATCC CCL-25) cells were grown at 37 1C under 5% CO2

atmosphere in Minimum Essential Medium (MEM, Gibco BRL,
MD, USA) supplemented with 10% fetal bovine serum (FBS, Gibco
BRL, MD, USA), 2 mM L-glutamine, 50 U/mL penicillin and
50 μg/mL streptomycin. Proliferation assay was performed as
described previously [29]. Briefly, cells (25,000 cells/ml) were
incubated for 48 or 72 h at 37 1C in 96-well culture microplates
with 0.2 μg/ml IFN-α2b or 10 μg/ml of cyclic derivative in a total
volume of 0.2 ml of the corresponding culture medium. In some
experiments, cells were seeded 24 h before and pre-incubated for
1 h with 10 μM SB203580, 1 μM rottlerin or 2 μM Ly294002. Cell
number was evaluated by colorimetric determination of hexosa-
minidase levels [30]. None of the inhibitors diminished WISH cell
proliferation in the concentrations specified above (data not
shown). Rottlerin and Ly294002 significantly decreased IFN-
induced PKCδ and Akt phosphorylation at 1 μM and 2 μM con-
centrations, respectively (data not shown). SB concentration and
effectiveness were assessed previously [25].

Western blot analysis

Western blot assays were performed as previously described [25].
Briefly, WISH cells incubated overnight in culture medium with-
out FBS were treated in the presence or absence of 0.2 μg/ml of
IFN-α2b or 20 μg/ml of cyclic peptide at 37 1C for different times.
Cells were then solubilized in lysis buffer and 100 μg of protein
were submitted to SDS–PAGE, followed by transfer to a nitro-
cellulose membrane. After blocking non-specific antibody binding
sites, membranes were incubated overnight at 4 1C with the
corresponding primary antibodies. Bound antibodies were then
revealed with anti-rabbit IgG (horseradish peroxidase-conjugated
goat IgG). Immunoreactive proteins were visualized using the ECL
detection system (GE Healthcare, Buckinghamshire, UK) according
to the manufacturer's instructions. Quantification of the intensity
of each band was performed with a densitometer (Gel Pro
Analyzer). In some experiments, cells were pre-incubated for
1 h with 10 μM of SB203580, 1 μM rottlerin or 2 μM Ly294002.

Transfection and RNA interference

PKCδ small interfering RNA (siRNA), control siRNA, transfection
reagent and medium were obtained from Santa Cruz Biotechnol-
ogy, CA, USA. Cells were transfected with 10−4 nM siRNA accord-
ing to the manufacturer's instruction. Dominant negative mutant
of p38MAPK (DNp38) was a gift form Dr. Roger Davis (University
of Massachusetts Medical School, Worcester, MA, USA). Dominant
negative mutant of p85 PI3K-regulatory subunit (DNp85) was
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provided by William Hahn (Dana Farber Cancer Institute, Boston,
MA, USA). Cells were transfected with DNp38 or DNp85 plasmids
(Addgene plasmids 20352 and 10888, respectively), or with the
Fig. 1 – Effect of p38 MAPK inhibition on serine phosphorylation of
in the absence of FBS for 24 h were pre-treated for 1 h at 37 1C wi
with 0.2 μg/ml of IFN-α2b or 1 h with 20 μg/ml of cyclic peptide. C
described in Materials and methods. Western blot assays were per
STAT1) and STAT1. (B) Cells were transfected with the empty vecto
removing the transfection medium, cells were incubated overnigh
30 min with 0.2 μg/ml of IFN-α2b or 1 h with 20 μg/ml of cyclic pe
Results from one representative experiment are shown (top panel)
(mean7SE of three independent experiments, bottom panel). npo
cells; #po0.05, significantly different from stimulated-cells incuba

Fig. 2 – Cyclic-peptide induced PKCδ phosphorylation. WISH cells w
incubated for different times with 0.2 μg/ml of IFN-α2b or 20 μg/m
Western blot assays were performed with antibodies against phos
experiment are shown (top panel). Data quantification was perform
experiments, bottom panel). npo0.05, nnpo0.005.
corresponding empty vectors using Lipofectamine 2000 transfec-
tion reagent (Invitrogen, CA, USA), according to the manufac-
turer's protocol.
STAT1 induced by the cyclic peptide. (A) WISH cells maintained
th or without 10 μM SB203580 and then incubated for 30 min
ells lysates were subjected to SDS-PAGE under the conditions
formed with antibodies against phosphoserine-STAT1 (P-Ser
r (control) or the DNp38 mutant construct for 5 h. After
t in growth medium, starved for 24 h and then treated for
ptide. Western blot assays were performed as described above.
. Data quantification was performed by densitometric analysis
0.01, nnpo0.005, significantly different from non-stimulated
ted in the absence of inhibitor or DNp38.

ere maintained in the absence of FBS for 24 h and then
l of cyclic peptide. Cells lysates were subjected to SDS-PAGE and
pho-PKCδ (P-PKCδ) and PKCδ. Results from one representative
ed by densitometric analysis (mean7SE of three independent
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Flow cytometry analysis

In order to evaluate the proportion of hypodiploid cells, WISH
cells pre-incubated with 10 μM SB203580, 1 μM rottlerin, 2 μM
Ly294002, or transfected with the corresponding siRNA were
incubated for 48 h at 37 1C in the presence or absence of 2 μg/ml
IFN-α2b or 10 μg/ml of cyclic derivative in culture medium
containing 1% FBS. After harvesting and washing with cold PBS,
cells were fixed overnight with 1 ml of 70% ethanol and kept at
4 1C. Then, cells were washed twice with PBS and resuspended in
500 μl of 0.1% sodium citrate buffer, pH 8.4, 0.1% Triton X-100 and
50 μg/ml propidium iodide (PI), overnight at 4 1C. Stained cells
were analyzed for DNA content by using a FACScan flow
cytometer (Becton Dickinson, CA, USA).

Statistical analysis

The values are expressed as mean7SE. Statistical analysis of the
data was performed by using the Student's t-test. P values o0.05
were considered statistically significant.
Results

p38 MAPK and PKCδ are required for peptide-induced
STAT1 Ser727 phosphorylation

We have previously demonstrated that the IFN-α2b cyclic
peptide regulates WISH cell proliferation by inducing tyrosine
Fig. 3 – Serine phosphorylation levels of STAT1 after transfection w
presence of either PKCδ siRNA or control siRNA according to the m
SDS-PAGE and Western blot with anti-PKCδ antibody. Equal loading
(B) Cells seeded in 24 well plates were maintained in the absence o
IFN-α2b or 20 lg/ml of cyclic peptide, respectively. Cells lysates we
Material and methods. Western blot assays were performed with
representative experiment are shown (top panel). Quantification w
independent experiments, bottom panel).npo0.001; §§po0.005, §po
##po0.005, #po0.05, significantly different from cells transfected
phosphorylation of Jak1 and Tyk2 kinases, tyrosine and serine
phosphorylation of STAT1 and STAT3, and activation of p38 MAPK
pathway [25]. Although it has been proposed that p38 MAPK
could act as a kinase for serine STAT1 phosphorylation in HeLa
cells stimulated with IFNα [26], an IFNα induced serine phosphor-
ylation of STAT1 not related to p38 activation was found in
different leukemia cell lines [31] and dendritic cell precursors
[32]. In order to evaluate if peptide-induced phosphorylation of
STAT1 on Ser727 is mediated by p38 MAPK, WISH cells were pre-
treated with SB203580, a specific p38 MAPK inhibitor, and then
incubated in the presence or absence of the cyclic peptide. In
parallel, the effect of SB203580 on IFN-α2b-induced phosphoryla-
tion of Ser727 STAT1 was also examined. Consistent with our
previous results, serine phosphorylation of STAT1 was determined
after 60 min and 30 min of exposure to cyclic peptide or IFN-α2b,
respectively [25]. As shown in Fig. 1A, SB203580 significantly
diminished phophoserine-STAT1 levels induced after treatment
with either cyclic peptide or IFN-α2b, suggesting that p38 would
be required for STAT1 serine phosphorylation. To confirm these
results, the effect of blocking p38 activation with a DNp38 mutant
expression construct was then determined. Cells were transfected
with either a control empty vector or the mutant p38 construct,
and phospho-Ser727 STAT1 levels were examined. A significant
reduction of STAT1 serine phosphorylation was evident in DNp38-
treated cells after incubating either with the cyclic peptide or IFN-
α2b (Fig. 1B), indicating a role for p38 in serine STAT1
phosphorylation.

It has also been demonstrated that PKCδ, but not p38 kinase,
behaves as a serine kinase for STAT1 in various leukemia cell lines
ith PKCδ siRNA. WISH cells were incubated for 24 h in the
anufacturer's instruction. (A) Cell lysates were subjected to
was confirmed by stripping and reprobing each blot for actin.

f FBS for 24 h and incubated for 30 min or 1 h with 0.2 lg/ml of
re subjected to SDS-PAGE under the conditions described in
antibodies against P-Ser STAT1 and STAT1. Results from one
as performed by densitometric analysis (mean7SE of three
0.05, significantly different from non-stimulated cells;

with control siRNA.



E X P E R I M E N T A L C E L L R E S E A R C H 3 1 9 ( 2 0 1 3 ) 1 4 7 1 – 1 4 8 1 1475
sensitive to type I IFNs [27,28,33,34]. We first examined whether
the cyclic peptide induced PKCδ activation. To this end, WISH cells
were incubated for different times in the presence or absence of
cyclic peptide, and Western blots analyses of cell lysates were
performed with anti-phospho-PKCδ antibody. Phosphorylation of
PKCδ was detected after 30 min of exposure to cyclic peptide and
Fig. 4 – Cyclic peptide-induced PKCδ-dependent activation of p38. W
treated for 1 h at 37 1C with or without 10 μM SB203580 (A) or 1 μ
of IFN-α2b or 20 lg/ml of cyclic peptide. Cells lysates were subject
and methods. Western blot assays were performed with antibodie
and anti-p38 (B). Results from one representative experiment are
densitometric analysis (mean7SE of three independent experimen
non-stimulated cells; #po0.005, significantly different from stimu
were incubated for 24 h in the presence of either PKCδ siRNA or co
cells were maintained in the absence of FBS for 24 h and incubate
peptide. Cells lysates were subjected to SDS-PAGE under the condi
were performed with antibodies anti-P-p38 and anti-p38. Results fr
quantification was performed by densitometric analysis (mean7S
significantly different from non-stimulated cells; ##po0.005, #po0
control siRNA.
remained elevated for at least 120 min post stimulation (Fig. 2).
A similar pattern of PKCδ phosphorylation was obtained after cell
treatment with IFN-α2b. Based on these results, we decided to
determine whether PKCδ was also mediating the Ser727 phos-
phorylation of STAT1. To this end, when cells pre-treated with
rottlerin, a PKCδ inhibitor, were incubated in the presence or
ISH cells maintained in the absence of FBS for 24 h were pre-
M rottlerin (B) and then incubated for 30 min with 0.2 lg/ml
ed to SDS-PAGE under the conditions described in Materials
s anti-P-PKCδ and anti-PKCδ (A) or anti-phospho p38 (P-p38)
shown (left panel). Data quantification was performed by
ts, right panel). npo0.05, nnpo0.01, significantly different from
lated-cells incubated in the absence of rottlerin (C) WISH cells
ntrol siRNA according to the manufacturer’s instruction. Then,
d for 30 min with 0.2 μg/ml of IFN-α2b or 20 μg/ml of cyclic
tions described in Material and methods. Western blot assays
om one representative experiment are shown (left panel). Data
E of three independent experiments, right panel).npo0.05,
.05, significantly different from cells transfected with



Fig. 5 – Effect of pharmacological inhibition of PI3K on PKCδ and p38 phosphorylation. WISH cells maintained in the absence
of FBS for 24 h were pre-treated for 1 h at 37 1C with or without 2 μM Ly294002 and then incubated for 30 min with 0.2 μg/ml of
IFN-α2b or 20 μg/ml of cyclic peptide. Cells lysates were subjected to SDS-PAGE under the conditions described in Materials and
methods. Western blot assays were performed with antibodies (A) anti-P-PKCδ, anti-PKCδ; (B) anti-P-p38, anti-p38. Results from
one representative experiment are shown (top panel). Data quantification was performed by densitometric analysis (mean7SE of
three independent experiments, bottom panel). npo0.005, significantly different from non-stimulated cells; #po0.005,
significantly different from stimulated-cells incubated in the absence of inhibitor.

Fig. 6 – Phosphorylation levels of PKCδ and p38 after transfection with a DNp85 mutant. WISH cells were transfected with the
empty vector (control) or the DNp85 mutant construct for 5 h. After removing the transfection medium, cells were incubated
overnight in growth medium, starved for 3 h and then treated for 30 min with 0.2 lg/ml of IFN-α2b or 20 lg/ml of cyclic peptide.
Western blot assays were performed with antibodies (A) anti-P-PKCδ, anti-PKCδ; (B) anti-P-p38, anti-p38. Results from one
representative experiment are shown (top panel). Data quantification was performed by densitometric analysis (mean7SE of three
independent experiments, bottom panel). npo0.05, nnpo0.01, significantly different from non-stimulated cells; #po0.05,
significantly different from stimulated-cells incubated in the absence of DNp85.
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absence of cyclic peptide or IFN-α2b, Ser727 STAT1 phosphoryla-
tion levels were significantly reduced after stimulation with
either cyclic peptide (∼30%) or IFN-α2b (∼38%), suggesting that
PKCδ activation would be involved in STAT1 serine phosphoryla-
tion (data not shown). In order to confirm these results, PKCδ
protein expression was blocked by using specific small interfering
RNA (siRNA). Western blots assays were performed to determine
PKCδ depletion after incubating WISH cells with either siRNA
control or an specific siRNA for PKCδ. As shown in Fig. 3A, PKCδ
levels diminished approximately 30% after 24 h of incubation with
the specific siRNA. Serine phosphorylation levels of STAT1
induced either by the cyclic peptide or IFN-α2b were next
analyzed in knocked down cells in comparison with control cells.
Densitometric analyses of Western blots assays revealed a sig-
nificant decrease in STAT1 serine phosphorylation levels induced
by any stimulus (Fig. 3B).

PI3K is required for peptide-induced PKCδ and p38
activation

Since we found that both PKCδ and p38 MAPK are involved in
cyclic peptide- and IFN-α2b-induced serine STAT1 phosphoryla-
tion in WISH cells, we decided to examine if these serine kinases
are part of a common pathway or if they are mediating separate
independent pathways. PKCδ activation induced either by the
cyclic peptide or IFN-α2b after 30 min of incubation of WISH cells
was measured in the presence or absence of SB203580 or rottlerin
(Fig. 4A and B). Densitometric analyses of Western blots showed
that SB203580 was not able to inhibit PKCδ phosphorylation, but
rottlerin significantly blocked p38 activation, suggesting that PKCδ
regulates p38 phosphorylation. The PKCδ-dependent activation of
p38 was also confirmed by using PKCδ knocked down cells
obtained after transfection with specific siRNA. Thus, when
PKCδ-depleted WISH cells were stimulated by the cyclic peptide
or IFN-α2b, a significant reduction of phospho-p38 levels was
observed (Fig. 4C).

It has been shown that IFNα-dependent PKCδ phosphorylation
occurs downstream of PI3K activation [35]. On the other hand,
ig. 7 – Effect of PKCδ and PI3K inhibition on the antiproliferative
reated for 1 h at 37 1C with or without 1 lM rottlerin or 2 lM Ly294
0 lg/ml of cyclic peptide. (B) WISH cells transfected with PKCδ siRN
FN-α2b or 10 lg/ml of cyclic peptide. Cell proliferation was evaluate
ntiproliferative activity was calculated as the percentage of growth
ontrol cells. Results represent the mean7SE of three different exp
orresponding control values (cells either incubated in the absence
po 0.05, nnpo 0.01.
it has been determined that p38 stimulation induced by type I
IFNs in leukemia cells is independent of PI3K activation [31]. Thus,
based on these findings, we further inquired whether PI3K, a
pathway commonly activated by IFNα, is required for cyclic
peptide-induced PKCδ and p38 activation. WISH cells, pre-
treated with the PI3K inhibitor Ly294002, were incubated with
cyclic peptide or IFN-α2b for 30 min, and PKCδ and p38 phos-
phorylation were then examined by Western blot. As shown in
Fig. 5A and B, phospho-PKCδ and phospho-p38 expression levels
induced either by the cyclic peptide or the IFN-α2b molecule were
significantly reduced in the presence of Ly294002. In addition, a
dominant-negative mutant of p85 (DNp85) was employed to
confirm these results. Inhibition of PI3K pathway also diminished
the amount of phospho-PKCδ and phospho-p38 induced by the
peptide or the IFN-α2b, suggesting that PI3K would be acting as
an upstream regulator of PKCδ and p38 kinases (Fig. 6A and B).

Role of PI3K and PKCδ in the antiproliferative and
apoptotic actions of the chimeric cyclic peptide

We have previously demonstrated that p38 MAPK would be
mediating the antiproliferative activity and the apoptotic
response triggered by the cyclic peptide in WISH cells [25]. Based
on the results herein obtained, we decided to examine whether
PI3K and PKCδ were also regulating these effects. Cell growth
assays were performed with WISH cells pre-treated with rottlerin
or Ly294002 and then stimulated with the cyclic peptide or IFN-
α2b. As shown in Fig. 7A, cell treatment with either rottlerin or
Ly294002 significantly diminished the antiproliferative activity
exhibited by the cyclic peptide and IFN-α2b. A similar behavior
was observed for both stimuli in cells depleted of PKCδ after
siRNA transfection (Fig. 7B). We next evaluated the effect of both
inhibitors on the peptide- and IFN-α2b-induced apoptotic
action. Thus, the percentage of hypodiploid cells obtained after
incubating WISH cells in the presence of the cyclic peptide
diminished from 2373% to 872% when cells were pre-
incubated with rottlerin, or 1271% after Ly294002 treatment
(Fig. 8A). In a similar way, when cells were incubated with I
effect induced by the cyclic peptide. (A) WISH cells were pre-
002 and then incubated for 72 h with 0.2 lg/ml of IFN-α2b or
A or control siRNA were incubated for 48 h with 0.1 lg/ml of
d by colorimetric determination of hexosaminidase levels. The
inhibition obtained in treated cells with respect to untreated
eriments. Statistical significance in comparison with the
of inhibitor or transfected with control siRNA) is indicated by
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FN-α2b, pre-incubation with rottlerin or Ly294002 decreased the
percentage of apoptotic cells from 2975% to 1172% or 1071%,
respectively (Fig. 8A). Results obtained with rottlerin were further
confirmed with cells treated with siRNA. Consequently, after
transfection with PKCδ siRNA, the sub-G1 fraction of cells incu-
bated with cyclic peptide diminished from 2474% to 1272%, and
from 2974% to 1474% for IFN-α2b-treated cells (Fig. 8B).
Fig. 8 – Effect of PKCδ and PI3K inhibition on the apoptotic effect in
1 h at 37 1C with or without 1 lM rottlerin or 2 lM Ly294002 and
cyclic peptide. Hypodiploid DNA content was evaluated by flow cy
apoptotic cells7SE of three different experiments is shown in eac
corresponding control values is indicated by npo0.005. (B) WISH c
incubated for 48 h with 2 lg/ml of IFN-α2b or 10 lg/ml of cyclic p
experiments. Statistical significance in comparison with the corre
Discussion

We have recently demonstrated that STAT1, STAT3 and p38 MAPK
were involved in the apoptotic response triggered by a chimeric
cyclic peptide of the IFN-α2b in WISH cells [25]. We found that
the peptide stimulated p38 activation and both tyrosine and
duced by the cyclic peptide. (A) WISH cells were pre-treated for
then incubated for 48 h with 2 lg/ml of IFN-α2b or 10 lg/ml of
tometry after propidium iodide staining. The percentage of
h histogram. Statistical significance in comparison with the
ells transfected with PKCδ siRNA or control siRNA were
eptide. Results represent the mean7SE of three different
sponding control values is indicated by npo0.01.



Fig. 9 – Schematic representation of the signaling pathways
involved in the apoptotic cell death induced by the cyclic peptide.
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serine phosphorylation of STAT1 and STAT3 proteins [25]. In the
present study, we decided to examine whether p38 is involved in
STAT1 phosphorylation on Ser727 and the upstream regulators of
p38 activation Similarly to the results obtained for IFN-α2b-
stimulated WISH cells, a significant reduction of phophoserine-
STAT1 levels induced by the cyclic peptide was observed after
treating cells either with an specific pharmacological inhibitor of
p38 MAPK or with a dominant-negative p38 mutant. Thus, our
results showed that p38 MAPK plays a role as a mediator of serine
phosphorylation of STAT1, although it remains to be established
whether the p38 kinase itself or other possible downstream
kinases contribute to the observed effect. In accordance to our
data, a role for p38 MAPK in STAT1 serine phosphorylation has
also been reported in HeLa cells exposed to IFNα or IFNγ [26].
In spite of these findings, some studies performed with diverse
leukemia cell lines [27,31] and dendritic cell precursors [32] have
established that IFNα-induced Ser727 STAT1 phosphorylation
would be independent of p38 activation. These controversial
results may reflect a difference in the cell type studied. In this
respect, taking into account that WISH cells were established via
HeLa contamination [36], a similar behavior could be expected for
both related cell lines. Thus, depending on the cellular back-
ground, different serine kinases could be acting as regulators for
serine STAT1 phosphorylation.

Since various studies performed in leukemia cell lines have
provided evidence about the involvement of PKCδ, but not p38, in
the IFNα-stimulated serine phosphorylation of STATs [11,27,28,
33,34], we inquired whether this kinase could someway contri-
bute to the peptide-stimulated signaling. We first demonstrated
that the cyclic peptide effectively induced PKCδ activation in a
similar manner to that showed by IFN-α2b. Next, we found that
after treatment of cells with a PKCδ pharmacological inhibitor or
with a specific PKCδ siRNA, cyclic peptide- or IFN-α2b-induced
Ser727 STAT1 phosphorylation levels were significantly
decreased, suggesting that PKCδ also contributes to serine STAT1
phosphorylation. However, unlike results obtained in leukemia
cells [27,28], our data showed that PKCδ and p38 are part of a
common pathway that finally lead to serine STAT1 phosphoryla-
tion, since blocking of PKCδ, either with a pharmacologic inhibitor
or with specific siRNA, significantly reduced phospho-p38 levels
obtained after incubating WISH cells with either cyclic peptide or
IFN-α2b.
In the search of an upstream regulator of PKCδ and p38, we

sought to examine the possible participation of PI3K. In this sense,
there is multiple evidence involving the PI3K pathway in IFNα-
mediated signaling [11,14,35,37,38]. In addition, it has also been
reported that IFNγ induces Ser727 STAT1 phosphorylation through
activation of the PI3K pathway, which in turn functions as an
upstream effector of PKCδ [39,40]. Results herein obtained showed
that cyclic peptide- or IFN-α2b-induced phosphorylation levels of
PKCδ and p38 were significantly inhibited by a specific PI3K
pharmacological inhibitor or a dominant-negative p85 mutant,
indicating that PI3K would be upstream in the signaling cascade.
As it was established in a previous work [25], we found that the

cyclic peptide activated similar signaling components to those
stimulated by the IFN-α2b, suggesting that this derivative, although
represents an epitope that mainly recognizes IFNAR2 [19], would
induce the dimerization of both receptor subunits. We also demon-
strated that the signaling effectors studied are certainly mediating the
growth inhibitory activity and the apoptotic response triggered by the
cyclic peptide in WISH cells. In this respect, we and others have
previously shown a role of p38 in the apoptotic effect mediated by
IFNα [11,13,25,41,42]. Different reports have also revealed that PI3K
and PKCδ contribute to the IFNα-induced apoptosis [33,36,39,43]. In
the present study, we found that PI3K functions as an upstream
regulator of PKCδ and p38 MAPK in WISH cells. As it was mentioned
before, other signaling pathways could be activated in a different
cellular context. Thus, some studies performed with leukemia cells
have shown that PKCδ, instead of being related to p38, mediates the
IFNα-stimulated apoptosis through JNK activation [33,35].
In conclusion, the whole results lead us to propose the signaling

cascade that would be responsible for the apoptotic cell death
induced by the cyclic peptide (Fig. 9). Briefly, at least both tyrosine
STAT1/3 phosphorylation previously studied [25] and serine
STAT1 phosphorylation are related to the apoptotic response
triggered by the chimeric peptide. Herein, we demonstrated that
STAT1 serine phosphorylation is mediated by activation of PI3K,
PKCδ and p38 signaling effectors. These findings provide the
molecular mechanism of action of a chimeric IFN-α2b cyclic
peptide putative valuable for the treatment of cancer patients.
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