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Human astrocytes express Fas yet are resistant to Fas-induced apoptosis. Here, we report that calcium/calmodulin-dependent protein
kinase II (CaMKII) is constitutively activated in human astrocytes and protects the cells from apoptotic stimulation by Fas agonist. Once
stimulated, Fas recruits Fas-associated death domain and caspase-8 for the assembly of the death-inducing signaling complex (DISC);
however, caspase-8 cleavage is inhibited in the DISC. Inhibition of CaMKII kinase activity inhibits the expression of phosphoprotein
enriched astrocytes-15 kDa/phosphoprotein enriched in diabetes (PEA-15/PED) and cellular Fas-associated death domain-like
interleukin-1�-converting enzyme-inhibitory protein (c-FLIP), thus releasing their inhibition of caspase-8 cleavage. Inhibition of PEA-
15/PED or c-FLIP by small interfering RNA sensitizes human astrocytes to Fas-induced apoptosis. In contrast, inhibition of CaMKII,
PEA-15, or c-FLIP does not affect the sensitivity of human astrocytes to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL).
TRAIL death receptors (DR4, DR5) are weakly expressed at mRNA, protein, and cell surface levels and thus fail to mediate the assembly
of the DISC in human astrocytes. Overexpression of DR5 restores TRAIL signaling pathways and sensitizes the human astrocytes to
TRAIL-induced apoptosis if CaMKII kinase activity or expression of PEA-15 and c-FLIP is inhibited; the results suggest that CaMKII-
mediated pathways prevent TRAIL-induced apoptosis in human astrocytes under conditions in which TRAIL death receptors are up-
regulated. This study has therefore identified the molecular mechanisms that protect normal human astrocytes from apoptosis induced
by Fas ligand and TRAIL.
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Introduction
Tumor necrosis factor (TNF) family ligands are the main induc-
ers of apoptosis in the CNS and thus contribute to brain injuries
in many neurological diseases. TNF�, the prototype of TNF fam-
ily ligands, was reported in �-amyloid neurotoxicity in Alzhei-
mer’s disease (Meda et al., 1995). Fas ligand (FasL/CD95L) and
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL/Apo2L) were involved in neuronal death in cerebral
ischemia (Martin-Villalba et al., 1999) and Alzheimer’s disease
(Ethell et al., 2002; Cantarella et al., 2003), as well as oligoden-
droglial death in multiple sclerosis (D’Souza et al., 1996; Matysiak
et al., 2002). A recent report further implicated FasL in trauma-
induced apoptosis in neurons and oligodendrocytes (Demjen et
al., 2004). In contrast to neurons and oligodendrocytes, astro-
cytes not only survive these insults but become reactive in re-

sponse (Dietrich et al., 2003). This promoted us to investigate the
mechanisms that protect human astrocytes from FasL and
TRAIL-induced apoptosis.

FasL and TRAIL triggers apoptosis through interaction with
their death receptors (Fas, DR4/DR5) and subsequent recruit-
ment of intracellular adaptor Fas-associated death domain
(FADD) (Ashkenazi, 2002). FADD in turn recruits caspase-8
through interaction of their death effector domains (DED), lead-
ing to the assembly of death-inducing signaling complex (DISC)
(Kischkel et al., 1995). In the DISC, caspase-8 is cleaved and
activated through autoproteolysis (Muzio et al., 1998) and sub-
sequently cleaves caspase-3 (Thornberry et al., 1997) and Bcl-2
inhibitory BH3-domain protein (Bid) (Li et al., 1998). The trun-
cated Bid interacts with Bax and Bak and induces mitochondrial
release of cytochrome c into cytosol (Luo et al., 1998) in which
caspase-9 is activated and cleaves caspase-3 (Li et al., 1997).
Caspase-3 in turn cleaves its substrates such as DNA fragmenta-
tion factor 45 (DFF45), leading to apoptosis (Liu et al., 1997).

The cleavage of caspase-8 in the DISC is modulated by intra-
cellular DED adaptor proteins. These include phosphoprotein
enriched in astrocytes-15 kDa/phosphoprotein enriched in dia-
betes (PEA-15/PED) (Araujo et al., 1993; Condorelli et al., 1998)
and cellular Fas-associated death domain-like interleukin-1�
(IL-1�)-converting enzyme-inhibitory protein (c-FLIP) (Irmler
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et al., 1997). Both PEA-15/PED and c-FLIP are recruited to the
DISC through the DED–DED interaction with FADD and
caspase-8 and thus inhibit caspase-8 cleavage in the DISC. Phos-
phorylation of PEA-15/PED and c-FLIP influences their recruit-
ment to the DISC and antiapoptotic functions (Xiao et al., 2002;
Yang et al., 2003).

Calcium/calmodulin (CaM)-dependent protein kinase II
(CaMKII) is widely distributed through the body but highly ex-
pressed in the CNS and involved in neuronal functions (Lisman
et al., 2002). Here, we report that CaMKII mediates the expres-
sion and phosphorylation of PEA-15/PED and c-FLIP, which
inhibit caspase-8 cleavage in human astrocytes. In contrast to Fas,
DR4 and DR5 expression is insufficient to transduce TRAIL sig-
nals intracellularly in human astrocytes. Overexpression of DR5
restores TRAIL apoptotic signaling pathway and sensitizes hu-
man astrocytes to TRAIL-induced apoptosis if CaMKII kinase,
PEA-15/PED, or c-FLIP is inhibited; the results suggest that
CaMKII-mediated pathway inhibits TRAIL-induced apoptosis in
human astrocytes as well.

Materials and Methods
Human astrocyte and neuron culture. Human neurons and astrocytes
were generated from the brains of human embryos of 10 –18 week fetal
age after therapeutic abortion according to guidelines approved by local
institutional ethics committees (Vecil et al., 2000; Corley et al., 2001). In
brief, 5–15 g of brain tissue was diced into fragments of �1 mm and
incubated in 40 ml volume for 15 min at 37°C with 0.25% trypsin and 200
�g/ml DNase I in PBS. The suspension was then washed through a filter
of 130 �m pore size, and the filtrate was centrifuged at 1200 rpm for 10
min. For the generation of human astrocytes, the cell pellet was washed
and suspended in the culture medium, and cells were plated into T-75
flasks coated with 10 �g/ml polyornithine. Plating density was 50 million
cells in 25 ml of MEM containing 0.1% dextrose, 100 �g/ml penicillin–
streptomycin, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids,
0.2 mM glutamine, and 10% FCS (all medium constituents from Invitro-
gen, Carlsbad, CA). The cultures were passed three to five times and
contained �99% astrocytes as shown by immunostaining with antibody
to glial fibrillary acidic protein. For the generation of human neurons, the
cells were plated into culture flasks coated with 10 �g/ml polyornithine.
The cells were cultured for 2 d in cytosine arabinoside-containing me-
dium and an additional 3 d in the medium free of cytosine arabinoside
before the cultures were subjected to Western blot.

Antibodies and reagents. Three recombinant human TRAIL proteins
were used in this study: TRAIL (amino acids 114 –291; PeproTech, Rocky
Hill, NJ), Flag-tagged TRAIL (amino acids 95–281; Alexis Biochemicals,
San Diego, CA); and histidine-tagged TRAIL (R & D Systems, Minneap-
olis, MN). The following antibodies were used for flow cytometry: mouse
monoclonal antibodies against DR4 and DR5 (Alexis Biochemicals),
phycoerythrin (PE)-conjugated anti-human DR4 and DR5 (eBioscience,
San Diego, CA), and PE-conjugated anti-human Fas and IgG1 isotype
control (BD PharMingen, San Diego, CA). The following six antibodies
against human DR4 and DR5 were used for Western blots: mouse mono-
clonal ab1-DR4 and ab1-DR5 (Alexis Biochemicals), rabbit antibody
ab2-DR4 (Imgenex, San Diego, CA), ab2-DR4 (Chemicon, Temecula,
CA), ab2-DR5 (ProSci, Poway, CA), and ab3-DR5 (Imgenex). Other
monoclonal antibodies included anti-Fas (CH11; MBL, Woburn, MA),
anti-Flag (M2; Sigma, Mississauga, Ontario, Canada), anti-human
FADD (Transduction Laboratories, Lexington, KY), caspase-8 (Medical
and Biological Laboratories, Nagoya, Japan), DFF45 (StressGen, Victo-
ria, British Columbia, Canada), and c-FLIP NF6 (kind gift from Dr. Peter
Krammer, German Cancer Research Center, Heidelberg, Germany)
(Scaffidi et al., 1999). Rabbit antibodies were anti-human CaMKII� (M-
176) and phosphorylated CaMKII� (Thr286) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), caspase-3 (StressGen), and PEA-15/PED (kindly
provided by Dr Francesco Beguinot, University of Naples, Naples, Italy)
(Condorelli et al., 1998). HRP-conjugated goat anti-mouse � chain,
IgG2b, and IgG1 were from Southern Biotech (Birmingham, AL), and

HRP-conjugated goat anti-rabbit antibody was from Jackson Immu-
noResearch (West Grove, PA). CaMKII inhibitor KN93 (2-[N-(2-
hydroxyethyl)]-N-(4-methoxybenzenesulfonyl)amino-N-(4-chloro-
cinnamyl)-N-methylbenzylamine), goat anti-mouse IgG1-agarose, goat
anti-mouse IgM-agarose, complete protease inhibitor cocktail, Triton
X-100, and all other chemicals of analytical grade were from Sigma.
CaMKII assay kit was purchased from Upstate Biotechnology (Lake
Placid, NY), and [�- 32P]ATP was from PerkinElmer (Boston, MA).

Flow cytometry. Cells (10 6) were analyzed for the surface expression of
DR4 and DR5 by indirect staining with mouse anti-human DR4 and DR5
(Alexis Biochemicals) followed by FITC-conjugated goat anti-mouse
IgG antibody (Sigma) (Song et al., 2003a). Mouse IgG1 (DakoCytoma-
tion, High Wycombe, UK) was used for negative control. Phycoerythrin-
conjugated anti-human DR4, DR5, Fas, and IgG1 isotype as control were
also used based on the previous report (Song et al., 2003b). Cell surface
expression of TRAIL receptors was analyzed and the data were processed
using Flow software (Tree Star, Ashlang, OR).

Reverse transcription-PCR. Total RNA (3 �g) was extracted from cells
using TRIzol reagent (Invitrogen) according to the recommendations of
the manufacturer. The first-strand cDNA was synthesized by TaqMan
transcription reagent (Applied Biosystems, Foster City, CA) with ran-
dom hexamer. The sequences of specific primers used in this experiment
were as follows: DR4 forward, 5�-CTGAGCAACGCAGACTCGCTGTC-
CAC-3�; DR4 reverse, 5�-AAGGACACGGCAGAG CCTGTGCCAT-3�;
DR5 forward, 5�-CTGAAAGGCATCTGCTCAGGTG-3�; DR5 reverse,
5�-CAGAGTC TGCATTACCTTCTAG-3�; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) forward, 5�-TGGTATCGTGGAAGGACT-
CATGAC-3�; GAPDH reverse, 5�-ATGCCAGTGAGCTTCCCGTTC-
AGT-3�. The PCR reaction was performed with an initial denaturation at
94°C for 2 min, followed by cycles of 30 s at 95°C, 30 s at 55°C, and 45 s at
72°C using GoTaq Green Master Mix (Promega, Madison, WI). The PCR
products were analyzed on a 1.5% agarose gel and stained with ethidium
bromide.

Cell viability assay and cleavage of caspases and DFF45. For cell viability
analysis, cells were seeded in 96-well plates at 2 � 10 4 cells per well and
treated at 37°C with TRAIL or Fas agonistic CH11 antibody in the pres-
ence or absence of 100 �M KN93 for the times indicated in Results. Cell
viability was determined by crystal violet assay (Flick and Gifford, 1984).
In brief, each well of 96-well plates was added with 100 �l of a 2%
paraformaldehyde solution and incubated at 4°C for 15 min. The cells in
each well were then stained with 100 ml of crystal violet solution (1%
crystal violet, 1% HCl, and 10% ethanol) at 37°C for 10 min. Absorbance
was measured at 570 nm and used to calculate the percentage of viable
cells against untreated control cells. For cleavage of caspases and DFF45,
subconfluent cells were treated with either 1 �g/ml CH11 or 1 �g/ml
TRAIL at 37°C for the times indicated in Results. The cells were then
lysed in lysis buffer (1% Triton X-100, 150 mM NaCl, 10% glycerol, 20
mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
and complete protease inhibitor cocktail), and, after centrifugation at
18,000 � g for 15 min at 4°C, the supernatants were subjected to Western
blotting.

The DISC analysis. FasL and TRAIL-induced DISC were analyzed
based on the previously reported protocols (Xiao et al., 2002; Yang et al.,
2003, respectively). In brief, 1 � 10 7 cells were stimulated with either the
mixture of 4 �g/ml Flag-tagged TRAIL and 6 �g/ml anti-Flag M2 (pre-
incubated on ice for 15 min) or 2 �g/ml CH11 IgM antibody for 15 min
at 37°C and then lysed for 30 min on ice with lysis buffer. The soluble
fraction was immunoprecipitated either with 20 �l of goat anti-mouse
IgG1-agarose (for TRAIL-DISC) or goat anti-mouse IgM-agarose (for
Fas-DISC) overnight at 4°C and subjected to Western blotting. In un-
stimulated controls, the cells were lysed and treated with either the mixed
Flag-TRAIL/anti-Flag M2 or CH11 antibody to immunoprecipitate non-
stimulated death receptors.

Two-dimensional PAGE. For each sample, 10 7 cells were treated or
untreated with 25 �M KN93 for 24 h at 37°C and then lysed in 40 mM

Tris-HCl, pH 8.0, 1% Triton X-100, 65 mM dithiothreitol, 0.5 mM phe-
nylmethylsulfonyl fluoride, and complete protease inhibitor cocktail. Af-
ter centrifugation, the supernatants were precipitated with acetone. The
pellets were redissolved in 9.8 M urea, 2% 3-[(3-cholami-
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dopropyl)dimethylammonio]-1-propanesulfonate, 0.5% immobilized
pH gradient (IPG) buffer (pH 3–10 nonlinear), and 65 mM dithiothreitol,
applied by rehydration in 13 cm DryStrips (pH 3–10), and electrofocused
with IPGphor System following the protocol of the manufacturer (Am-
ersham Biosciences, Arlington Heights, IL). The strips were equilibrated
with 50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, and 10
mg/ml dithiothreitol and subjected to second-dimensional SDS-PAGE
followed by nitrocellulose membrane transferring (Bio-Rad, Hercules,
CA) and Western blotting with anti-PED serum (Xiao et al., 2002).

Western blots. Cell extracts and DISC samples were separated through
SDS-PAGE on 15% gel and transferred to nitrocellulose membranes. The
membranes were blocked with blocking buffer [5% nonfat dry milk in
TBST (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 0.5% Tween 20)] for
1 h at room temperature and then incubated overnight at 4°C with pri-
mary antibody diluted in blocking buffer. The membranes were washed
in TBST and incubated for 1 h at room temperature with the following
secondary antibodies diluted in TBST: anti-mouse IgG2b-HRP (1:5000),
and anti-mouse IgG1-HRP (1:10,000), or anti-rabbit IgG-HRP (1:5000).
The blots were washed and developed by chemiluminescence.

Synthesis and transfection of small interfering RNA. Double-stranded
small interfering RNA (siRNA) duplexes specific to nucleotides 535–555
of the c-FLIP gene (GenBank accession number U97074) or 188 –208 of
the PEA-15/PED gene (GenBank accession number Y13736) were syn-
thesized through Qiagen (Valencia, CA) service. The synthetic siRNA
duplexes were transfected using TransMessenger transfection reagent
(Qiagen) according to the protocol of the manufacturer. Transfected

cells were allowed to grow for 36 h and then experimentally treated as
outlined in Results.

DR5 and CaMKII cDNA constructs and transfection. DR5 cDNA was
cloned into pcDNA3.1-Myc-HisA (kind gift from Dr. Wafik S. El-Deiry,
University of Pennsylvania, Philadelphia, PA) (Wu et al., 1997). The pCD
derivative SR� vector was the expression construct for �-CaMKII K42M
mutant (kinase death mutant attributable to changed ATP-binding
pocket) (Hanson et al., 1994). Transient transfection of the expression
vectors containing DR5 cDNA and �-CaMKII K42M mutant was ac-
complished using the Lipofectamine method following the instructions
of the manufacturer (Invitrogen). After 48 h of transfection, the cells
were subjected to crystal violet cell viability assay or Western blotting.

CaMKII activity assay. CaMKII activity was assayed in cell lysates using
CaMKII assay kits following the protocol of the manufacturer (Upstate
Biotechnology, Mississauga, Ontario, Canada). Cells were pretreated or
untreated with CaMKII inhibitor KN93 at 37°C for 24 h and then lysed
with lysis buffer. Total proteins (200 �g) were mixed with 10 �l of a
CaMKII substrate peptide (KKALRRQETVDAL). CaMK substrate, 0.4
�M each of peptide inhibitors for protein kinase A and protein kinase C,
and 100 �Ci of MgCl2-[�- 32P]ATP in ADB II buffer (in mM: 20 3-(N-
morpholino)-propanesulfonic acid, pH 7.2, 2.5 �-glycerol phosphate, 1
sodium orthovanadate, 1 dithiothreitol, and 1 CaCl2) were used. The
reaction was incubated at 30°C for 10 min. The phosphorylated substrate
was separated from the residual [�- 32P]ATP using P81 phosphocellulose
paper. The papers were washed, and radioactivity was measured by scin-
tillation counting. CaMKII activity was measured as counts per minute

Figure 1. Human astrocytes are resistant to Fas agonist and TRAIL. A, Flow cytometry analysis of the cell surface expression of Fas, DR4, and DR5 in human astrocytes and A549 and U343MG cancer
cell lines. B, Western blot detection of DR4 and DR5 expression in human astrocytes, A549, U343MG, and Cos-7 cells transfected with either DR4 or DR5 cDNA. Three antibodies against DR4 and three
antibodies to DR5 used in the study are indicated to the left and are described in Materials and Methods. Extracellular signal-regulated kinase 1/2 (ERK1/2) was used as protein loading control. C,
RT-PCR analysis of DR4 and DR5 mRNA expression in human astrocytes and control A549 cells. D, Cell viability in human glioma cell line U343MG treated with the various doses of three recombinant
forms of human TRAIL, as described in Materials and Methods. E, Cell viability analysis of human astrocytes after exposure to 3 �g/ml Fas agonist monoclonal antibody (Fas mAb), nontagged TRAIL
(TRAIL), histidine-tagged TRAIL (his-TRAIL), and antibody cross-linked Flag-tagged TRAIL (Flag-TRAIL) for 24 h. F, Phase-contrast microscopic observation of apoptotic cell death in human glioma
cell line U343MG but not human astrocytes after exposure to 3 �g/ml Fas agonist and various forms of recombinant TRAIL. Cell viability data (D, E) were representative from three independent
experiments (mean � SEM; n � 6).
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per microgram of protein and calculated as pi-
comoles as per the instructions of the
manufacturer.

Statistical analyses. Statistical analysis was
performed by one-way ANOVA followed by
Bonferroni’s t test for multiple comparisons.
Student’s t test was used when two groups were
compared. Results are expressed as means �
SEM values, and p � 0.05 was regarded as
significant.

Results
Human astrocytes are resistant to Fas
agonist and TRAIL
Human astrocytes are well documented
for the expression of FasL receptor Fas
(Becher et al., 1998; Choi et al., 1999). In
contrast, however, studies on TRAIL re-
ceptors have generated inconclusive re-
sults. Western blot analysis showed DR4
and DR5 expression in isolated fetal hu-
man astrocytes (Hao et al., 2001), whereas
a double immunohistochemistry of adult
human brain tissue located only DR4 in
human astrocytes (Dorr et al., 2002). To
clarify this issue, we generated a nearly
pure culture of human fetal astrocytes and
examined the expression of DR4 and DR5
at the cell surface, protein, and mRNA
levels. Two human cancer cell lines were
included as controls: human glioma
U343MG expresses DR5 but not DR4
(Song et al., 2003b), whereas human lung
cancer A549 expresses both DR4 and DR5.
Flow cytometry detected Fas on the cell
surface of human astrocytes and the cancer
cell lines (Fig. 1A). In contrast, a minimal
amount of DR4 was detected by one
(Alexis Biochemicals) (Fig. 1A), but not by
another (eBioscience) (data not shown)
antibody. DR5 was detected by both anti-
bodies but at much lower levels in human
astrocytes compared with Fas (Fig. 1A).
DR4 and DR5 protein expression was ex-
amined by Western blots using three anti-
DR4 and three anti-DR5 antibodies (see
Materials and Methods). The specificity of
each of the antibodies was examined by
transfecting human DR4 and DR5 cDNA
in Cos-7 cells (Fig. 1 B). DR4 and DR5
proteins were detected in human astro-
cytes but at lower levels compared with
Fas expression in human astrocytes and
DR4 and DR5 expression in the human
cancer cell lines (Fig. 1 B). Finally, reverse transcription (RT)-
PCR detected DR4 and DR5 transcripts in human astrocytes,
but their expression levels were lower than in the human can-
cer cell lines (Fig. 1C).

Several recombinant forms of human TRAIL have been re-
ported, and their studies have generated controversies in TRAIL
toxicity to human astrocytes. A recombinant TRAIL fused to a
trimerizing leucine zipper motif was toxic to isolate adult human
astrocytes (Walczak et al., 1999). Antibody cross-linked Flag-
tagged TRAIL was reported to damage human brain cells in brain

slice culture (Nitsch et al., 2000). In contrast, recombinant non-
tagged human TRAIL was reported to be nontoxic to isolated
human fetal astrocytes (Hao et al., 2001). Simple explanation
comes from the fact that these studies were conducted with dif-
ferent forms of recombinant TRAIL and different types of astro-
cytes in culture. To examine this further in human fetal astro-
cytes, we tested the toxicity of three recombinant forms of human
TRAIL (nontagged TRAIL, histidine-tagged TRAIL, and anti-
body cross-linked Flag-tagged TRAIL) in human fetal astrocytes
with the TRAIL-sensitive human glioma cell line U343MG in-

Figure 2. Inhibition of CaMKII sensitizes human astrocytes to Fas-induced apoptosis in human astrocytes. A, Western blot
analysis of the expression of CaMKII and phosphorylated CaMKII (p-CaMKII, Thr286) in human astrocytes (A) and neurons (N )
untreated or treated with KN93 (100 �M) for 24 h. Actin was used as protein loading control. B, CaMKII kinase analysis for the
kinase activity in human astrocytes treated with the various doses of KN93 for 24 h (mean � SEM; n � 3; *p � 0.05). C,
Phase-contrast microscopy examination of human astrocytes untreated or treated with TRAIL (1 �g/ml) and Fas agonist mono-
clonal antibody (Fas mAb; 1 �g/ml) in the absence or presence of KN93 (100 �M) for 24 h. D, Cell viability analysis of human
astrocytes after treatment for 24 h with various doses of KN93 in the absence or presence of Fas agonist (1 �g/ml) and TRAIL (1
�g/ml) (mean � SEM; n � 6). E, Western blot and subcellular fractionation analysis of cleavage of caspases and mitochondrial
release of cytochrome c. Human astrocytes were treated with KN93 (100 �M) for 16 h and then with Fas agonist (1 �g/ml) and
TRAIL (1 �g/ml) for the times indicated at the top. Human astrocytes were also untreated (Medium) or treated alone with KN93
(100 �M) for 22 h (KN93) as controls. The untreated and treated cells were subject to Western blot analysis of cleavage of caspases
and DFF45 (panels 1– 4) with actin as the protein loading control (panel 5). Subcellular fractionation of the cells showed the
presence of cytochrome c in mitochondria (M.) and its release into cytosol (C.) after the treatment. The antibodies are indicated to
the left, and the proteins detected are indicated to the right (A, E).
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cluded as positive control (Hao et al., 2001). Each of these recom-
binant forms of TRAIL was able to trigger cell death in U343MG
cells in a dose-dependent manner (Fig. 1D); however, none of the
reagents was toxic to human fetal astrocytes, as evident by cell
viability analysis (Fig. 1E) and observation of apoptotic death of
the cells under phase-contrast microscopy (Fig. 1F). Human as-
trocytes were also resistant to the treatment with FasL (data not
shown) and Fas agonistic CH11 antibody (Fig. 1E,F).

Inhibition of CaMKII restores Fas but not TRAIL
apoptotic pathways
CaMKII is highly expressed in the CNS and plays a role in neu-
ronal survival and functions. To examine the role of CaMKII in
protection of human astrocytes, we first examined its expression,
activation, and kinase activity in the human astrocytes. Neuronal
CaMKII has been well studied, and we therefore included human
neurons in the analysis. Neuronal CaMKII is made up of 6 –12

subunits, comprising 52 kDa � isoforms
and 60 kDa � isoforms (Miller and
Kennedy, 1986). Neuronal CaMKII is ac-
tivated by Ca 2�/calmodulin (CaM) and
the binding of Ca 2�/CaM allows CaMKII
to be phosphorylated at Thr286 in the �
isoform and Thr287 in the � isoform
(Miller and Kennedy, 1986). This starts an
autophosphorylation process that makes
CaMKII independent of Ca 2�/CaM and
thus makes it constitutively active. West-
ern blots detected CaMKII protein in both
the human astrocytes and neurons (Fig.
2A). The Thr286 phosphorylated CaMKII�
isoform was further demonstrated in the hu-
man astrocytes and neurons by Western
blots with the antibody specific to Thr286-
phosphorylated CaMKII� (Fig. 2A).
CaMKII kinase assay using a CaMKII-
specific peptide substrate identified CaMKII
kinase activity in the human astrocytes (Fig.
2B). The results indicate that CaMKII is con-
stitutively phosphorylated and activated in
the human astrocytes.

We then examined whether inhibition
of CaMKII kinase activity changes the cell
sensitivity to Fas agonist antibody and
TRAIL. The human astrocytes were
treated for 24 h with various doses (1–100
�M) of KN93, a chemical inhibitor of
CaMKII kinase, and the results showed
that KN93 inhibited CaMKII kinase activ-
ity significantly at 100 �M (Fig. 2B). The
human astrocytes were then treated for
24 h with various doses (1–100 �M) of
KN93 in the presence of 1 �g/ml Fas ago-
nist CH11 antibody or nontagged human
TRAIL. In the presence of KN93 (50 and
100 �M), the human astrocytes became
sensitive to Fas agonist but not to TRAIL,
as observed by phase-contrast microscopy
(Fig. 2C) and cell viability assay (Fig. 2D).
The experiment was repeated using
histidine-tagged TRAIL or Flag-tagged
TRAIL M2 mixed with M2 anti-Flag, and
results showed that none of these TRAIL

reagents was toxic to human astrocytes (data not shown).
To determine whether the cell death is apoptotic, the treated

human astrocytes were examined for cleavage of caspases and
mitochondrial release of cytochrome c. Caspase-8 exists in two
isoforms (p55, p53), and both isoforms are cleaved through two
consecutive steps (Medema et al., 1997). Indeed, Western blots
detected caspase-8 first-step cleavage (p43, p41) and second-step
cleavage (p18) products in the human astrocytes after combina-
tion treatment with KN93 (100 �M) and Fas agonist (1 �g/ml) for
3 and 6 h (Fig. 2E). The cleavage products of caspase-9, caspase-3,
and DFF45 were also detected in the treated cells (Fig. 2E). The
treated astrocytes were subjected to subcellular fractionation and
Western blot analysis of the cytosolic fractions free of mitochon-
dria revealed the release of mitochondrial cytochrome c (Fig. 2E).
In contrast, however, Western blot and subcellular fractionation
detected neither cleavage of the caspases nor mitochondrial re-
lease of cytochrome c in the human astrocytes treated with KN93

Figure 3. Insufficient expression of TRAIL receptors blocks TRAIL-induced signal pathway in human astrocytes. A, B, Analysis of
Fas agonist (A) and TRAIL-induced DISC (B) in human astrocytes and human glioma U343MG cells. The DISC was immunoprecipi-
tated by the treatment of human astrocytes with either Fas agonist antibody or Flag-tagged TRAIL for 15 min in stimulated cells
(�) or after cell lysis in unstimulated cells (�). Cell lysates obtained from untreated cells (Lysate) were included as control for the
expression of the endogenous proteins. C, TRAIL sensitivity of human astrocytes transfected with DR5 cDNA. Human astrocytes
were transfected with DR5 cDNA for 48 h and treated with KN93 (100 �M) and TRAIL (1 �g/ml), alone or in combination as
indicated at the top. After 6 h of treatment, the cells were subjected to Western blot for DR5 expression (top) and caspase-3
cleavage (middle). After 24 h of treatment, the cells were analyzed for cell viability (bottom) (mean � SEM; n � 6; *p � 0.05).
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(100 �M) and TRAIL (1 �g/ml) (Fig. 2E).
The results suggest that CaMKII kinase ac-
tivity protects human astrocytes from the
apoptotic stimulation by Fas agonist but
not TRAIL.

Death receptors fail to couple TRAIL to
intracellular signaling pathways
Failure to detect casapase-8 cleavage in the
KN93- and TRAIL-treated human astro-
cytes (Fig. 2E) suggests that TRAIL resis-
tance may occur in the DISC, the most up-
stream component of the TRAIL signaling.
The poor expression of DR4 and DR5 in
human astrocytes (Fig. 1B,C) further sup-
port the notion that DR4 and DR5 expres-
sion may be insufficient for TRAIL bind-
ing and induction of the TRAIL-DISC
assembly. In contrast, Fas is highly ex-
pressed and thus capable of inducing Fas-
DISC assembly in human astrocytes. To
test these hypotheses, we first examined
the Fas-DISC in human astrocytes. The
human astrocytes were stimulated with
Fas agonist CH11 antibody (1 �g/ml) for
15 min, and Fas-induced DISC was immu-
noprecipitated. Western blots detected
Fas, FADD, caspase-8, and PEA-15/PED
in the Fas-DISC (Fig. 3A). The detection of
caspase-8 proenzymes (p55/p53) and first-
step cleavage product (p43/42) in the
DISC (Fig. 3A) suggests that caspase-8
proenzymes complete their first-step
cleavage in the DISC. Detection of PEA-
15/PED in the DISC suggests that PEA-15/
PED may inhibit the second-step cleavage
of caspase-8 in the DISC (Fig. 3A).

We then examined TRAIL-induced
DISC. The human astrocytes were stimu-
lated with the mixed Flag-TRAIL and M2
anti-Flag antibody and the DISC was im-
munoprecipitated. Western blots failed to
detect DR5, FADD, caspase-8, and PEA-
15/PED in the TRAIL-induced DISC (Fig. 3B). These results sug-
gest that the expression of DR4 and DR5 is insufficient for TRAIL
binding and coupling to intracellular signaling pathways. To test
this hypothesis, we conducted two additional experiments. We
first examined the binding capability of Flag-TRAIL on TRAIL
receptors. The human malignant glioma U343MG cell line was
TRAIL sensitive because of the low expression of CaMKII and
PEA-15/PED cells (Xiao et al., 2002). U343MG cells were treated
with Flag-TRAIL/M2 antibody, and Western blots indeed de-
tected DR5, FADD, and caspase-8 but not PEA-15/PED in the
TRAIL-induced DISC. We then overexpressed DR5 in the astro-
cytes and examined whether DR5 overexpression would restore
the cell sensitivity to TRAIL. The astrocytes were transfected with
DR5 cDNA for 48 h, and the overexpression of DR5 protein was
confirmed by Western blots (Fig. 3C). The DR5 cDNA-
transfected astrocytes were then treated with KN93 (100 �M) and
TRAIL (1 �g/ml) for 6 or 24 h and subjected to Western blot and
cell viability assay, respectively (Fig. 3C). The treatment of the
transfected astrocytes with KN93 or TRAIL alone did not cause
cell death; however, the combination treatment with KN93 and

TRAIL triggered apoptotic cell death, as shown by cleavage of
caspase-3 and cell death in the human astrocytes transfected with
DR5 cDNA (Fig. 3C). The results suggest that CaMKII kinase
activity protects human astrocytes from TRAIL-induced apopto-
sis under conditions in which TRAIL receptors are upregulated.

CaMKII regulates the expression of c-FLIP and PEA-15/PED
The finding that inhibition of CaMKII restores the sensitivity of
human astrocytes to the death ligands suggests that CaMKII may
modulate the proteins involved in the death ligand signaling. We
therefore treated human astrocytes with KN93 (100 �M) for 24 h
and examined the expression of the proteins known in the death
receptor signaling pathways. Flow cytometry (Fig. 4A) showed
no significant difference in the expression of Fas and DR5 among
the KN93-treated and untreated human astrocytes. Western blot
analysis also showed no significant difference in the expression of
caspase-8, Bcl-2 family proteins (Bid, Bcl-2, Bax, Bak), and
X-linked inhibitor of apoptosis protein (XIAP) in the treated and
untreated astrocytes, except for Bcl-XL, which was slightly down-
regulated (Fig. 4B).

Figure 4. CaMKII inhibitor KN93 inhibits PEA-15/PED and c-FLIP expression. Human astrocytes were treated or untreated
(Medium) with KN93 (100 �M) for 24 h and then subjected to flow cytometry analysis of Fas and DR5 expression (A), Western blot
analysis of the expression of key apoptotic proteins (B), and two-dimensional PAGE analysis of PEA-15/PED isoforms (C). The
antibodies are indicated to the left (B). The isoelectric direction (H �, OH �) of two-dimensional PAGE is indicated above (C).
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In contrast, KN93 treatment significantly inhibited the ex-
pression of PEA-15/PED and c-FLIP proteins (Fig. 4B). c-FLIP
protein exists in two forms: the short form (c-FLIPS, Mr of 	28
kDa) and the long form (c-FLIPL, Mr of 	55 kDa) (Irmler et al.,
1997; Scaffidi et al., 1999). Both c-FLIPL and c-FLIPS were down-
regulated in the KN93-treated astrocytes (Fig. 4B). PEA-15/PED
is phosphorylated on two residues: Ser104 by protein kinase C
and Ser116 by CaMKII (Araujo et al., 1993; Estelles et al., 1996)
and thus exists in three forms: unphosphorylated, single phos-
phorylated, and double phosphorylated (Xiao et al., 2002). Two-
dimensional PAGE immunoblots detected the three forms of
PEA-15/PED protein in the untreated human astrocytes (Fig.
4C); however, the treatment with KN93 eliminated the double-
phosphorylated PEA-15/PED protein (Fig. 4C). These results
suggest that CaMKII regulates both the expression and phos-
phorylation of PEA-15/PED protein in human astrocytes.

CaMKII-mediated c-FLIP and PED pathway protects
human astrocytes
To further define the roles of CaMKII, PEA-15/PED, and c-FLIP
in death receptor-mediated apoptosis, we specifically inhibited
the expression of each of these proteins in human astrocytes.
First, CaMKII expression in the human astrocytes was inhibited
by transfection of CaMKII dominant negative, �-CaMKII K42M
mutant, and empty vector as controls (Hanson et al., 1994).
Transfection of �-CaMKII K42M mutant for 48 h inhibited the
expression of PEA-15/PED, c-FLIPL, and c-FLIPS in the human
astrocytes, as evident by Western blots (Fig. 5A). The transfec-
tants were then treated with either Fas agonist CH11 antibody (1
�g/ml) or recombinant nontagged TRAIL (1 �g/ml) for 6 h in
Western blot analysis (Fig. 5B) or for 24 h in cell viability assay
(Fig. 5C). The transfection of �-CaMKII K42M mutant sensi-
tized the human astrocytes to Fas-mediated apoptosis but not to
TRAIL-induced apoptosis (Fig. 5).

We then inhibited the expression of PEA-15/PED and c-FLIP
in human astrocytes with synthetic siRNA specifically targeting
the PEA-15/PED and c-FLIP genes. To inhibit both c-FLIPL and
c-FLIPS, we designed c-FLIP siRNA specific to the nucleotides
535–555 in the c-FLIP DED sequence shared by both c-FLIPL and
c-FLIPS (Irmler et al., 1997). Transfection of the siRNA specific to
PEA-15/PED and c-FLIP in human astrocytes for 24 h signifi-
cantly inhibited the expression of PEA-15/PED and c-FLIP pro-
tein, respectively (Fig. 6A). The transfected human astrocytes
were then treated with Fas agonist CH11 antibody (1 �g/ml) for
6 h, and Western blots detected the cleavage products of
caspase-8 and caspase-3 in the astrocytes transfected with the
siRNA to PEA-15/PED and c-FLIP but not nonspecific control
siRNA (Fig. 6B). The human astrocytes transfected with PEA-15/
PED and c-FLIP siRNA were also treated with Fas agonist CH11
antibody (1 �g/ml) for 24 h, and cell viability assay revealed a
significant cell death (Fig. 6C).

We finally examined the sensitivity of human astrocytes to
TRAIL under the condition of DR5 overexpression. The human
astrocytes were first transfected with DR5 cDNA for 48 h to over-
express DR5 (Fig. 6D). The DR5 cDNA-transfected astrocytes
were then transfected with either PEA-15/PED siRNA or c-FLIP
siRNA for 24 h to inhibit expression of each of the proteins (Fig.
6A). The double-transfected astrocytes were treated with non-
tagged TRAIL (1 �g/ml) for 6 h for Western blot (Fig. 6D) and
24 h for cell viability assay (Fig. 6D). The results showed that the
transfection with DR5 cDNA together with either PEA-15/PED
siRNA or c-FLIP siRNA resulted in the sensitivity of human as-
trocytes to TRAIL-induced apoptosis. Collectively, these studies

indicate that CaMKII-mediated c-FLIP and PEA-15/PED path-
ways protect human astrocytes from Fas agonist and TRAIL-
induced apoptosis.

Discussion
Astrocytes are the most numerous cell type in the CNS and pro-
vide structural, trophic, and metabolic environments for normal
neuronal functions and regeneration after brain injuries (Pekny
and Nilsson, 2005). These functionalities depend on the ability of
astrocytes first to survive brain insults and then to quickly be-
come active in response to the insults. Here, we report two mo-
lecular mechanisms by which human astrocytes survive the apo-
ptotic insults by FasL and TRAIL. First, CaMKII kinase is
constitutively phosphorylated and activated in human astrocytes
and mediates the expression and phosphorylation of c-FLIP and

Figure 5. CaMKII dominant negative sensitizes human astrocytes to Fas but not TRAIL. Hu-
man astrocytes were transfected with pCD derivative SR� vector expressing �-CaMKII K42M
mutant or empty SR� vector for 48 h. Some of the astrocytes transfected with empty SR�
vector were untreated or treated with KN93 (100 �M) and Fas agonist (1 �g/ml), alone or in
combination, for 6 h for Western blot analysis (A, B) and 24 h for cell viability analysis (C). Some
of the astrocytes transfected with the �-CaMKII K42M mutant were untreated or treated with
Fas agonist (1 �g/ml) or nontagged TRAIL (1 �g/ml) for 6 h for Western blot analysis (A, B) and
24 h for cell viability analysis (C) (mean � SEM; n � 6). Human astrocytes untreated (Medium)
or treated with Fas agonist (1 �g/ml) were included in the examination as controls. The treat-
ments are indicated at the top, the antibodies used are indicated to the left, and the proteins
detected are indicated to the right (A, B). *p � 0.05.

Song et al. • Human Astrocytes Resistant to FasL and TRAIL J. Neurosci., March 22, 2006 • 26(12):3299 –3308 • 3305



PEA-15/PED, which in turn inhibit
caspase-8 cleavage in the DISC and thus
prevent Fas-mediated apoptosis in human
astrocytes. Second, TRAIL receptor DR4
and DR5 are insufficiently expressed in
human astrocytes, and, as a result, the re-
ceptors fail to interact with TRAIL and
couple to intracellular proteins necessary
for assembly of the DISC.

The expression and apoptotic function
of FasL and Fas have been well docu-
mented in the CNS (Choi and Benveniste,
2004). However, the molecular mecha-
nisms that modulate FasL/Fas pathways in
human brain cells remain essentially un-
known. Fas is constitutively expressed in
human astrocytes in culture (Becher et al.,
1998; Choi et al., 1999), as well as reactive
astrocytes in neurological diseases (Dowl-
ing et al., 1996; Ferrer et al., 2001). In re-
sponse to Fas stimulation, human astro-
cytes produce IL-8 and express the IL-8
receptor CXCR2 (Saas et al., 1999, 2002;
Lee et al., 2000). Human astrocytes there-
fore express functional Fas but are resis-
tant to FasL killing. Several studies have
suggested the molecular mechanisms in
Fas resistance. Interferon-� (IFN-�) upregulates Fas expression
in human astrocytes and sensitizes the cells to FasL killing; this
study suggests that Fas expression levels may define cell resistance
to Fas killing (Choi et al., 1999; Saas et al., 1999). However, other
groups have reported that Fas stimulation does not kill human
astrocytes regardless of IFN-� treatment (Lee et al., 2000; Wosik
et al., 2001). The lack of caspase-8 expression has been reported as
a possible reason for human astrocyte survival; however, this
seems limited to one of the human fetal astrocyte cultures (Wosik
et al., 2001). In this study, we show that caspase-8 is expressed and
capable of initiating the caspase cascade in execution of pro-
grammed cell death in human fetal astrocytes. In addition, this
study suggests that c-FLIP and PEA-15/PED-mediated inhibition
of caspase-8 cleavage provides one of the molecular pathways
responsible for Fas resistance in human fetal astrocytes.

In contrast to FasL, very little is known about the TRAIL path-
ways in human astrocytes. The literature currently available is
rather controversial. A recombinant human TRAIL (amino acids
95–281) N terminally fused to a trimerizing leucine zipper motif
is toxic to isolated human adult astrocytes (Walczak et al., 1999),
whereas antibody cross-linked Flag-tagged human TRAIL
(amino acids 95–281) causes damage to brain cells in human
brain slice cultures (Nitsch et al., 2000; Dorr et al., 2005). In
contrast, nontagged recombinant forms of human TRAIL
(amino acids 114 –281) are nontoxic to human fetal astrocytes
(Hao et al., 2001). These controversies appear because of the
usage of different recombinant forms of human TRAIL and cul-
ture conditions of human astrocytes. Unfortunately, none of
these studies has provided underlying molecular mechanisms
with each of the recombinant forms of TRAIL and the particular
types of cells. In this study, we conducted a series of studies of
TRAIL signaling in human fetal astrocytes. Human fetal astro-
cytes are resistant to all three forms of human TRAIL examined:
nontagged, histidine-tagged, and antibody cross-linked Flag-
tagged TRAIL. The insufficient expression of TRAIL receptor

DR4 and DR5 on the cell surface of human fetal astrocytes con-
tributes to the cell resistance to TRAIL.

However, overexpression of TRAIL receptor DR5 does not
sensitize human fetal astrocytes to TRAIL-induced apoptosis,
unless the expression of PEA-15 or c-FLIP is inhibited in the cells.
It therefore seems that human fetal astrocytes have a double level
of protection against TRAIL apoptotic activation. First, the ex-
pression of TRAIL receptors on the cell surface is insufficient
enough to link the TRAIL to intracellular signal pathways. Sec-
ond, PEA-15/PED and c-FLIP inhibit caspase-8 cleavage and thus
prevent TRAIL-induced apoptosis even when TRAIL receptors
are experimentally upregulated in human astrocytes. This pro-
vides a window opportunity to use TRAIL in treatment of human
malignant gliomas of astrocytic lineage. Human malignant gli-
oma cells overexpress TRAIL receptors and therefore undergo
apoptosis under TRAIL treatment (Hao et al., 2001). Human
malignant gliomas, however, are genetically heterogeneous, and,
as a result, some of the malignant glioma cells overexpress
CaMKII-mediated PEA-15/PED and c-FLIP pathways and thus
are resistant to TRAIL (Xiao et al., 2002). Chemotherapy down-
regulates PEA-15 and c-FLIP and results in TRAIL sensitivity in
the resistant glioma cells (Song et al., 2003b). The insufficient
expression of TRAIL receptors in normal human cells, such as astro-
cytes as demonstrated here and hepatocytes as we reported previ-
ously (Hao et al., 2004), blocks TRAIL signaling and thus prevents
normal human cells from TRAIL-induced apoptosis even in the
combination treatment with TRAIL and chemotherapy.

PEA-15/PED and c-FLIP inhibit FasL and TRAIL-induced ap-
optosis through interruption of DED–DED interaction of FADD
and caspase-8 in the DISC (Xiao et al., 2002; Yang et al., 2003).
PEA-15/PED is mainly expressed in astrocytes, and it has been
reported to inhibit TNF�-induced apoptosis in murine astro-
cytes (Renault et al., 2003). In this study, we provided several lines
of evidence that PEA-15/PED inhibits FasL-induced apoptosis in
human astrocytes. In contrast, however, very little is known
about c-FLIP in human astrocytes, except one study reporting

Figure 6. Effects of siRNA specific to PEA-15/PED and c-FLIP on Fas and TRAIL of human astrocytes. A, Western blot analysis of
the expression of PEA-15/PED and c-FLIP (c-FLIPL, c-FLIPS). Human astrocytes were transfected with PEA-15/PED and c-FLIP siRNA
or nonspecific control siRNA (Mock) for 24 h before being subjected to Western blot. ERK1/2 was used as the protein loading
control. B, C, PEA-15/PED or c-FLIP siRNA sensitizes human astrocytes to Fas agonist. The astrocytes transfected with siRNA were
treated with Fas agonist antibody (1 �g/ml) for 6 h and examined on Western blots (B) and 24 h for cell viability assay (C). D, E,
Human astrocytes were nontransfected (first column) or transfected with DR5 cDNA (the second to 10th columns) for 48 h and
then either transfected or nontransfected with PEA-15/PED or c-FLIP siRNA for 24 h. The cells were further treated or untreated
with nontagged TRAIL (1 �g/ml) for 6 h for Western blot detection of caspase-8 cleavage (D) or for 24 h for cell viability analysis
(E) in which each value represents six samples, and * indicates the significance ( p � 0.05) (C).
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expression and cleavage of c-FLIPL in human fetal astrocytes
(Wosik et al., 2001). The data presented here have shown that
both c-FLIPL and c-FLIPS are expressed and inhibit Fas-induced
apoptosis in human fetal astrocytes. CaMKII mediates c-FLIP
expression in human fetal astrocytes and thus protects the cells
from Fas and TRAIL-induced apoptosis.

The study presented here provides a molecular model in death
receptor-mediated signaling in human astrocytes; however, the
question remains whether this model demonstrated in human
fetal astrocytes can be generalized for adult astrocytes in normal
brains and reactive astrocytes in diseased brains. Indeed, contra-
dictive results have been generated in the studies of human adult
astrocytes. Leucine zipper-tagged TRAIL was reported to kill hu-
man astrocytes isolated from adult brains (Walczak et al., 1999);
antibody cross-linked Flag-tagged TRAIL caused apoptotic cell
death in human adult brain slices (Nitsch et al., 2000; Dorr et al.,
2005). Immunohistochemistry locates DR4 but not DR5 in the
astrocytes of human adult epileptic brains (Dorr et al., 2002).
Clearly additional molecular studies of each of the culture models
derived from normal or diseased brains are required to delineate
death receptor-mediated signaling pathways and thus define the
their roles in normal and diseased brains.

CaMKII is a multifunctional serine/threonine kinase that
phosphorylates substrates in cytoplasm and mediates gene ex-
pression through its nuclear location (Schulman, 2004). CaMKII
has been well studied in neurons but not astrocytes, particularly
of human origin. Neuronal CaMKII is activated by Ca 2�/CaM,
and the binding of Ca 2�/CaM allows CaMKII to be phosphory-
lated. The phosphorylation makes CaMKII independent of
Ca 2�/CaM, and it become constitutively active. In this study, we
examined human fetal astrocytes, together with human fetal neu-
rons. The results presented here have shown that CaMKII is con-
stitutively expressed, phosphorylated, and activated in human
fetal neurons and astrocytes. Moreover, we have shown that
CaMKII kinase activity is required for human fetal astrocyte sur-
vival of the proapoptotic action of the death ligands. The studies
have further identified the CaMKII-mediated PEA-15/PED and
c-FLIP pathways as one of the molecular mechanisms that pro-
tect normal human fetal astrocytes from FasL and TRAIL-
induced apoptosis. This study therefore provides useful informa-
tion in our understanding of the molecular pathways by which
astrocytes survive apoptosis induced by the death ligands and
may use their non-apoptotic actions to become active, so con-
tributing to the repair of tissue injuries in the CNS.
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