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ERK1/2 activation mediated by the nutlin-3-induced
mitochondrial translocation of pS53
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Abstract. Nutlin-3 is a small-molecule antagonist of murine
double minute 2 (MDM?2) that blocks its binding to p53, leading
to an increase in p53 protein levels. The tumor suppressor p53
induces growth arrest or apoptosis in response to genotoxic
stress. Along with its growth-suppressive effect, it has been
reported that p53 stimulates the mitogen-activated protein
kinase (MAPK) pathway via the upregulation of heparin-
binding epidermal growth factor-like growth factor (HB-EGF),
an epidermal growth factor receptor (EGFR) ligand, and
discoidin domain receptor 1 (DDR1), a tyrosine kinase receptor,
at the transcription level. In this study, we propose a novel
mechanism involved in the p53-induced MAPK activation.
Nutlin-3 induced the phosphorylation of EGFR, MAPK/ERK
kinase (MEK)1/2 and extracellular signal-regulated kinase
(ERK)1/2 in U20S human osteosarcoma cells harboring wild-
type p53. This phosphorylation was completely inhibited by p53
siRNA, but not by pifithrin (PFT)-a., an inhibitor of the trans-
criptional activity of p53. While the nutlin-3-induced EGFR
phosphorylation was prevented by the inactivation of ERK1/2,
the nutlin-3-induced MEK1/2-ERK1/2 phosphorylation was
still observed in the cells in which EGFR phosphorylation
was inhibited using EGFR siRNA and AG1478, an inhibitor
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of EGFR tyrosine kinase. Of note, nutlin-3 caused the accu-
mulation of mitochondrial reactive oxygen species (ROS) and
this correlated with the mitochondrial translocation of p53.
2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO), a ROS scav-
enger, prevented the phosphorylation of ERK1/2. PFT-p, which
prevented the mitochondrial localization of p53, suppressed
ERK1/2 phosphorylation, as well as ROS accumulation. Finally,
we analyzed the effect of ERK1/2 activation on nutlin-3-
induced apoptosis. The knockdown of MEK1/2 and ERK1/2
activity using U0126, a MEK inhibitor, or siRNAs, resulted
in the enhancement of nutlin-3-induced apoptosis. In addition,
TEMPO and PFT-p also promoted nutlin-3-induced apoptosis.
Taking the above findings into account, it can be concluded
that nutlin-3 activates ERK1/2 prior to EGFR phosphorylation
via ROS generation following the mitochondrial translocation
of p53 and that nutlin-3-induced ERK1/2 activation may play
a role in protecting U20S cells from p53-dependent apoptosis,
constituting a negative feedback loop for p53-induced apoptosis.

Introduction

The p53 protein, a transcription factor which exerts signifi-
cant tumor-suppressive activity, regulates the expression
of various genes that induce different anti-carcinogenesis
mechanisms (1,2). These include cell cycle arrest, apoptosis,
senescence and DNA repair in response to genotoxic stress,
depending on the type and severity of stress and the cellular
context. Since the activation of p53 can lead to irreversible
cellular injury, p53 protein levels are tightly regulated. Under
basal conditions, the p53 protein has a short half-life, due to
its binding to the murine double minute (MDM)2 protein, an
E3 ubiquitin ligase that targets it for 26S proteasomal degrada-
tion (3). MDM2 binding also hinders the interaction between
p53 and transcriptional co-activators, such as p300 and the
CREB-binding protein (CBP), thus rendering p53 inactive as
a transcription factor (4). Due to its central role in cell death
and cell cycle arrest, the activation of p53 has become an
attractive therapeutic approach. In fact, currently used anti-
cancer treatments, including chemotherapy and radiotherapy,
induce p53-dependent apoptosis in cancer cells with an intact
p53 gene. These therapeutic methods induce genomic DNA
damage, resulting in the activation of p53, which makes cancer
cells with rapid DNA replication more susceptible to these
treatments compared to non-transformed cells (5). However,
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these treatments may cause DNA damage to normal cells
and, in fact, certain studies have reported the development of
tumors, such as leukemia, bladder, kidney and breast cancers,
following such anticancer treatments (6,7). Therefore, small
molecules such as MDM?2 inhibitors, that induce p53 activa-
tion without causing DNA damage, may represent promising
anticancer drugs, since they reduce the risk of secondary tumor
development (8,9). Nutlin-3, a cis-imidazoline analog, was the
first selective MDM2 inhibitor to be discovered (10). The struc-
ture of nutlin-3 is similar to that of amino acids in the binding
domain between p53 and MDM2. It binds to the p53-binding
pocket of MDM?2, thereby displacing p53 (from MDM?2) and
upregulating the p53 protein. As shown in previous studies
using the murine xenograft model, the treatment of cancer cells
with nutlin-3 triggers substantial p53-dependent cell cycle arrest
and apoptosis in vitro and exhibits antitumor efficacy (10,11). It
is noteworthy that MDM?2 inhibitors, including nultin-3, are not
toxic to normal cells (12,13).

The Ras-Raf-MEK1/2-ERK1/2 pathway, which is gener-
ally activated by growth factors, controls various cellular
responses, such as proliferation, migration, differentiation
and death (14,15). Upon growth factor stimuli, Ras is acti-
vated via receptor tyrosine kinases (RTKs) and subsequently
activates Raf, MAPK/ERK kinase (MEK) and extracellular
signal-regulated kinase (ERK), leading to the activation of a
number of transcription factors that orchestrate various cellular
responses. The Ras-Raf-MEK-ERK signaling cascade has been
demonstrated to functionally interact with the pS3 pathway. For
example, ERK1/2 is required for the phosphorylation of p53
and apoptosis induced by cisplatin, colcemid, resveratrol and
benzo(a)pyrene in ovarian cancer, fibroblast, epidermal and
hepatocellular carcinoma cells, respectively (16-19). However,
it has also been reported that p53 is capable of modulating
ERK1/2 activation, although its effects on ERK1/2 activity
do not appear to be consistent. In human bladder cancer,
osteosarcoma and colon cancer cells, p53 activates the Ras-Raf-
MEK1/2-ERK1/2 pathway via the transcriptional induction
of heparin-binding epidermal growth factor-like growth factor
(HB-EGF) and discoidin domain receptor 1 (DDRI1), to
protect cancer cells against pS3-dependent apoptosis (20-22).
By contrast, p53 suppresses ERK1/2 activity by activating
phosphatase genes, such as phosphatase of activated cells 1
(PAC1), dual-specificity phosphatase 5 (DUSP1) and mitogen-
activated protein kinase (MAPK) phosphatase 1 (MKP1),
which can dephosphorylate ERK1/2 (23-25). Since PACI,
DUSPI1 and MKP1 can block the anti-apoptotic and cell cycle
progression effects of ERK1/2, p53 induces apoptosis and
cell cycle arrest via the upregulation of these phosphatase
genes. ERK1/2 thus appears to act as an upstream activator
of p53 phosphorylation or a downstream effector of p53 that
counteracts pS3-induced apoptosis, depending on the cell type
and p53-activating stimuli, although the mechanisms involved
remain to be elucidated.

Recent studies have reported that the combined treatment
with nutlin-3 and a MEK inhibitor synergistically induces
apoptosis in AML cells in which the MAPK pathway is
aberrantly activated, and which overexpress MDM?2 (26,27).
This synergistic activation of apoptosis occurred, in part, via
the phosphorylation of FOXO3a, leading to an increase in
pro-apoptotic genes, such as p53 upregulated modulator of
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apoptosis (PUMA) and BIM. These findings suggest that the
growth-suppressive activity of nutlin-3 may also be functionally
counteracted by the MAPK pathway. However, the correlation
between nutlin-3-induced p53 and MAPK activity remains
unclear. To address this issue, we analyzed MAPK activation
and the underlying mechanisms in nutlin-3-treated U20S cells,
a human osteosarcoma cell line with established susceptibility
to nutlin-3.

Materials and methods

Reagents. Nutlin-3 and U0126 were purchased from Tocris
(Bristol, UK). Pifithrin (PFT)-a and -p, 2',7'-dichlorodihydro-
fluorescein diacetate (H2DCF-DA) and 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) were obtained from Sigma-
Aldrich Inc. (St. Louis, MO, USA). MitoSOX™ Red reagent
was obtained from Invitrogen (Carlsbad, CA, USA).

Cell culture. U20S human osteosarcoma cells were cultured
in DMEM supplemented with 10% heat-inactivated fetal
bovine serum (Hyclone, Logan, UT, USA), 100 U/ml penicillin
(Hyclone) and glutamate (Invitrogen) at 37°C with 5% CO,.

Antibodies. Mouse antibodies against phospho-p42/44, p53
and GAPDH were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Rabbit anti-p42/44 and mouse
anti-phospho-MEK1/2 were obtained from Cell Signaling
Technology (Boston, MA, USA). Rabbit anti-MEK1 and
anti-MEK?2 were obtained from Epitomics (Burlingame, CA,
USA). Secondary antibodies against rabbit or mouse IgG were
obtained from Sigma-Aldrich Inc.

Transfection of small interfering RNAs (siRNAs). p53
siRNA was obtained from Santa Cruz Biotechnology and
siRNAs against MEK1, MEK?2, ERK1, ERK?2 and epidermal
growth factor receptor (EGFR) were purchased from
Sigma-Aldrich Inc. siRNA transfection was carried out using
Lipofectamine™ RNAiMAX (Invitrogen), following the
manufacturer's instructions.

Immunoblot analysis. Cells treated as indicated in figures were
lysed with RIPA buffer (Cell Signaling Technology) containing
protease inhibitor cocktail (Roche, Basel, Switzerland) or with
1X SDS sample buffer. Equal amounts of protein were separated
by SDS-polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes (Millipore, Billerica, MA, USA).
The membranes were incubated in 5% non-fat dried milk in
TBS-T (Tris-buffered saline with 0.05% Tween-20) containing
primary antibodies and then incubated with secondary anti-
bodies, followed by chemiluminescence (ECL, GE Healthcare,
Buckinghamshire, UK)-based detection.

Quantitative real-time RT-PCR (qRT-PCR). Total RNA was
isolated using RNAiso Plus (Takara Bio Inc., Shiga, Japan) and
first-strand cDNA was generated using the PrimeScript™ RT
reagent kit (Takara Bio Inc.). Quantitative real-time RT-PCR
was performed using SYBR Premix Ex Taq (Takara Bio Inc.)
and the ABI 7300 Real-Time PCR system (Applied Biosystems,
Carlsbad, CA, USA). All reactions were performed following
the manufacturer's instructions. Relative quantification was
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performed using the AACt method with GAPDH as the endog-
enous control (28).

Apoptosis assay. Apoptosis was assessed by measuring
the number of hypodiploidic cells and the translocation of
phosphatidylserine using flow cytometry (FACSCalibur;
BD Biosciences, San Jose, CA, USA). To measure the number
of hypodiploidic cells, cells treated as indicated in Fig. 5 were
harvested, fixed in ice-cold 70% ethanol for 2 h and then
stained with propidium iodide (PI, 0.2 mg/ml). The stained
cells were analyzed on a FACSCalibur and cell cycle distri-
bution was calculated by CellQuest and ModFit software
(BD Biosciences). For determination of phosphatidylserine
translocation, cells were stained with PI and Annexin V using
the ApoScan kit (BioBud, Gyunggido, Korea), followed by
flow cytometry analysis as described previously (29).

Isolation of cytosolic and mitochondrial fractions. Cells
treated as indicated in Fig. 4 were resuspended in ice-cold IBc
buffer (0.1 M Tris-MOPS, 0.5 M EGTA/Tris, 1 M sucrose,
pH 7.4) containing a protease inhibitor cocktail (Roche). The
cells were homogenized using dounce homogenizers and
centrifuged at 6,000 x g for 10 min at 4°C to remove unlysed
cells and nuclei. The supernatant was collected and centrifuged
at 7,000 x g for 10 min at 4°C. The clear fraction was saved as
the cytosolic fraction and the pellet was resuspended in IBc
buffer, washed again and centrifuged at 10,000 x g for 10 min
at 4°C. The pellet was resuspended in RIPA buffer and used as
the mitochondrial fraction.

Measurement of reactive oxygen species (ROS). To measure
intracellular ROS levels and mitochondrial ROS, cells were
incubated in the presence of 20 M H2DCF-DA dye and
5 uM MitoSOX Red reagent working solution (Invitrogen),
respectively, for 15 min. After the cells were washed twice in
pre-warmed PBS, they were examined under a fluorescence
inverted microscope (Olympus IX71, Tokyo, Japan) and the
intensity of the fluorescence was measured by flow cytometry.

Results

Nutlin-3 induces the phosphorylation of MEK1/2-ERK1/2 in
a p53-dependent manner. To determine whether the upregula-
tion of p53 by nutlin-3 induces the phosphorylation of ERK1/2,
we treated U20S cells with 20 uM nutlin-3, treatment condi-
tions that have been reported to induce apoptosis in this cell
line (10). As shown in Fig. 1A, treatment with nutlin-3 resulted
in the accumulation of p53 protein and p21WAF1 mRNA in
a time-dependent manner, indicating that pS3 was activated
by nutlin-3. Along with p53 activation, the phosphorylation of
ERK1/2 and MEK1/2 was induced by nutlin-3 as well, which
was also dependent on the incubation time (Fig. 1A). The
activation of p53 and the phosphorylation of MEK1/2-ERK1/2
commenced after 6 h of nutlin-3 treatment and were still
observed after 48 h of treatment. Therefore, to elucidate the
mechanism behind this phenomenon, we used 20 M nutlin-3
and a 24-h incubation time for the following experiments.
We then determined whether the nutlin-3-induced MEK1/2
and ERK1/2 phosphorylation was the direct effect of p53
activation. As shown in Fig. 1B, the downregulation of p53
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Figure 1. Phosphorylation of MEK1/2-ERK1/2 by nutlin-3 in a p53-dependent
manner. (A) Time-dependent induction of MEK1/2-ERK1/2 phoshorylation
by nutlin-3. U20S cells were treated with 20 xM nutlin-3. At the indicated
time points after the treatment, total cell lysates and total cellular RNAs were
prepared and subjected to immunoblot analyses against the indicated anti-
bodies (upper panel) and quantitative real-time RT-PCR (qQRT-PCR) against
P21WAF1 (lower panel), respectively, as described in Materials and methods.
(B) Effect of p53 siRNA on nutlin-3-induced MEK1/2-ERK1/2 phosphory-
lation. U20S cells transfected with scrambled siRNA (si-Control) as the
negative control or pS3 siRNA (si-p53) for 48 h were treated with the vehicle
or 20 uM nutlin-3. After 24 h, whole cell lysates and total cellular RNAs were
extracted and subjected to immunoblot analyses against the indicated anti-
bodies (upper panel) and qRT-PCR against p53 and p21WAF1 (lower panel) as
described in Materials and methods. GAPDH was used as the loading control
of proteins for immunoblot analyses and as an internal reference for real-time
qRT-PCR. P-EGFR, phospho-EGFR (S1173); P-MEK1/2, phospho-MEK1/2
(S217/221); P-ERK1/2, phospho-ERK1/2 (T202/Y204).

by RNA interference almost completely inhibited the nutlin-
3-induced phosphorylation of MEK1/2 and ERK1/2 as well as
the increase in p21WAF1 mRNA levels. Therefore, it can be
concluded that nutlin-3 induces MEK1/2-ERK1/2 phosphory-
lation by activating p53 in U20S cells.

Nutlin-3-induced MEKI1/2-ERK1/2 activation is not depen-
dent on EGFR activation or the transcriptional activity of p53.
Since p53 has been reported to induce EGFR phosphorylation
via the upregulation of EGFR ligands such as HB-EGF (21)
and it has also been argued that EGFR ligands can be
induced downstream of ERK1/2 via early growth response-1
(EGR-1) (30), we examined whether nutlin-3 induced the
activation of EGFR and whether this was responsible for the
phosphorylation of MEK1/2-ERK1/2. Nutlin-3 induced the
phosphorylation of EGFR as well as that of MEK1/2-ERK1/2
in a time-dependent manner (Fig. 1A). However, when
EGFR phosphorylation was prevented by EGFR siRNA and
AGI1478, an EGFR kinase inhibitor, the phosphorylation of
MEK1/2-ERK1/2 was not affected (Fig. 2A; data not shown).
By contrast, EGFR phosphorylation was almost completely
prevented by ERK1/2 siRNA and U0126, a MEK inhibitor
(Fig. 2B and C), suggesting that ERK1/2, when activated by
nutlin-3, induces the phosphorylation of EGFR and that the
transcriptional activity of p53 may not be involved in this
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Figure 2. Nutlin-3-induced MEK1/2-ERK1/2 activation is not dependent on EGFR activation. (A) Effect of EGFR siRNA (si-EGFR) on the phosphorylation
of MEK1/2-ERK1/2. U20S cells transfected with si-EGFR for 48 h were cultured in the presence of the vehicle or 20 xM nutlin-3. After 24 h of treatment,
cell lysates were subjected to immunoblot analyses. (B) Effect of ERK1/2 siRNA (si-ERK1/2) on the phosphorylation of EGFR. U20S cells transfected with
si-ERK1/2 for 48 h were treated with the vehicle or 20 xM nutlin-3. After 24 h of treatment, cell lysates were subjected to immunoblot analyses. (C) Effect of
U0126 on the phosphorylation of EGFR. U20S cells treated with the vehicle or 20 xM U0126 for 1 h were incubated in the presence of the vehicle or 20 uM
nutlin-3 for a further 24 h. Cell lysates were then subjected to immunoblot analyses. (D) U20S cells treated with indicated concentrations of PFT-a for 1 h, were
treated with the vehicle or 20 xM nutlin-3. After 24 h, cell lysates were subjected to immunoblot analyses. GAPDH was used as the loading control for each
sample. P-EGFR, phospho-EGFR (S1173); P-MEK1/2, phospho-MEK1/2 (S217/221); P-ERK1/2, phospho-ERK1/2 (T202/Y204).

MEK1/2-ERK1/2 phosphorylation. Whereas an increase in
P21WAF1 mRNA levels was almost completely inhibited by
PFT-a, an inhibitor of the transcriptional activity of p53, the
phosphorylation of MEK1/2-ERK1/2 was not altered (Fig. 2D).
This suggests that nutlin-3 may induce MEK1/2-ERK1/2 and
subsequently, EGFR phosphorylation through a mechanism
that is independent of the transcriptional activity of p53.

Involvement of ROS in the activation of MEKI1/2-ERK1/2 by
nutlin-3. Since ROS have been reported to mediate the activa-
tion of ERK1/2 in various cells (31,32) and p53 modulates the
production of ROS (33), we examined the involvement of ROS
in nutlin-3-induced ERK1/2 phosphorylation. As expected,
ROS accumulated in the nutlin-3-treated cells (Fig. 3A) and
this accumulation was prevented by a pre-treatment with
TEMPO, a ROS scavenger (Fig. 3B). Parallel to its effect on
ROS accumulation, TEMPO almost completely inhibited
the phosphorylation of ERK1/2 and EGFR, but the MEK1/2
phosphorylation induced by nutlin-3 was only slightly inhib-
ited (Fig. 3C). These findings demonstrated that the nutlin-3
induced ROS generation and accumulation of ROS contributed
to the phosphorylation of ERK1/2.

Nutlin-3-induced ROS generation and MEKI/2-ERKI/2
activation are dependent on the mitochondrial translocation
of p53. Since PFT-a had no effect on the nutlin-3-induced

MEK1/2-ERK1/2 phosphorylation (Fig. 2D), ROS accumula-
tion caused by nutlin-3 may be independent of the transcriptional
activity of p53. p53 has been reported to translocate to the
mitochondria (34,35), the main source of ROS, prompting us
to examine the correlation between ROS accumulation and the
mitochondrial translocation of p53 in nutlin-3-treated cells.
For this purpose, we used MitoSOX, a reagent that captures
mitochondrial ROS and immunoblot analyses of subcellular
fractions. As shown in Fig. 4A, the nutlin-3-treated cells were
stained with MitoSOX. The results showed that accumulating
ROS were generated from the mitochondria and that nutlin-3
caused the mitochondrial translocation of p53. Both this
mitochondrial p53 translocation and ROS generation were
prevented by PFT-p, an inhibitor of the mitochondrial trans-
location of p53 (Fig. 4B). The staining of PFT-p-pre-treated
cells with H2DCF-DA demonstrated that PFT-p completely
prevented ROS accumulation, suggesting that nutlin-3-induced
ROS originated solely in mitochondria (Fig. 4B, right panel). It
should be noted that, while the phosphorylation of ERK1/2 and
EGFR by nutlin-3 was almost completely inhibited by PFT-p
pre-treatment, the phosphorylation of MEK1/2 was not inhib-
ited, but rather potentiated by PFT-p. These results demonstrate
that nutlin-3 induces the mitochondrial translocation of p53,
which generates ROS in the mitochondria and that mitochon-
drial ROS are involved in the phosphorylation of ERK1/2 but
not that of MEK1/2.



INTERNATIONAL JOURNAL OF ONCOLOGY 42: 1027-1035, 2013 1031

A B
= Control — Control
|~ Nutlin-3 —— Nutlin-3
120 1201 — TEMPO + Nutlin-3
w 7]
= =
g 60 4 g 604
&) @]
1 10 100 1 10 100
FL1-H FL1-H
C
- - + + TEMPO
+ - Nutlin-3
h S L P-EGER
o sse s=w = [GFR
| T e— P-MEK1/2 .-.\'utlin—j
- P-ERK1/2 5 :
= == —— FRK1? TEMPO+Nutlin-3
— - P>}
—— 'GAPDH TEMPO
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3-induced MEK1/2-ERK1/2 phosphorylation. U20S cells treated with the vehicle or 2 mM TEMPO were incubated in the absence or presence of 20 xM nutlin-3
for 24 h. Cells were then subjected to immunoblot analyses against indicated proteins (left panel) and stained with H2DCF-DA (right panel). GAPDH was the
protein loading control. P-EGFR, phospho-EGFR (S1173); P-MEK1/2, phospho-MEK1/2 (S217/221); P-ERK1/2, phospho-ERK1/2 (T202/Y204).
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were treated with 10 M PFT-p for 1 h and incubated with the vehicle or 20 zM nutlin-3. After 24 h, cytosolic and mitochondrial fractions were subjected to
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lysates were subjected to immunoblot analyses against indicated proteins (left panel) and stained with MitoSOX for 15 min, followed by fluorescence microscopic
observation (right panel). GAPDH was the protein loading control. P-EGFR, phospho-EGFR (S1173); P-MEK1/2, phospho-MEK1/2 (S217/221); P-ERK1/2,
phospho-ERK1/2 (T202/Y204).
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Figure 5. Effect of MEK1/2-ERK /2 inhibition on nutlin-3-induced apoptosis. (A and B) Effect of MEK1/2 siRNA and ERK1/2 siRNA on nutlin-3-induced apoptosis.
U20S cells transfected with scramble siRNA (si-Control) as the negative control, MEK1/2 siRNA (si-MEK1/2) or ERK1/2 siRNA (si-ERK1/2) for 48 h were treated
with the vehicle or 20 ¥M nutlin-3. After 24 h, cells were subjected to immunoblot analyses (A) and stained with propidium iodide, followed by cell cycle analysis
on a FACSCalibur (B). P-MEK1/2, phospho-MEK1/2 (S217/221); P-ERK1/2, phospho-ERK1/2 (T202/Y204); C-PARP, cleaved poly(ADP-ribose) polymerase (p25).
(C) Effect of TEMPO on nutlin-3-induced apoptosis. U20S cells were pre-treated with 2 mM TEMPO for 1 h and then treated with vehicle or 20 xM nutlin-3. After
24 h of nutlin-3 treatment, cells were stained with propidium iodide, followed by cell cycle analysis on a FACSCalibur. (D) Effect of PFT-u on nutlin-3-induced
apoptosis. U20S cells were pre-treated with vehicle or 10 M PFT-p and incubated in the absence or presence of 20 M nutlin-3 for a further 24 h. Cells were then
stained with both Annexin V and propidium iodide, followed by flow cytometric analysis on a FACSCalibur as described in Materials and methods.

Effect of ERK1/2 inhibition on nutlin-3-induced cell death.
We then attempted to determine the role of MEK1/2-ERK1/2
phosphorylation on nutlin-3-induced cell death. When the
phosphorylation of MEK1/2 and ERK1/2 was reduced by the
knockdown of MEK1/2 and ERK1/2 mediated by the respective
siRNAs (Fig. 5A), nutlin-3-induced apoptotic features, such
as the cleavage of poly(ADP-ribose) polymerase-1 (PARP-1)
and the accumulation of hypodiploidic cells, were augmented
(Fig. 5A and B). The effect of the inhibition of ERK1/2 phos-
phorylation by U0126, a chemical inhibitor of MEK1/2, was
consistent with that of siRNAs against MEK1/2 and ERK1/2
(data not shown). Furthermore, pre-treatment with TEMPO
and PFT-p, decreased ERK1/2 phosphorylation, and increased
nutlin-3-induced apoptosis (Fig. 5C and D). These results

demonstrate that the MEK1/2-ERK1/2 activation suppresses
nutlin-3-induced apoptosis, suggesting that it may constitute a
negative feedback loop against nutlin-3-induced apoptosis in
U20S cells.

Discussion

In this study, we report that the pS3 protein, when stabilized by
nutlin-3 treatment, causes the activation of the MEK 1/2-ERK1/2
pathway that functions as a survival pathway, thereby consti-
tuting a negative feedback loop against p53-induced apoptosis.
The findings of the present study are summarized in the formof a
schematic diagram, presented in Fig. 6. Since MEK1/2-ERK1/2
phosphorylation occurs downstream of EGFR activation and
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Figure 6. Schematic diagram of nutlin-3-induced ERK1/2 phosphorylation via
mitochondrial p53 in U20S cells. Nutlin-3-activated p53 moves to the mito-
chondria and induces ROS accumulation. The phosphorylation of ERK1/2 is
induced by both ROS generated from the mitochondria and MEK1/2, the acti-
vation mechanism of which is not identified here. Activated ERK1/2 induces
the phosphorylation of EGFR, possibly by the upregulation of EGFR ligands.
Consequently, MEK1/2-ERK1/2 acts as a negative feedback loop suppressing
nutlin-3-induced apoptosis.

p53 activates EGFR by increasing the expression of HB-EGF at
the transcription level (21), we hypothesized that the sequence
of events in the nutlin-3-treated cells would be an increase of
p53, followed by an increase of EGFR ligands, EGFR activation
and finally MEK1/2-ERK1/2 phosphorylation. However, while
the phosphorylation of MEK1/2-ERK1/2 was unaffected by the
EGFR inhibition and PFT-a., the phosphorylation of EGFR was
completely prevented by the inhibition of ERK1/2, indicating
that ERK1/2 activation occurs upstream of EGFR activation
(Fig. 2). In accordance with this hypothesis, nutlin-3 induced
the transcription of EGFR ligands such as amphiregulin,
epiregulin and HB-EGF and this induction was suppressed
by ERK1/2 inhibitors but not by PFT-a (data not shown),
leading to the assumption that the MEK1/2-ERK1/2 pathway
may be activated by nutlin-3-induced p53 in a transcription-
independent manner prior to the phosphorylation of EGFR.
Mitochondrial ROS generation was increased during the
nutlin-3 treatment and ROS accumulation closely correlated
with the mitochondrial translocation of p53. While MEK1/2
activation was not inhibited or slightly inhibited by PFT-p or
ROS scavengers, respectively, ERK1/2 appeared to be almost
completely inhibited by these compounds as well as by MEK
inhibition (Fig. 3). Collectively, these findings led us to conjec-
ture that the mitochondrial translocation of p53 and MEK1/2
activation are central events in nutlin-3-induced ERK1/2 activa-
tion and that the nutlin-3-induced phosphorylation of ERK1/2
may be induced by two pathways which act independently or
mutually cooperatively: the sequence of events of one pathway
is the increase of p53, the mitochondrial translocation of p53,
followed by the mitochondrial generation of ROS and ERK1/2
phosphorylation, while that of the other pathway is the activa-
tion of MEK1/2 by p53, followed by ERK1/2 phosphorylation
(Fig. 6).

In a number of studies, p53 has been shown to migrate
to the mitochondria where it interacts with Bcl-xL, thereby
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activating pro-apoptotic BAX and BAK proteins to induce
apoptosis (34,35). Palacios et al and Talos et al induced
apoptosis using p53-overexpressing constructs that target the
mitochondria, such as LpS3WT and Lp53CBT, emphasizing
the importance of the mitochondrial translocation of p53
in p53-induced apoptosis (36,37). Moreover, it was recently
reported that nutlin-3 also induced apoptosis via the mito-
chondrial translocation of p53 (38). Based on these reports,
we hypothesized that the targeting of mitochondrial p53 using
these constructs might induce ROS generation in the U20S cell
line. However, although these constructs appeared to move to
the mitochondria, they failed to induce ROS generation and
ERK1/2 phosphorylation (data not shown). It was therefore
concluded that the mitochondrial translocation of p53 is neces-
sary but not sufficient for ROS accumulation and ERK1/2
activation in U20S cells. This conclusion led to the conjecture
that two central pathways involving ROS accumulation and
MEK1/2 activation may cooperate rather than act independently
to activate ERK1/2 in nutlin-3-treated U20S cells. The discrep-
ancy between the effects of nutlin-3-induced p53 mitochondrial
translocation and the p53-overexpressing constructs that target
the mitochondria on ROS generation, suggests that there are
other critical factors, such as the precise location and binding
partners of p53 in mitochondria, that determine the effect of the
mitochondrial translocation of p53 on apoptosis, ROS genera-
tion and MAPK activation.

The exact mechanism by which the nutlin-3-induced mito-
chondrial translocation of p53 regulates ROS accumulation
remains to be clarified. Similar to the mechanism of apoptosis
induction, p53 has been reported to induce ROS accumulation
by both transcription-dependent and -independent mechanisms.
Elevated p53 levels caused by genotoxic stress induce the tran-
scription of pro-oxidant genes, such as NQOI1, POX, BAX and
PUMA, and suppress anti-oxidant genes, including MnSOD,
thereby shifting the balance between ROS-generating and
ROS-scavenging capacities in favor of ROS accumulation (33).
Furthermore, when in the mitochondria, p53 increases ROS
by binding to MnSOD and inhibiting its ROS-scavenging
activity (39). ROS accumulated by the upregulation of p53
eventually trigger the induction of apoptosis. However, in this
study, we did not observe any significant transcriptional changes
in pro- and anti-oxidant genes as a result of nutlin-3 treatment,
which is consistent with the absence of an effect of PFT-a on
p53-induced MEK1/2-ERK1/2 phosphorylation and the interac-
tion between p53 and MnSOD (data not shown). In addition,
the overexpression of MnSOD did not prevent nutlin-3-induced
ROS accumulation. Therefore, it can be postulated that
binding targets of p53 other than MnSOD may be present in
the mitochondria that are responsible for ROS accumulation in
nutlin-3-treated cells. It is noteworthy that ROS accumulation
induced by nutlin-3 treatment resulted in the survival rather
than the apoptosis of U20S cells, as has been reported thus far,
indicating the peculiarity of the mechanism and the role of ROS
accumulation as a result of nutlin-3 treatment in this cell line.

Although MEK1/2 and ERK1/2 are independent of the
transcriptional activity of p53, as evidenced by the effect of
PFT-a on the activation of these kinases, the mechanisms
for their activation appear to vary regarding the dependency
on ROS. Whereas ERK1/2 activation was suppressed by the
prevention of ROS induction and the mitochondrial transloca-
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tion of p53, this prevention had no effect on MEK1/2 activation.
We were also unable to observe the dependency of MEK1/2
activation on Raf kinases (data not shown). Of note, PFT-p
augmented the nutlin-3-induced phosphorylation of MEK1/2 as
well as the expression of p21WAF1 protein (Fig. 4C). PFT-p has
been reported to have no effect on the transcriptional activity
of p53 (40) and, moreover, the nutlin-3-induced increase of
p21 mRNA and the level of MEK1/2 protein were not affected
by PFT-p-pre-treatment (Fig. 4C; data not shown), suggesting
that the potentiating effect of PFT-p on the phosphorylation of
MEK1/2 and the expression of p21WAF1 protein occurred at
the post-transcriptional level. In addition, on the immunoblot
analysis of subcellular fractions, p53 accumulated in the cytosol
of PFT-p-pre-treated cells. Therefore, it may be inferred that
p53 activates MEK1/2 at the post-transcriptional level and
through cytosolic events that need to be identified hereafter
to elucidate the mechanism behind the p53-induced MEK1/2
activation.

Nutlin-3 is a promising anticancer drug since it does not
induce genomic DNA damage that can contribute to carci-
nogenesis secondary to anticancer therapy. In the present
study, we propose a mechanism that explains the manner by
which nultin-3 treatment activates the cell survival pathway
simultaneously with apoptosis via ROS accumulation and
MEK1/2-ERK1/2 activation induced by the mitochondrial
translocation of p53 in human cancer cells. For the optimal
use of nutlin-3, interfering with the nutlin-3-induced survival
pathway is critical. In order to characterize the nutlin-3-
induced survival pathway in detail, proteins interacting with
p53 in the mitochondria, which are critical for ROS accumula-
tion and the major determinants between ROS generation and
apoptosis induced by mitochondrial p53, should be identified
in the future and their distribution or expression characteristics
among cancer cells, as well as their effect on nutlin-3-induced
apoptosis should be elucidated for the optimal use of nutlin-3
against cancer.
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