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PEA-15/PED (phosphoprotein enriched in astrocytes 15 kDa/
phosphoprotein enriched in diabetes) is a death effector
domain-containing protein which is known to modulate apo-
ptotic cell death. The mechanism by which PEA-15 inhibits
caspase activation and increases ERK (extracellular-regulated
kinase) activity is well characterized. Here, we demonstrate that
PEA-15 is not only pivotal in the activation of the ERK pathway
but also modulates JNK (c-Jun N-terminal kinase) signaling.
Upon overexpression of PEA-15 in malignant glioma cells, JNK
is potently activated. The PEA-15-induced JNK activation
depends on the phosphorylation of PEA-15 at both phosphory-
lation sites (serine 104 and serine 116). The activation of JNK is
substantially inhibited by siRNA-mediated down-regulation of
endogenous PEA-15. Moreover, we demonstrate that glioma
cells overexpressing PEA-15 show increased signs of autophagy
in response to classical autophagic stimuli such as ionizing irra-
diation, serum deprivation, or rapamycin treatment. In con-
trast, the non-phosphorylatable mutants of PEA-15 are not
capable of promoting autophagy. The inhibition of JNK abro-
gates the PEA-15-mediated increase in autophagy. In conclu-
sion, our data show that PEA-15 promotes autophagy in glioma
cells in a JNK-dependent manner. This might render glioma
cells more resistant to adverse stimuli such as starvation or ion-
izing irradiation.

PEA-152/PED (phosphoprotein enriched in astrocytes 15
kDa/phosphoprotein enriched in diabetes) is a multifunctional
protein involved in the regulation of proliferation, apoptosis,
and glucose metabolism (1, 2). The PEA-15 protein consists of
an N-terminal nuclear export sequence, a death effector
domain, an ERK binding site, and two phosphorylation sites
(Ser-104 and Ser-116) at the C terminus. Unphosphorylated
PEA-15 binds ERK1/2 and prevents its translocation into the
nucleus, thereby reducing the ERK1/2-mediated transcrip-
tional activity (3). The phosphorylation of the seryl residues
is mediated by PKC (4), calmodulin kinase II (5), and AKT/
PKB (6). Phosphorylation of PEA-15 at serine 104 prevents

ERK1/2-binding and phosphorylation at serine 116 en-
hances the binding to Fas-associated protein with death
domain (FADD) and caspase 8, resulting in the inhibition of
apoptosis (2).
Because of its functional role in ERK signaling and apoptosis,

the PEA-15 protein is involved in the regulation of cell survival
and proliferation, two key determinants of tumorigenesis (7).
However, various studies reveal conflicting data on the func-
tional role of PEA-15 in malignant tumors. PEA-15 mRNA is
increased in metastatic squamous cell carcinoma compared
with non-metastatic transformed cells (8). The overexpression
of PEA-15 in a transgenic mouse model increases the suscepti-
bility to chemically induced skin cancer (9). Moreover, we have
shown in an earlier study that PEA-15 expression is increased in
glioblastomas, and that the PEA-15 proteinmediates resistance
to glucose deprivation-induced apoptosis in glioma cells in an
ERK-dependent manner (10), suggesting that PEA-15 pro-
motes tumor cell survival in a poormicroenvironment. Contro-
versially, the adenovirus protein E1 decreases tumorigenicity
and proliferation in ovarian cancer cells via increased PEA-15
expression (11). Moreover, it has recently been reported that
PEA-15 induces cell death by autophagy in ovarian cancer cells
(12).
Autophagy is a dynamic cellular process in which intracellu-

lar membrane structures, the so-called autophagosomes,
sequester proteins, and organelles for degradation (13). It is an
evolutionary highly conserved process which occurs in all
eukaryotic cells from yeast to human. Autophagy provides
energy to cells during periods of starvation. On the other hand,
autophagy has recently been defined as a distinct type of cell
death (so-called type-II programmed cell death) (14, 15). Auto-
phagy starts by engulfing cytosol and/or organelles by double
membrane-bound structures, known as autophagosomes.
These autophagosomes finally fuse with lysosomes to form
autolysosomes which mediate the subsequent degradation and
recycling of the cellular components. Accumulating evidence
argues for an important role of autophagy in the development
of cancer (16). However, whether autophagy exerts a protective
or destructive effect on cancer cells remains controversial.
Breast cancer cell lines frequently contain a deletion of the
autophagy gene beclin 1 (17), which is necessary to induce auto-
phagy. An allelic deletion of chromosome 17q21 where beclin 1
is located is found in breast, ovarian, and prostate cancer (18–
22). Moreover, mice with a heterozygous deletion of beclin 1
show increased incidence of lung cancer, hepatocellular carci-
noma, and lymphoma (23). One major regulatory mechanism
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of autophagy is the PI3K/Akt/mTor pathway. In the presence
of growth factors, phosphatidylinositol-3-phosphate kinase
(PI3K) is activated at the plasma membrane. This activation
subsequently leads to the activation of mTor (mammalian tar-
get of rapamycin) and to the inhibition of autophagy. Upon
starvation of the cells, this pathway is blocked and autophagy is
induced via class 3 PI3K and Beclin 1.
Several lines of evidence suggest that a cross-talk exists

between the pathways leading to autophagy and apoptosis (14).
Here, we describe that PEA-15, in addition to its ERK1/2-de-
pendent anti-apoptotic function, is also involved in the regula-
tion of autophagy in malignant glioma cells. We show that
PEA-15 increases JNK activity and that JNK is required for the
induction of autophagy. Promotion of autophagy might be
another PEA-15-dependent protective mechanism which
allows glioblastoma cells to survive under poor nutritional
conditions.

EXPERIMENTAL PROCEDURES

Materials—The JNK inhibitor SP600125, 3-methyladenine,
bafilomycin A1, acridine orange, and the LC3 antibody were
purchased from Sigma. The rabbit polyclonal antibody specific
for PEA-15was described previously (24). The JNK1/3 antibody
(c-17) was obtained from Santa Cruz Biotechnologies (Heidel-
berg, Germany). The pJNK was purchased from Cell Signaling
(Frankfurt a.M., Germany). siRNA (short interfering RNA) was
ordered from Ambion (Austin, TX).
Cell Lines and Transfections—The human glioma cell lines

U87MG, U251MG, T98G, and LN18 were maintained in
DMEM, high glucose (Invitrogen, Karlsruhe, Germany) con-
taining 10% fetal calf serum (PAA Laboratories, Cölben, Ger-
many), 1 mM glutamine (Invitrogen, Karlsruhe, Germany), and
1% penicillin/streptomycin (Invitrogen, Karlsruhe, Germany).
The colony formation assay was carried out as described
elsewhere (10). Cells stably expressing PEA-15 or PEA-15
variants were cultured in medium containing Geneticin�
(G418) (Invitrogen, Karlsruhe, Germany). Cells were trans-
fected by lipofection using Lipofectamin 2000 (Invitrogen)
according to the manufacturer’s protocol. Experiments using
cells which transiently overexpress various plasmids were
performed 18 h post-transfection if not indicated differently.
The cells were transfected with the plasmids pcDNA3-neo
(control), pcDNA3-FLAG-PEA-15, pcDNA3-FLAG-PEA-
15S104A, pcDNA3-FLAG-PEA-15S116A, pcDNA3-FLAG-PEA-
15S104/116A. Transient transfections with siRNA were carried
out at a siRNA concentration of 50 nM. The following se-
quence was chosen to specifically target PEA-15 and Beclin 1,
respectively: 5�-GCGAAAAGAGUGAGGAGAUtt-3� (PEA-
15 sense); 5�-AUCUCCUCACUCUUUUCGCtt-3� (PEA-15
antisense); 5�-CAGUUUGGCACAAUCAAUAtt-3� (Beclin 1
sense); 5�-UAUUGAUUGUGCCAAACUGtt-3� (Beclin 1 anti-
sense). Cells transfectedwith scramble siRNA (scram) served as
a control. The control siRNA had the following sequence: 5�-
GAAGACGAAGAGUGAGGAUtt-3� (sense) and 5�-AUCUC-
CACUCUCUGUUCUCtt-3� (antisense). Cells were subjected
to experiments 72 h post-transfection.
Site-directed Mutagenesis of PEA-15—The non-phosphory-

latable variants of PEA-15 were generated as described previ-

ously (10). Briefly, to substitute the phosphorylation sites (Ser-
104 and Ser-116) of PEA-15 by alanine, pcDNA3-PEA15 was
used as a template using the QuikChange site-directed
mutagenesis method (Stratagene, Amsterdam, Netherlands).
To substitute Ser-104 by an Ala, the primer 5�-AACCCGTAT-
TCCCGCTGCCAAGAAGTACA-3� and its reverse comple-
ment were used. To exchange Ser-116 for Ala, pcDNA3-
PEA-15served as template using the primer 5�-ATTCCGGCA-
GCCCGCTGAAGAAGAAATCA-3� and its reverse comple-
ment. To generate the double phosphomutant pcDNA3-
FLAG-PEA-15S104/116A the sequence of pcDNA3-FLAG-
PEA-15S104A served as a template using the primer 5�-ATTC-
CGGCAGCCCGCTGAAGAAGAAATCA-3� and its reverse
complement. For each step 13 PCR cycles were performed. The
presence of the desired mutations was confirmed by DNA
sequencing (MWG, Martinsried, Germany).
FACSAnalysis—The FACS analysis of glioma cells after acri-

dine orange staining was performed using a FACS-calibur from
Becton & Dickinson equipped with a 488 nm air-cooled argon
laser. The green (510–530 nm) and red (�650 nm) fluores-
cence emission of 104 cells was measured. For plot analysis, the
Cell Quest software (Becton & Dickinson, Franklin Lakes, NJ)
was used. The cells were stained with 1 �g/ml acridine orange
for 30 min in DMEM, high glucose lacking phenol red supple-
mented with 10% FCS. Post staining cells were washed in PBS
and removed from the plate with trypsin-EDTA (Invitrogen). If
the cells were treated with inhibitors the staining was per-
formed in the presence of the corresponding inhibitor. FACS
analysis was performed in DMEM, high glucose lacking phenol
red.
Generation of Stably siRNA-infected Glioma Cell Lines—To

target the PEA-15 protein for down-regulation by siRNA, the
pSUPER-PEA-15 construct and the pSUPER-siRNA-scram
(control) were generated as described previously (10). Briefly,
siRNA sequence including the H1 promotor was subcloned
from the pSuper construct into the lentiviral expression vector
pG-Lenti (kindly provided by Carol Stocking-Harbers, Ham-
burg, Germany), which expresses green fluorescent protein
(GFP) under the control of the SFFV promoter. Amphotropic
retroviral supernatants were produced by transient transfec-
tion of 293T cells with the retroviral packaging vectors pMDLg/
pRRE, pRSV-Rev, and pMD-G and the corresponding siRNA
construct. U87MG and U251MG cells were infected at least
two times with retroviral supernatant. Positive clones were
selected by GFP expression and verified by Western blot
analysis.
Cell Lysis and Immunoprecipitation—Cells were washed

twice with ice-cold phosphate-buffered saline and lysed by the
addition of lysis buffer. Cells which were subjected to Western
blot analysis were lysed in SDS lysis buffer (62.5 mM Tris/HCl
pH 6.8, 10% glycerol, 2% SDS). The cells were sonicated 2 times
at 95% power for 30 s. For lysates subjected to co-immunopre-
cipitation experiment or in in vitro kinase assays, cells were
lysed in lysis buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 1,5
mMMgCl2, 2mMEGTA, 1%Triton X-100, 10% glycerol, 10mM

sodium fluoride, 1 mM Na4PPi, 100 �M �-glycerophosphate, 1
mM Na3VO4, 2 mM phenylmethylsulfonyl fluoride, and Com-
plete (Roche, Mannheim, Germany) for 10 min on ice. The
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lysate was clarified by centrifugation for 20 min at 14,000 rpm
in an Eppendorf centrifuge at 4 °C. The JNK C-17 antibody
(Santa Cruz, Biotechnology, Heidelberg, Germany) directed
against JNK1 and JNK3 was prebound to Protein G-Sepharose
beads (50 ng/�l slurry) (Invitrogen) as described previously
(25). The clarified lysate was incubated with 20 �l of antibody-
bound protein G-Sepharose overnight at 4 °C. Immunoprecipi-
tates were washed with HNTG buffer (20 mM HEPES (pH 7.5),
150 mM NaCl, 0.1% Triton X-100, 10% glycerol). Immunopre-
cipitates used for kinase assays were washed three times with
HNTG buffer containing 1 M LiCl, three times with HNTG
buffer, and twice with kinase assay buffer (50mMTris-HCl (pH
7.5), 100 mM NaCl, 1 mM MnCl2, 10 mM MgCl2, 0.1 mM

Na3VO4).
Gel Electrophoresis and Western Blot Analysis—Lysates and

immunoprecipitates were resolved by SDS-PAGE according to
Laemmli (26). Proteins were transferred to nitrocellulose and
immunoblotted using the antibodies indicated, followed by the
appropriate horseradish peroxidase-conjugated secondary
antibody (Bio-Rad).Western blots were developed by chemilu-
minescence. Multiple exposures of the Western blots were
developed.
In Vitro Kinase Assays—Kinase assays were performed in 50

�l of kinase assay buffer containing 50 �M ATP and 5 �Ci of
[�-32P]ATP (3000 Ci/mmol) (Perkin Elmer, Waltham, MA).
For the JNKassays, 8�g ofGST-c-Junwas used as the substrate,
and the reaction was carried out for 20 min at room tempera-
ture. Independent experiments showed that the reaction was
linear within this time range. The reactions were terminated by
the addition of an equal volume of 2� SDS sample buffer (100
mMTris (pH 6.8), 4% SDS, 20% glycerol, 0,2% bromphenol blue,
100 mM dithiothreitol, 1% �-mercaptoethanol) containing 50
mM EDTA (pH 8,0). The pGEX-c-Jun-(1–115) vector was
kindly provided by Dr. Kathleen A. Gallo (Michigan State Uni-
versity, East Lansing, MI). GST-c-Jun was expressed in Top10
Escherichia coli and purified by glutathione-Sepharose
(Invitrogen) chromatography. Following the kinase assay, pro-
teins were separated by SDS-PAGE. Gels were rinsed in phos-
phate-buffered saline, dried, and incorporation of radioactivity
into GST-c-Jun was determined by autoradiography.
Acridine Orange Staining for Microscopy—To analyze auto-

phagolysosome formation by fluorescence microscopy cells
were stained in DMEM, high glucose supplemented with 10%
fetal calf serum containing 1 �g/ml acridine orange. The color
change from green to red wasmonitored under themicroscope
at different time points as indicated. Cells were analyzed with
an Olympus CKX41 microscope, �20 objective lens, and
ColorView I FW camera. The exposure time was 200 ms. Cell
imaging software was used for the acquisition of microscopic
images.
Electron Microscopy—Electron microscopy was performed

to analyze autophagosome formation. Cells were fixed in situ
with 2,3% glutaraldehyde in 50mM sodium cacodylate (pH, 7.2)
for 30 min at 4 °C. Fixed cells were scraped from the plates,
collected by low-speed centrifugation at 200 � g for 10 min at
4 °C, successively stained with 2% osmium tetroxide and 0.5%
uranyl acetate. After dehydration and embedding in Epru the
probes were processed for ultrathin section. Micrographs were

taken with a Zeiss EM-10A electron microscope at 80 kV. The
magnification indicator was routinely controlled by the use of a
grating replica.

RESULTS

PEA-15 Increases JNK Activity in Glioma Cells—Although
the pivotal role of PEA-15 in the ERK signaling pathway has
been intensively studied, only little is known about the influ-
ence of PEA-15 on the stress-activated JNK pathway. We
hypothesized that PEA-15 not only has the potential to regulate
the physiological function of ERK1/2, but also impacts the JNK
pathway in glioma cells. To investigate the effect of PEA-15 on
JNK activity, PEA-15 was transiently and stably expressed in
U251MG (Fig. 1A) and U87MG (Fig. 1B) cells, respectively.
Endogenous JNK1 was immunoprecipitated from cellular
lysates. The immunoprecipitates were subjected to an in vitro
kinase assay using GST-c-Jun mimicking the endogenous sub-
strate. These experiments showed that UV-induced JNK activ-
ity was substantially increased in PEA-15 overexpressing cells.
Accordingly, siRNA-mediated down-regulation of endogenous
PEA-15 strongly decreased JNK activity after UV (Fig. 1C) or
�-irradiation (Fig. 1D). A decrease in JNKactivity in response to
reduced PEA-15 levels was already observed in the absence of
UV-induced JNK activation (Fig. 1C, lane 2). Taken together
these results indicate that enhanced expression of PEA-15
increases JNK activity.
PEA-15 is a phosphoprotein that contains two C-terminal

phosphorylation sites, the seryl residues 104 and 116.We won-
dered whether phosphorylation of PEA-15 is required for PEA-
15-induced JNK activity. First, we investigated if �-irradiation
increases PEA-15 phosphorylation. Glioma cells were sub-
jected to �-irradiation and PEA-15 phosphorylation was ana-
lyzed using an antibody directed against the phosphorylated
serine 116 (Fig. 2A). Phosphorylation of PEA-15 is still detected
24 h postirradiation. If phosphorylation of PEA-15 is required
for JNK activity the inhibition of PEA-15 phosphorylation is
supposed to decrease JNK activity. Therefore, we transiently
(Fig. 2B) and stably (Fig. 2C) expressed various non-phosphor-
ylatable PEA-15 mutants (PEA-15-S104A, PEA-15-S116A,
PEA-15-S104/116A) in glioma cells. The experiments demon-
strate that phosphorylation of both seryl residues is required for
PEA-15-induced JNK activation. Because it was demonstrated
that only non-phosphorylated PEA-15 is capable of binding
ERK1/2 (3), we examined if the interaction between PEA-15
and JNKalso depends on the phosphorylation status of PEA-15.
Thus, endogenous JNK1was immunoprecipitated fromcellular
lysates and subjected to an in vitro immunocomplex assay.
Interestingly, not only wild-type PEA-15 but all of the tested
phosphovariants of PEA-15 were capable to interact with JNK
(Fig. 2D). In contrast to �-irradiation, activation of JNK by
H2O2 or anisomycin was independent of PEA-15 expression
(Fig. 2E). Accordingly, H2O2 and anisomycin did not induce
phosphorylation of PEA-15 (not shown).
PEA-15 Promotes Autophagy in Glioma Cells—Growing evi-

dence suggests that standard treatment of glioblastomas with
temozolomide in combinationwith �-irradiation induces auto-
phagy (27–30). To set up an experimental system for the inves-
tigation of autophagy, we first confirmed that �-irradiated glio-
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blastoma cells show classical signs of autophagy. An electron
microscopy analysis of several �-irradiated glioblastoma cell
lines clearly showed the massive appearance of double mem-
brane vesicles, the so-called autophagosomes, which engulf
cytoplasm and cellular organelles (Fig. 3A). Moreover, we were
interested in the long term outcome of glioma cells undergoing
autophagy after �-irradiation. Thus, we performed clonogenic-
ity assays after �-irradiation in the presence or absence of
3-methyladenine, an inhibitor of autophagy, and after down-
regulation of Beclin1, a protein important in the induction of
autophagy. These experiments demonstrated that inhibition of
autophagy either by a chemical autophagy inhibitor or by
down-regulation of Beclin1 results in a substantial decrease in
the number of colonies, suggesting that autophagy plays rather
a cytoprotective than a cell death-promoting role (Fig. 3B).
Because there is increasing evidence for Beclin1-independent
autophagy (31) we investigated the role of Beclin-1 in �-irradi-
ation-induced autophagy of glioblastoma cells. To this end, we
transiently down-regulated Beclin 1 in U251MG cells. Cells
that were exposed to �-irradiation showed a significant
decrease in the number of autophagic cells when Beclin 1 was
down-regulated (Fig. 3C), suggesting that �-irradiation-in-
duced autophagy is dependent on the expression of Beclin 1.

Given the known involvement of JNK in autophagy (32–34)
and our finding of PEA-15-dependent JNKactivation, we inves-
tigatedwhether the PEA-15 protein affects autophagy in glioma
cells. To this end, various glioma cell lines were labeled with
acridine orange and subjected to FACS after �-irradiation. In
U87 and LN18 glioma cell lines an increase in the number of
autophagic cells after �-irradiation was observed (Fig. 4A). The
induction of autophagy was at least partially blocked by incu-
bating the cells with 3-methyladenine. This result confirmed
that the observed process was indeed autophagy. Importantly,
overexpression of PEA-15 increased the autophagic activity in
various glioma cell lines after �-irradiation. The PEA-15-in-
duced augmentation of autophagy was partly abolished in the
presence of 3-methyladenine. In general, autophagy increased
in a dose-dependent manner between an irradiation dose of 5
and 20 Gy. A further increase up to 30 Gy did not further
increase autophagy (Fig. 4B).
Next, the PEA-15-dependent promotion of autophagy was

confirmed by examining the LC3 protein by immunoblot anal-
ysis. LC3 (microtubule-associated protein-1 light chain), the
mammalian homolog of Atg8, is a reliable marker of autopha-
gosomes. During autophagosome formation, LC3-I undergoes
a conversion to LC3-II. The amount of LC3-II correlates well

FIGURE 1. PEA-15 increases JNK activity. A, endogenous JNK-1 was immunoprecipitated from cellular lysates of U251MG cells transiently expressing PEA-15.
JNK activity was induced by UV irradiation (40 J/cm3). An in vitro immune complex assay for JNK activity was performed using GST-c-Jun as a substrate. The
upper panel shows an autoradiogram with bands corresponding to GST-c-Jun. The second panel shows a JNK immunoblot (IB) of the same immunoprecipitated
samples (IP) from the in vitro kinase assay. The third panel shows a PEA-15 immunoblot of cellular lysates. The lower panel shows an immunoblot for actin from
cellular lysates confirming equal loading. B, endogenous JNK-1 was immunoprecipitated from cellular lysates of U87MG cells, stably expressing PEA-15. JNK
activity was induced by UV irradiation (40 J/cm3). An in vitro immune complex assay for JNK activity was performed using GST-c-Jun as a substrate. C, endog-
enous JNK-1 was immunoprecipitated from cellular lysates of U251MG cells, in which PEA-15 was transiently down-regulated by small-interfering RNA. JNK
activity was induced by UV irradiation (40 J/cm3). An in vitro immune complex assay for JNK activity was performed using GST-c-Jun as a substrate. D, lysates of
U251MG cells in which PEA-15 is stably down-regulated by small-interfering RNA. Cells were lysed 24 h post �-irradiation (10 Gy), and JNK activity was
determined using a phosphospecific JNK antibody.
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with the number of autophagosomes (35). First, the time course
of LC3 conversion was examined in glioma cells upon �-irradi-
ation (Fig. 5A). U87MG glioma cells stably overexpressing
PEA-15 showed a strong increase in LC3-II 6-h postirradiation.
The absence of LC3-II 24-h postirradiation may be due to the
fact that it is already degraded at this time point. Similarly,
serum deprivation increased the amount of LC3-II in glioma
cells (Fig. 5B). The increase of LC3-II wasmore sustained in the
cells stably expressing PEA-15. To inhibit degradation of LC3
and to obtain an increased accumulation of the converted form
after induction of autophagy bafilomycin A1 was used to stabi-
lize LC3-II. In accordance with the previous experiments, the
down-regulation of PEA-15 by small-interfering RNA resulted
in a reduction of the LC3-II level (Fig. 5C). These results con-

firmed the data obtained by FACS analysis suggesting that
PEA-15 increases autophagy in glioma cells.
The Phosphorylation Status of PEA-15 Regulates Its Effect on

Autophagy—Various reports emphasize the crucial role of the
two phosphorylation sites Ser-104 and Ser-116 for the function
of the PEA-15 protein (2). Thus, we investigated whether the
phosphorylation status of PEA-15 is important for the PEA-15-
induced autophagy. Glioma cells transiently expressing various
non-phosphorylatable PEA-15 mutants were exposed to �-ir-
radiation and, 18-h post-treatment, to acridine orange staining
followed by FACS analysis. The experiments showed that abro-
gation of PEA-15 phosphorylation strongly diminished the
number of autophagic cells (Fig. 5D). The autophagic activity in
cells expressing the non-phosphorylatable mutants was even

FIGURE 2. Phosphorylation of PEA-15 is required for JNK activity. A, U251MG cells were �-irradiated with 10 Gy. Phosphorylation of PEA-15 at S116 was
analyzed at the time points indicated. B, endogenous JNK-1 was immunoprecipitated from cellular lysates of LN18 glioma cells which transiently expressed
various PEA-15 variants as indicated. JNK activity was induced by UV irradiation (40 J/cm3). An in vitro immune complex assay for JNK activity was performed
using GST-c-Jun as a substrate. The upper panel shows an autoradiogram with bands corresponding to GST-c-Jun. The second panel shows a JNK immunoblot
of the same immunoprecipitated samples from the in vitro kinase assay. The lower panel shows a PEA-15 immunoblot of cellular lysates. C, endogenous JNK-1
was immunoprecipitated from cellular lysates of U251MG glioma cells, which stably expressed a non-phosphorylatable variant of PEA-15 (S104A/S116A). JNK
activity was induced by UV irradiation (40 J/cm3). An in vitro immune complex assay for JNK activity was performed using GST-c-Jun as a substrate. D, co-
immunoprecipitation of PEA-15 phosphovariants and endogenous JNK1. Endogenous JNK-1 was immunoprecipitated from cellular lysates of U251MG glioma
cells transiently overexpressing various PEA-15 variants as indicated. Co-immunoprecipitated PEA-15 was assessed by immunoblotting using a PEA-15
antibody. E, immunoblot analysis of phospho-JNK after treatment with H2O2 or anisomycin in U251MG glioma cells stably expressing PEA-15 or a neo control
vector. Concentrations of H2O2 and anisomycin were as follows: H2O2 low, 1 mM; H2O2 high, 10 mM; anisomycin low, 0.1 �g/ml; anisomycin high, 0.5 �g/ml.
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FIGURE 3. Ionizing irradiation of glioma cells induces Beclin 1-dependent autophagy. A, electron microscopy analysis of U251MG cells 24 h after �-irra-
diation (10 Gy). The electron micrographs show numerous double-membrane vesicles with the classical features of autophagosomes. No signs of apoptosis are
present (e.g. nuclear condensation and membrane blebbing). B, colony formation assay of U251MG cells treated with �-irradiation � 3-methyladenine (3-MA,
500 �M) or treated with �-irradiation after siRNA-mediated down-regulation of Beclin 1. After 7 days, cells were stained with crystal violet. C, U251MG Beclin
1-siRNA and control-siRNA cells were subjected to �-irradiation (20 Gy). Induction of autophagy was determined by acridine orange staining (1 �g/ml) followed
by flow cytometry (mean � S.D., Student’s t test; *, p � 0.05). Effective siRNA-mediated down-regulation of Beclin 1 was confirmed by immunoblot analysis.
Actin served as a loading control.
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lower than in theneo control-transfected cells. From these data,
we conclude that the phosphorylation of PEA-15 is required for
its autophagy-promoting function.
PEA-15-mediated Promotion of Autophagy Depends on JNK—

Although JNK iswell known for its central role in the regulation
of apoptosis there is increasing evidence that JNK is also amajor
regulator in the process of autophagy (32–34). Because PEA-15
increases JNK activity as well as the number of cells undergoing
autophagy, we investigated whether the PEA-15-induced pro-
motion of autophagy is mediated by the activation of JNK. To
abrogate JNK activation we used the JNK inhibitor SP600125
(36, 37). Glioma cells stably expressing PEA-15 or the empty
neo control vector were exposed to various autophagic stimuli
including serum deprivation, �-irradiation, or treatment with

rapamycin, either in the presence or absence of JNK inhibitor.
The cells were stained with acridine orange and then analyzed
by fluorescence microscopy. In cells which undergo autophagy
acridine orange will undergo a shift from a green/dim red to
bright intense red which can be monitored by fluorescence
microscopy (35). These experiments showed that in the pres-
ence of JNK inhibitor the number of autophagic cells strongly
decreased (Fig. 6A). To confirm our observation by additional
methods, the cellswere subjected to FACS analysis (Fig. 6B) and
immunoblot analysis of LC3 conversion (Fig. 6C). As expected,
the JNK inhibitor substantially reduced the number of autoph-
agic cells as assessed by FACS analysis. This result was further
corroborated by immunoblot analysis of LC3 conversion,
which showed a decrease in LC3-II in the presence of JNK

FIGURE 4. PEA-15 increases autophagy in glioma cells. A, U87 MG and LN 18 glioma cell lines were exposed to �-irradiation (10 Gy) � 3-methyladenine (MA,
500 �M). 24 h post irradiation the cells were stained with acridine orange (1 �g/ml) for 30 min � 3-methyladenine (500 �M). Acridine orange staining was
assayed by flow cytometry. FL1-H indicates intensity of green fluorescence, and FL3-H indicates intensity of red fluorescence. Bar graphs show the percentage
of autophagic cells (mean � S.D., Student’s t test; *, p � 0.05, n � 3). B, U251MG cells were exposed to different doses of �-irradiation as indicated. Bar graphs
show percentage of autophagic cells as assessed by FACS analysis.
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inhibitor (Fig. 6C). Moreover, the PEA-15-dependent increase
in autophagy was at least partly inhibited by siRNA-mediated
down-regulation of JNK1/2 (Fig. 6D). Taken together, these
data demonstrate that JNK activity contributes to autophagy.
Moreover, we postulate that the PEA-15-mediated increase in
autophagy in glioma cells is regulated in concert with JNK
because inhibition of JNK strongly decreased PEA-15-induced
autophagy.

DISCUSSION

Despitemany reports describing the regulation of ERK1/2 by
PEA-15, only very little is known about the role of PEA-15 in the
JNK pathway. Here, we demonstrate that PEA-15 increases
JNK activity in human glioblastoma cells. So far, two reports
addressed the question whether overexpression of PEA-15
might influence JNK activity (38). However, these reports dem-
onstrated either no effect of PEA-15 on JNK phosphorylation
(39) or a PEA-15-dependent decrease in JNK activity in 293
cells (38). In contrast, we detect a consistent and substantial
increase in JNK activity upon ectopic (stable and transient)
expression of PEA-15 in various glioma cell lines. Accordingly,
a decrease in JNK activity is observed after siRNA-mediated
down-regulation of endogenous PEA-15 (Fig. 1). The cell
type-specific features of PEA-15 and JNK might be one pos-
sible explanation for these different findings, because our
experiments were performed in several glioblastoma cell
lines, whereas Condorelli et al. (38) and Ramos et al. (39)
analyzed 293 and CHO cells, respectively. In contrast to
Formstecher et al. (3), we detect a physical interaction
between JNK and PEA-15, which may be due to the different
cell types used.

The functional role of JNK in cell
survival and cell death is complex.
JNK has a limited number of sub-
strates but these mediate biological
pleiotropic activities. For example,
JNK activity is required to induce
apoptosis upon nerve growth factor
withdrawal (40). Transcription fac-
tors which are targets of JNK, such
as c-Jun and c-Myc, belong to the
group of oncogenes, whereas p53,
another target of JNK (41), repre-
sents a tumor suppressor gene. A
large number of publications state
that JNK is important to promote
apoptosis. However, there is also
evidence that the activation of c-Jun
is necessary for transformation by
various oncogenes such as c-Ras,
c-Fos, v-Src, v-Sis, and BCR-abl
(42–47). Suppression of JNK in PC3
prostate cancer xenograft tumors
diminished tumor growth and
promoted tumor regression (48).
Recent reports even demonstrate
that JNK is required for tumorige-
nicity in human glioma cells (49,

50). Interestingly, the vast majority of glioblastomas (90.5%)
was reported to exhibit constitutively activated JNK, whereas
low grade gliomas show only little JNK activation (51), suggest-
ing that JNK plays a role in the tumorgenesis and/or progres-
sion of malignant gliomas. Because PEA-15 is highly expressed
in malignant gliomas (10), the high constitutive activity of JNK
could be at least partially caused by PEA-15. The phosphoryla-
tion status of PEA-15 may play a central role in this process
because non-phosphorylated PEA-15 lacks the capability to
induce JNK phosphorylation.
JNK has been reported to be involved in the induction of

autophagy (32–34). Given the JNK-activating property of PEA-
15, we were interested to investigate whether PEA-15 regulates
autophagy via JNK. Our experiments showed that the inhibi-
tion of JNK reduces autophagic activity, e.g. after �-irradiation.
Moreover, the PEA-15-dependent increase in autophagy is at
least partly prevented by a JNK inhibitor. Therefore, we postu-
late that PEA-15 regulates autophagy in a JNK-dependentman-
ner in glioblastoma cells. The process of PEA-15/JNK-induced
autophagy might be mediated by Bcl-2. JNK leads to multisite
phosphorylation of Bcl-2, thereby disrupting the Beclin 1/Bcl-2
complex, which results in the release of Beclin-1 and the sub-
sequent induction of autophagy (34, 52).
Autophagy is a process which primarily aims at promoting

cell survival. However, recent evidence suggests that autophagy
is involved in cellular death, the so-called type II programmed
cell death. Nevertheless, in the glioblastoma model examined
here, colony formation assays showed that rather the inhibition
than the induction of autophagy increases cellular death (Fig.
3B). Interestingly, a very recent report states that PEA-15
increases autophagy in ovarian cancer cell lines, confirming our

FIGURE 5. PEA-15-induced autophagy depends on phosphorylation of PEA-15. A, U87MG cells stably
expressing PEA-15 were subjected to �-irradiation (10 Gy) and analyzed for LC3-I to LC3-II conversion by
immunoblot analysis at the time points indicated. Expression of actin was used as a loading control. B, U251MG
cells stably expressing PEA-15 were serum-starved for 2 h in the presence or absence of bafilomycin A1 (10 nM).
Bafilomycin A1 was used to stabilize LC3-II. The cells were lysed and conversion of LC3-I to LC3-II was analyzed
by immunoblot analysis. C, LN18 glioma cells in which PEA-15 was transiently down-regulated were exposed to
�-irradiation (10 Gy) and analyzed for LC3-I and LC3-II by immunoblot analysis (upper panel). Expression of actin
was used as a loading control. D, U251MG glioma cells stably expressing PEA-15 or various PEA-15 phospho-
mutants were exposed to �-irradiation (5 Gy). 24 h postirradiation, the cells were stained with acridine orange
(1 �g/ml) for 20 min. Acridine orange staining was assayed by flow cytometry (mean � S.D., Student’s t test; *,
p � 0.05, compared with WT).
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results in glioblastoma cells (12). However, in ovarian cancer
cells autophagy appears to induce cell death rather than sur-
vival. Thus, the final outcome of autophagy may be context-
and cell type-dependent. In accordance with our data, Lomo-
naco et al. report that the induction of autophagy contributes to
the radioresistance of glioma stemcells (53). Additionally, it has
been reported that autophagy inhibitors increase the sensitivity
of glioma cells to temozolomide (29). These data strongly point
to a protective role of autophagy in glioma cells. Moreover, an
increased expression of LC3 in colorectal cancer has been
reported (54), again supporting the idea that autophagy may
exert a protective role in certain tumors. Our recent report that
glioma cells overexpressing PEA-15 are more resistant to apo-
ptosis induced by glucose deprivation is in accordance with an
overall cytoprotective effect of PEA-15 in glioblastomas.More-
over, 15–40% of primary glioblastomas harbor a PTEN muta-
tion (55–57). As shown in a recent report, the loss of PTEN

increases PEA-15 phosphorylation resulting in the inhibition
of CD95-induced apoptosis (58). We hypothesize that this
increase in PEA-15 phosphorylation could enhance autoph-
agy, thereby promoting glioma cell survival. Further sup-
porting evidence for the cellular protection by autophagy in
glioblastomas comes from our observation that upon �-irra-
diation no HMGB1 is released (data not shown), because it
was recently suggested that the induction of cellular death
accompanied by or executed by autophagy triggers the
release of HMGB1 (59).
For cancer therapy it is essential to determine whether auto-

phagy induces cellular death or promotes cellular survival.
Therefore, it is of great importance to understand the molecu-
lar mechanism and the cellular context by which the cell
decides to die. We show that PEA-15-induced JNK activation
plays a pivotal role in the induction of autophagy. Because PEA-
15, due to its variable phosphorylation status, acts as a molec-

FIGURE 6. JNK is required for PEA-15-induced autophagy. A, U251MG glioma cells stably expressing PEA-15 were subjected to various autophagic stimuli as
indicated. One hour prior to induction of autophagy, the indicated samples were treated with SP600125 (50 �M). Cells subjected to serum deprivation and
rapamycin treatment were analyzed 4 h after autophagy induction. Cells subjected to 10 Gy �-irradiation were analyzed after 24 h. The cells were stained for
1 h with acridine orange (1 �g/ml) and analyzed by fluorescence microscopy. B, U87MG, and LN18 glioma cell lines stably expressing PEA-15 were subjected
to �-irradiation (10 Gy). One hour prior to irradiation, the cells were treated with SP600125 (50 �M). 24 h postirradiation the cells were stained with acridine
orange (1 �g/ml) for 1 h in the presence of SP600125. Acridine orange staining was assayed by flow cytometry. Bar graphs show the percentage of autophagic
cells (mean � S.D., Student’s t test; *, p � 0.05, n � 3). C, U87MG glioma cells stably expressing PEA-15 were subjected to �-irradiation (10 Gy). One hour prior
to irradiation, cells were treated with SP600125 (50 �M). Six hours postirradiation the cells were lysed and subjected to immunoblot analysis. The upper panel
indicates conversion from LC3-I to LC3-II. Actin served as loading control (second panel). The third panel shows PEA-15 expression. The lower panel indicates
phosphorylation of JNK. D, autophagy was assessed by FACS analysis 24 h after siRNA-mediated down-regulation of JNK1/2 in U87MG cells stably expressing
PEA-15 or a neo control vector. Immunoblot analysis demonstrates the successful down-regulation of JNK1/2.
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ular switch it may represent a crossroad between life and death,
and also between apoptosis and autophagy. The outcome
may be defined by the cell type and the cellular context.
PEA-15may play an important role in highly resistant cancer
cells by orchestrating multiple processes, including the inhi-
bition of apoptosis, the increase in proliferation by ERK acti-
vation, and the enhancement of autophagy by activation of
JNK.
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