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Pigment epithelium-derived factor (PEDF) is an intrinsic
anti-angiogenic factor and a potential anti-tumor agent. The
tumoricidal mechanism of PEDF, however, has not been fully
elucidated. Here we report that PEDF induces the apoptosis of
TC-1 and SK-Hep-1 tumor cells when they are cocultured with
bone marrow-derived macrophages (BMDMs). This macro-
phage-mediated tumor killing is prevented by blockage of TNF-
related apoptosis-inducing ligand (TRAIL) following treatment
with the soluble TRAIL receptor. PEDF also increases the
amount of membrane-bound TRAIL on cultured mouse
BMDMs and on macrophages surrounding subcutaneous
tumors. PEDF-induced tumor killing and TRAIL induction are
abrogated by peroxisome proliferator-activated receptor �
(PPAR�) antagonists or small interfering RNAs targeting
PPAR�. PEDF also induces PPAR� in BMDMs. Furthermore,
the activity of the TRAIL promoter in human macrophages is
increased by PEDF stimulation. Chromatin immunoprecipita-
tion and DNA pull-down assays confirmed that endogenous
PPAR� binds to a functional PPAR-response element (PPRE) in
the TRAIL promoter, and mutation of this PPRE abolishes the
binding of the PPAR�-RXR� heterodimer. Also, PPAR�-de-
pendent transactivation and PPAR�-RXR� binding to this
PPRE are prevented by PPAR� antagonists. Our results provide
a novel mechanism for the tumoricidal activity of PEDF, which
involves tumor cell killing via PPAR�-mediated TRAIL induc-
tion in macrophages.

Pigment epithelium-derived factor (PEDF)2 is a 50-kDa
secreted glycoprotein with multiple biologic activities, includ-

ing induction of neural differentiation, anti-angiogenesis, and
anti-inflammation (1–3). PEDF is widely expressed in human
fetal and adult tissues (4), whereas PEDF expression is down-
regulated duringmalignant progression of human glioma, hep-
atoma, breast cancer, ovarian cancer, lung cancer, and mela-
noma (5–10). Animal studies have demonstrated that gene
delivery of PEDF to tumors leads to suppressed tumor growth
and metastasis (11, 12). Meanwhile, the PEDF-mediated anti-
tumor effect is correlated to reduced microvessel density both
in the tumor and in the surrounding healthy tissue (11–13). In
culture, PEDF displays direct antitumor action in ovarian can-
cer, melanoma, and osteosarcoma, as evident by the block of
cell proliferation, repressed cellmigration, and induction of cell
apoptosis (8, 10, 14). Therefore, PEDF is considered as a poten-
tial agent for treatment of solid tumors.
Inside a solid tumor, in addition to dysregulated blood ves-

sels, stromal cells (including fibroblasts and infiltrating
immune cells) also contribute to promote tumor growth,
tumor-associated angiogenesis, and metastasis (15, 16). In
addition, the most abundant tumor-infiltrating innate immune
cells are macrophages, also termed tumor-associated macro-
phages (TAMs) (15, 16). TAMs are considered an attractive
target for therapeutic intervention. These proposed strategies
include activation of TAMs to a tumoricidal state (17–19),
repression of the tumor-supportive activities of TAMs (20), and
depletion of TAMs (21–23). A recent animal study showed that
overexpression of PEDF in a rat prostate tumor by transient
transfection of a PEDF-expressing plasmid caused increased
macrophage recruitment and expression of inducible nitric-ox-
ide synthase in macrophages (12). These findings indicate that
PEDFmay able to modify the gene expression profile of TAMs.
Tumor necrosis factor (TNF)-related apoptosis-inducing

ligand (TRAIL) is a transmembrane protein that acts as an apo-
ptosis-inducing ligand by binding to death receptor 5 (DR5)
expressed on murine cells or DR4 and DR5 expressed on
human cells (24, 25). TRAIL is best known as a tumor suppres-
sor because TRAIL-null mice demonstrate an increase in sus-
ceptibility to tumor initiation and metastasis (26). TRAIL
expression can be up-regulated by several cytokines. For exam-
ple, interferon (IFN)-� or -� stimulate tumoricidal activity in
human monocytes via induction of TRAIL (17, 27). In theory,

* This study was supported by National Science Council, Taiwan, Grant
NSC 97-2314-B-195-014-MY3 and Mackay Memorial Hospital Grant
MMH-E-100-006.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1 and 2 and Figs. S1–S3.

1 To whom correspondence should be addressed: Mackay Memorial Hospital,
Number 92, Sec. 2, Chung Shan N. Rd., Taipei, Taiwan. Fax: 886-2-28085952;
E-mail: yptsao@yahoo.com.

2 The abbreviations used are: PEDF, pigment epithelium-derived factor;
BMDMs, bone marrow-derived macrophages; TRAIL, TNF-related apopto-
sis-inducing ligand; PPAR�, peroxisome proliferator-activated receptor
gamma; PPRE, peroxisome proliferator response elements; TAMs, tumor-
associated macrophages; RXR, retinoic acid receptor; hMDMs, human
monocyte-derived macrophages; nt, nucleotides.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 41, pp. 35943–35954, October 14, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 14, 2011 • VOLUME 286 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 35943

http://www.jbc.org/cgi/content/full/M111.266064/DC1


these tumoricidal effects can be promoted not only by inducing
the TRAIL receptor on tumor cells but also by inducting
expression of TRAIL on immune cells.
Peroxisome proliferator-activated receptor � (PPAR�) is a

ligand-activated transcription factor, and its major sources of
endogenous ligands are fatty acid derivatives and oxysterols
derived from the cholesterol biosynthetic pathway (28, 29).
PPAR� heterodimerizes with the 9-cis-retinoic acid receptor
(RXR) to form a transcription factor that binds to peroxisome
proliferator response elements (PPREs) in the promoter region
of target genes (30). PPAR� modulates many functions of
macrophages, such as promoting cell differentiation (31), reg-
ulating cholesterol homeostasis (32), and antagonizing expres-
sion of proinflammatory genes (32, 33). Recent findings indi-
cate that PPAR� activation functions as a signaling mechanism
for the anti-angiogenesis and anti-inflammatory function of
PEDF (34, 35). The participation of PPAR� in the anti-tumor
function of PEDF is not clear. On the other hand, an increase of
PPAR� activity in TAMs has been reported as a strategy to
overcome TAM-mediated cytotoxic T-lymphocyte suppres-
sion in the tumor microenvironment (36). These observations
suggest that PPAR� has the potential to modulate the function
of TAMs and is thus a possiblemediator of the antitumor effect
of PEDF.
In the present in vitro and animal study, we demonstrated

that a TRAIL-mediated tumoricidal activity of macrophages
can be stimulated by PEDF. Our observations also indicated
that PPAR� mediates this effect. We identified a PPRE located
within the promoter of the humanTRAIL gene and determined
that the binding of the PPAR�-RXR� heterodimer can be
induced by PEDF treatment in macrophages.

EXPERIMENTAL PROCEDURES

Materials—PKH-26 was purchased from Sigma. G3335,
GW9662, and benzyloxycarbonyl-VAD(OMe)-fluoromethyl-
ketone were purchased fromCalbiochem. DNA restriction and
modification enzymes were obtained from New England Bio-
labs (Beverly, MA) and Promega (Madison, WI). TRAIL-R2-Fc
(ALX-522-067), Fas-Fc (ALX-522-002), and TNF-R2-Fc (ALX-
522-014) were purchased from Alexis (San Diego, CA). Anti-
bodies to PPAR� (sc-1985), PPAR� (sc-1986), PPAR�
(sc-7273), F4/80 (sc-25830), RXR� (sc-46659), paxillin (sc-
365174), and TRAIL (sc-6079) were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). RXR� (GTX89670) and
RXR� (GTX15518) were purchased from GenTex (San Anto-
nio, TX). The DR5 (ab8416) and activated caspase-3 antibodies
(ab2302) were obtained from Abcam (Cambridge, UK). The
�-actin (MAB1501) antibody was obtained from Millipore
(Bedford, MA). Recombinant human TRAIL was from R&D
Systems (Minneapolis, MN). PEDF was purified from human
plasma via collagen I-Sepharose resin as described previously
(37) and was analyzed by SDS-PAGE andWestern blot analysis
using an anti-PEDF antibody.
Bone Marrow-derived Macrophage (BMDM) Isolation, Cell

Culture, and Treatments—Five-week-old C57BL/6 mice were
housed under a constant 12-h light/12-h dark cycle and were
allowed free access to standard food and water. The experi-
ments were approved by the Mackay Memorial Hospital

ReviewBoard forAnimal Investigation.Micewere anesthetized
via intraperitoneal injection of a mixture of zoletil (6 mg/kg)
and xylazine (3 mg/kg) and subsequent cervical dislocation. To
isolate BMDMs, femora were aseptically removed and dis-
sected free of adhering tissues, and then the marrow cavities
were flushed by injection of Dulbecco’s modified Eagle’s
medium (DMEM)/F-12 medium (Invitrogen). Collected bone
marrow cells were incubated in a 100 � 15-mm Petri dish in
DMEM/F-12 medium supplemented with 20% heat-inacti-
vated fetal bovine serum (FBS), 1% L-glutamine, 1%HEPES, and
10 ng/ml recombinant mouse macrophage colony- stimulating
factor (M-CSF; R&D Systems) for 7 days in 5% CO2 at 37 °C.
Treatments with PEDF (200 ng/ml unless otherwise specified)
or inhibitors were performed on BMDMs (4 � 105 cells/well of
a 6-well plate) seeded in serum-free DMEM/F-12 medium.
THP-1 cellswere cultured inRPMI 1640 (Invitrogen) supple-

mented with 10% FBS. Differentiation of THP-1 cells was
induced by resuspending the cells in fresh medium containing
50 nM phorbol 12-myristate 13-acetate for 48 h, as in our pre-
vious report (38). Treatments with PEDF and inhibitors were
performed on cells (5 � 105 cells/well of a 6-well plate) seeded
in serum-free RPMI 1640 medium with 50 nM phorbol 12-my-
ristate 13-acetate.
For primary culture of human monocytes/macrophages,

peripheral blood mononuclear cells were obtained from hepa-
rinized whole blood by density gradient centrifugation on
Ficoll-Hypaque (Histopaque, Sigma-Aldrich). The monocytes
were differentiated intomacrophages on culture plates (Costar,
Cambridge, MA) for 7 days at 37 °C with 7.5% CO2, as in our
previous study (38). Treatments with PEDF or inhibitors were
performed on cells seeded in serum-free �-minimal essential
medium (Invitrogen).
TC-1 cells, which were established by transforming primary

lung epithelial cells of C57/BL6mice withHPV-16 E6 and E7 as
well as c-Ha-ras oncogenes were cultured on RPMI 1640
medium supplemented with 10% FBS and 1% penicillin/strep-
tomycin. Human hepatoma SK-Hep-1 and HuH-7 cells were
maintained in DMEMwith 10% FBS and 1% penicillin/strepto-
mycin. The cells were grown at 37 °C in 5%CO2 in a humidified
environment.
Animal Studies—C57BL/6 mice were inoculated subcutane-

ously with 1 � 106 TC-1 cells into their left flanks. At day 21,
when the tumor size reached �100 mm3, the animals were
randomized into five groups (n � 6) and given PEDF (0.6 �g
resolved in 100 �l of PEDF solvent), PEDF solvent (20mMTris/
HCl, pH 7.4, 100mMNaCl), PEDF plus 500 ng of TRAIL-R2-Fc
chimera, or control IgG by peritumoral injection twice per day
for 1 day.One group ofmicewas intraperitoneally injectedwith
GW9662 (0.5 mg/kg body weight dissolved in phosphate-buff-
ered saline) at 6 h before peritumoral injection of PEDF. For
macrophage isolation, mice were euthanized at 24 h after PEDF
injection, and tumors (including their capsule) were harvested,
dissected into small pieces, and digested with 400 units/ml col-
lagenase type IV, 0.05mg/ml collagenase type I, and 0.01mg/ml
DNase I (Roche Applied Science) dissolved in DMEM/F-12 at
37 °C for 1 h. A cell suspension pooled from six tumors was
sorted for macrophages using CD11b magnetic beads (5 �l of
beads/107 cells; Miltenyi Biotec, Auburn, CA) at 4 °C for 20
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min. CD11b-positive cells were collected for the evaluation of
TRAIL expression by flow cytometry.
For histology analysis, mouse tumor tissues were surgically

excised at 48 h after PEDF injection, fixed with 4% paraformal-
dehyde, embedded in paraffin, and serially sectioned. Apopto-
tic cells were detected by a TUNEL assay (In Situ Cell Death
Detection Kit, Roche Applied Science) according to the manu-
facturer’s instructions. After TUNEL staining, slides were incu-
bated in blocking buffer (5% normal goat serum in PBS, 0.05%
Tween 20) for 30 min. The slides were then incubated with the
F4/80 primary antibody (1:150) at 37 °C for 1 h. After washing
three times with PBS, 0.05% Tween 20, the slides were incu-
bated with rhodamine-conjugated goat anti-rabbit IgG (1:500) for
60 min at room temperature. After washing three times, sections
were observed under a Zeiss epifluorescence microscope (�200,
10 fields/tumor section; Carl Zeiss MicroImaging, Thornwood,
NY). Images were recorded using Zeiss software.
Fluorescent Labeling of Cells and Evaluation of Apoptosis in

Vitro—Tumor cells were labeled with the fluorescent mem-
brane stain PKH-26 (final concentration 1�M) according to the
manufacturer’s instructions and used as target cells in the cyto-
toxicity assay. The PKH-26-labeled target cells were incubated
with BMDMs (4 � 105 cells, 2 ml of 10% FBS, DMEM/F-12
medium) for 16 h. For treatment, cells were incubated in
serum-free DMEM/F-12 medium and treated with PEDF for
24 h. The apoptosis of the target cells was determined by in situ
staining using a TACS annexin V-FITC kit (R&D Systems)
according to the manufacturer’s protocol.
Flow Cytometry Analysis—Macrophages were stained with

PE-conjugated anti-mouse CD253 (TRAIL) antibody (dilution
1:50; catalog no. 109305; BioLegend, San Diego, CA) and
PerCP-conjugated anti-mouse F4/80 antibody (dilution 1:50;
catalogno. 123126;BioLegend) forquantificationofmacrophages.
PE-conjugated Rat IgG2a, � Isotype Ctrl antibody (catalog no.
400508;BioLegend), andPerCPRat IgG2a,� IsotypeCtrl antibody
(catalog no. 400530; BioLegend) were used as isotype controls.
Stainedcellswereanalyzedby flowcytometry (FACScaliber;Beck-
man Coulter, Brea, CA) using CellQuest software.
Measurement of the Soluble TRAIL—BMDMs were treated

with PEDF or its solvent for 24 h, 50 �l of the conditioned
medium was analyzed for mouse TRAIL by an enzyme-linked
immunosorbant assay kit (E90139Mu; Life Science Inc., Cleve-
land, OH), according to the manufacturer’s method.
TRAIL Promoter Cloning—Fragments of the human TRAIL

promoter were cloned from human genomic DNA (Promega)
by PCR using the primers 5�-gtagactcatttacagatagaaggcaag-3�
(forward) and 5�-gtaagtcagccaggcagccggtcactg-3� (reverse),
yielding a fragment spanning from �1594 to �137 of the pro-
moter sequence (GenBankTM accession number AF178756).
Nucleotide numbers indicated for the human TRAIL promoter
relates to the transcriptional initiation site (39). After the frag-
ments were subcloned into the pSC-A vector, sequences were
checked and then cloned into the SmaI site of the pGL3-Basic
vector (Promega) to produce the pGL3-TRAILp plasmid. The
PvuII restriction site at nucleotide �914 and the NdeI restric-
tion site at nucleotide �482 were used to generate the
hTRAILp-Luc deletion constructs. The resulting products
were blunt cloned into the SmaI site of the pGL3-Basic vector,

creating the reporter vectors TRAILp-1-Luc and TRAILp-2-
Luc. pGL3-TRAIL-m was generated from pGL3-TRAILp by
site-directed mutagenesis (QuikChangeTM mutagenesis kit;
Stratagene, La Jolla, CA) using primer 5�-GAGAAAAACCA-
CATATGGAACATTCAGGTC-3� (GT to CA mutation
underlined). The presence of the mutations was confirmed by
sequencing.
Western Blot Analysis—Cell lysis, fractionation, and SDS-

PAGEwere performed as described previously (40). Antibodies
used in this study were for PPAR� (-fold dilution, 1:1000),
PPAR� (1:1000), PPAR� (1:500), RXR� (1:1000), F4/80 (1:500),
TRAIL (1:2000), activated caspase-3 antibody (1:500), and
�-actin (1:10,000). Proteins of interest were detected using the
appropriate IgG-HRP secondary antibody (SantaCruz Biotech-
nology) and ECL reagent (Amersham Biosciences). X-ray films
were scanned on a model GS-700 imaging densitometer (Bio-
Rad) and analyzed using Labworks 4.0 software. For quantifica-
tion, blots of at least three independent experiments were used.
Semiquantitative Reverse Transcription (RT)-PCR and

Quantitative Real-time PCR—Total RNA was extracted from
cells using TRIzol (Invitrogen). Synthesis of cDNA was per-
formed with 1 �g of total RNA at 50 °C for 50 min using oli-
go(dT) primers and reverse transcriptase (Superscript III; Invit-
rogen). The amplification mixture (final volume, 20 �l)
contained 1� Taq polymerase buffer, 0.2 mM dNTPs, 1.5 mM

MgCl2, 1 �M primer pair, and 0.5 unit of TaqDNA polymerase.
Primer sequences are shown in supplemental Table 1. cDNA
was synthesized in an 18–22-cycle amplification reaction
(denaturation, 20 s at 94 °C; annealing, 30 s at 57 °C; and poly-
merization, 40 s at 72 °C). The number of cycles for the primer
set was chosen to be in the linear range of amplification. The
PCR products were electrophoresed in a 2% agarose gel con-
taining ethidium bromide and visualized by UV illumination.
For real-time PCR detection of RNA transcripts, the cDNA

was analyzed in an ABI PRISM 7500 Fast sequence detection
system (Applied Biosystems, Foster City, CA). Amplification
was carried out in a total volume of 40 �l containing 3 pmol of
primers, serially diluted RT product, and SYBR Green I PCR
Master Mix reagents (Applied Biosystems) with the following
cycling conditions: initial denaturation at 95 °C for 5 min, fol-
lowed by 40 cycles at 94 °C for 30 s, 57 °C for 20 s, and 72 °C for
30 s and a 5-min terminal incubation at 72 °C. The data were
calculated with ��Ct. Primer sequences are shown in supple-
mental Table 1. All determinations weremeasured in triplicate.
The cycle threshold (Ct) values corresponded to the PCR cycle
number at which fluorescence emission in real time reached a
threshold above the base-line emission andwere analyzed using
GeneAmp 7700 SDS software (Applied Biosystems). The Ct
value of the PCR product of interest (human TRAIL in these
experiments) and a control mRNA (GAPDH) was then used to
calculate relative quantities of mRNA between samples.
Transfection and Luciferase Assay—HuH-7 cells (1.5 � 105

cells/well of a 12-well plate)were plated for 16 h and transfected
with plasmid DNA by the calcium phosphate coprecipitation
method. Transient transfection was conducted in triplicate in
12-well plates, and 0.5�g of plasmidswere used in eachwell. To
antagonize PPAR� activity, cells were treated with 20 �M

GW9662 during transfection. The luciferase assay, including
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transient transfection studies for THP-1 macrophages, was
performed as in our previous report (38). All DNA solutions
also contained 0.1 ng/well of the SV40 Renilla luciferase
reporter plasmid, which was used as an internal control for
transfection efficiency. The luciferase assay was conducted
using the dual luciferase substrate system (Promega) with a
luminometer. The luciferase activity was normalized to Renilla
luciferase, and a mean value together with an S.E. value of the
triplicate samples was used to determine the reporter activity.
Each experiment was repeated at least three times.
Transfection of Short Interfering RNA (siRNA)—Subconflu-

ent BMDMs were transfected with a mixture of mouse PPAR�
siRNAs (sc-29456; Santa Cruz Biotechnology, Inc.) using Lipo-
fectamine RNAiMAX reagent (Invitrogen) in serum-free
medium according to the manufacturer’s instructions. A spe-
cies-specific siCONTROL nontargeting siRNA (Dharmacon
Research, Lafayette, CO) was utilized as a negative control. The
final concentration of siRNA was 1 nM. At 24 h after siRNA
transfection, cells were resuspended in new medium for a 24-h
recovery period. Cell viability was not altered by transfection
reagent alone or transfection with siRNA, as examined by the
trypan blue exclusion assay.
Chromatin Immunoprecipitation (ChIP)—ChIP analysis was

performed using the ChIP assay kit (Upstate Biotechnology,
Inc., Charlottesville, VA) according to the manufacturer’s rec-
ommendations. In brief, 1 � 107 THP-1 macrophages were
treated with PEDF for 16 h and then collected after 1% formal-
dehyde treatment for 10 min to cross-link DNA-binding pro-
teins to the DNA. The chromatin DNA was extracted by SDS-
containing buffer and broken into fragments of 400–1200 bp in
length by sonication. Before immunoprecipitation, chromatin
samples were precleared using a protein A-agarose slurry con-
taining salmon sperm DNA and BSA (Upstate Biotechnology)
and then immunoprecipitated overnight at 4 °Cwith antibodies
specific for PPAR� (10 �g/1 � 106 cells) or a normal rabbit IgG
control antibody (Upstate Biotechnology, Inc.) as a control, fol-
lowed by immunoprecipitation with protein A-agarose. The
recovered protein-nucleic acid complexes were incubated for
4 h with 0.4 M sodium chloride at 65 °C to reverse the cross-
links. DNA in the immunoprecipitation product was amplified
via PCR with the ChIP assay primers (shown in supplemental
Table 1) that covered the PPRE site in the human TRAIL gene
promoter. The PCR products were calculated with ��Ct.
Immunoprecipitation with preimmune mouse IgG served as a
negative control, and PCR using the same the primers and the
input DNA (preimmunoprecipitation samples) was used as an
internal control.
DNA Pull-down Assay—The pull-down assay, which was

similar to electrophoretic mobility shift assays, was performed
as previously describedwithmodifications (41). Briefly, nuclear
extracts from THP-1 macrophages were prepared using the
NE-PER nuclear and cytoplasmic extraction kit (Pierce). Dou-
ble-stranded biotinylated oligonucleotides (500 nM) containing
the PPRE sequence (shown in supplemental Table 2) were
mixed with 200 �g of nuclear extracts at 4 °C for 1 h with rock-
ing. After incubation, the mixture was then bound to 20 �l of
50% streptavidin-agarose beads (Invitrogen). The complexes
were washed five times with buffer (10 mM HEPES, pH 7.9, 1.5

mMMgCl2, 10 mM KCl, 300 mM sucrose, 0.5 mM dithiothreitol,
2.5% glycerol, 0.5% Nonidet P-40, and protease inhibitor mix-
ture) at 4 °C. Subsequently, the complexes were resuspended in
100�l of Laemmli sample buffer. After being heated at 95 °C for
10min, the supernatantwas collected forWestern blot analysis.
Statistical Analysis—Results are presented as the means �

S.E. Analysis of variance was used for statistical comparisons.
p 	 0.05 was considered significant.

RESULTS

PEDF-stimulated BMDMs Exert TRAIL-mediated Tumori-
cidal Activity—We designed an in vitro assay to test whether
PEDF could enhance the antitumor activity of macrophages. In
this assay, BMDMs were cocultured with TC-1 cells or SK-
Hep-1 cells (at an effector/target ratio of 25:1) for 16 h, and then
PEDF or its solvent was added to the culture for 24 h. TC-1 cells
or SK-Hep-1 cells were labeled by preincubation with the fluo-
rescent dye PKH-26 (red). Cell apoptosis was visualized via in
situ staining using annexin V-FITC (green). As showed in Fig. 1,
A andB, PEDF treatment rendered a greatmajority of TC-1 and
SK-Hep-1 cells to stain positive for annexin V, indicating the
induction of apoptosis in these cells. In contrast, solvent treat-
ment induced no apoptosis. The percentages of TC-1 and SK-
Hep-1 cells undergoing apoptosis dropped in accordance with
the effector/target ratio, indicating that TC-1 and SK-Hep-1
cell apoptosis is induced by BMDMs.
To identify the apoptosis-inducing ligands involved, we per-

formed blocking experiments using soluble Fc fusion proteins
for TNF�, TRAIL, and FasL. Fig. 1C shows that TRAIL-R2-Fc
almost completely blocked the killing of TC-1 cells by PEDF-
stimulatedBMDMs, yet neither Fas-Fc norTNF-R2-Fc affected
the BMDM-mediated cytotoxicity. Likewise, TRAIL-R2-Fc
blocked the killing of SK-Hep-1 cells by PEDF-stimulated
BMDMs. Again, Fas-Fc and TNF-R2-Fc showed no such block-
ing effect. In addition, the reduction of viable TC-1 and SK-
Hep-1 cells was completely abrogated by the broad spectrum
caspase inhibitor benzyloxycarbonyl-VAD(OMe)-fluorometh-
ylketone (20�M), indicating the involvement of caspase activity
in the tumor cell-killing effect of PEDF. In a parallel control
experiment, when the PEDFwas depleted from its solvent using
an anti-PEDF antibody�protein A-Sephadex complex, BMDMs
did not kill tumor cells. Western blot analysis revealed that
cleavage of procaspase-3 in TC-1 cells and SK-Hep-1 cells was
induced by 200 ng/ml recombinant human TRAIL but not by
PEDF (Fig. 1D). In addition, the presence of TRAIL-R2 (DR5) in
TC-1 cells and SK-Hep-1 cells were confirmed byWestern blot
analysis, and the levels of TRAIL-R2were not affected by PEDF.
Thus, we concluded that TRAIL was responsible for the cyto-
toxicity of PEDF-stimulated BMDMs.
PEDF Induces Surface Expression of TRAIL on BMDMs—We

examined the induction of TRAIL gene expression by PEDF in
BMDMs (Fig. 2A). By 24 h after stimulation with 100 and 200
ng/ml PEDF, TRAILmRNA levels were increased in a dose-de-
pendentmanner, but those ofTNF-� and FasLwere unaffected.
The mRNA level of TRAIL was not further increased in
BMDMs incubated with 400 ng/ml PEDF (data not shown).
PEDF also dose- and time-dependently increased TRAIL pro-
tein levels as assessed byWestern blot analysis (Fig. 2, B andC).
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The TRAIL protein was induced after 8 h and maintained for
12–24 h after PEDF stimulation.
Because TRAIL is a cell surface protein, we examined the

levels of TRAIL on the cell surface of BMDMs after PEDF treat-
ment for 24 h. Cell lysates were fractionated, andWestern blot
analysis showed that stimulation with PEDF caused a marked
increase in TRAIL levels within the cell membrane fraction
(Fig. 2D). Flow cytometry analysis also revealed that PEDF
increased the TRAIL staining in BMDMs as compared with
controls, including solvent and solvent derived from PEDF
depletion via treatment with the anti-PEDF antibody�protein
A-Sephadex complex (Fig. 1E; 55.2% versus 8.8 and 15.0%,
respectively). This confirmed that PEDF increased TRAIL lev-
els on the cell surface of BMDMs. At the same time, we exam-
ined the apoptosis-inducing activity of conditioned medium
from PEDF-stimulated BMDMs and found that TC-1 and SK-
Hep-1 cells incubated with this medium for 24 h did not induce
apoptosis. In addition, the concentrations of soluble TRAIL in
conditioned medium were below the enzyme-linked immu-
nosorbant assay detection limit, 0.16 ng/ml. This suggests that
membrane-boundTRAILonBMDMsplays a predominant role
in the induction of apoptosis in TC-1 and SK-Hep-1 cells.
PPAR� Mediates PEDF-induced TRAIL Expression and

Tumor Cell Killing by BMDMs—To explore the molecular
mechanism that mediated TRAIL expression, we determined
whether PEDF could induce PPAR� expression in BMDMs.

RT-PCR and Western blot analyses revealed that PEDF
induced PPAR� mRNA and protein expression in a dose-de-
pendent manner (Fig. 2, A and B). PEDF treatment did not
affect the protein expression of PPAR� or PPAR�. Time course
analysis further revealed that PPAR� protein levels increased
with the same kinetics as that of TRAIL (Fig. 2C).
We next analyzed whether the PPAR� antagonists GW9662

andG3335 could prevent TRAIL induction promoted by PEDF.
Western blot analysis revealed that BMDMs pretreated with
PPAR� antagonists (10 �M, 1 h) but not DMSO (vehicle con-
trol) abrogated PEDF-induced TRAIL protein accumulation in
BMDMs (Fig. 3A). Flow cytometric analysis confirmed that the
surface TRAIL expression in BMDMs induced by PEDF was
significantly reduced by GW9662 pretreatment (Fig. 3B;
62.11% versus 24.41%). Transfection of a PPAR� siRNA into
BMDMs substantially reduced the ability of PEDF to induce
PPAR� and TRAIL in BMDMs, as compared with transfection
with a control siRNA (Fig. 3C). These findings indicated that
PEDF, by way of PPAR� signaling, induced the expression of
TRAIL in BMDMs.
The signaling role of PPAR� for PEDF-induced tumor cell

killing was also assayed using the coculture system described
above. Pretreatment of the cocultured cells with GW9662
before PEDF treatment prevented almost all of the TC-1 cell
apoptosis (Fig. 3D). Also, BMDMs pretreated with PPAR�-spe-
cific siRNA significantly reduced PEDF-induced TC-1 cell apo-

FIGURE 1. PEDF stimulates macrophage-mediated cytotoxicity in a TRAIL-dependent manner. A and B, left panels, BMDMs were cocultured with PKH-26-
labeled TC-1 cells or SK-Hep-1 cells (red) at an effector/target ratio of 25:1 for 16 h and then stimulated with PEDF or its solvent for 24 h. Cell apoptosis was
visualized via in situ staining using annexin V-FITC (green). Original magnification was �400. Right panels, PKH-26-labeled TC-1 or SK-Hep-1 target cells were
cultured with BMDMs at various effector/target ratios and then stimulated with PEDF. Percentages of annexin V-FITC-positive TC-1 and SK-Hep-1 cells were
then determined and presented as the mean � S.D. (error bars) of triplicate cultures. Experiments were repeated at least three times. C, BMDMs cocultured with
TC-1 or SK-Hep-1 cells at an effector/target ratio of 25:1 were stimulated with PEDF (P) or PEDF solvent (S) for 6 h and then treated with soluble TRAIL-R2-Fc (20
ng/ml), Fas-Fc (20 ng/ml), TNF-R2-Fc (20 ng/ml), isotype control IgG1, or 20 �M benzyloxycarbonyl-VAD(OMe)-fluoromethylketone. After 18 h, apoptotic rates
were determined by in situ annexin V-FITC staining and presented as the mean � S.D. of triplicate cultures. To validate the PEDF specificity, PEDF was depleted
from its solvent using an anti-PEDF antibody�protein A-Sephadex complex. *, p 	 0.002 versus solvent; #, p 	 0.005 versus PEDF. D, TC-1 and SK-Hep-1 cells
express death receptor TRAIL-R2 (DR5) and are susceptible to TRAIL-mediated apoptosis. Expression of TRAIL-R2 in tumor cells was determined by Western
blotting. TRAIL-mediated apoptosis was assessed by culturing cells with 200 ng/ml recombinant human soluble FLAG-tagged TRAIL (rh-TRAIL) for 24 h. The
levels of activated caspase-3 (�17 kDa) were determined by Western blotting. Representative results from three separate experiments are shown.
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ptosis, as compared with transfection with a control siRNA. As
a control, immunoblot results revealed thatTRAILprotein can-
not be detected in cell extracts from PEDF-treated TC-1 cells
(supplemental Fig. S1). In addition, Western blot analysis
showed that the PPAR� siRNA pretreatment significantly
reduced PEDF-induced procaspase-3 cleavage when compared
with pretreatment with the control siRNA (Fig. 2C, blot 4), sup-
porting the essential role of PPAR� in PEDF-induced apoptotic
signaling. On average, pretreatment of coculture cells with
GW9662 or pretreatment of BMDMs with PPAR�-specific
siRNA significantly reducedPEDF-inducedTC-1 cell apoptosis
from 64 � 10% to 5 � 2 and 11 � 6%, respectively (Fig. 3D).
These results clearly showed the signaling role of PPAR� in
PEDF-induced TRAIL expression and tumor cell killing by
BMDMs.
PEDF Induces TRAIL Expression in Macrophages in the

Tumor Stroma—After observing TRAIL induction in cultured
macrophages, we were interested in the potential of PEDF to
induce TRAIL in tumor macrophages in vivo. C57BL/6 mice
were inoculated subcutaneously with 1 � 106 TC-1 cells. After
21 days, when the tumor volume reached 100 mm3, the mice
were injected subcutaneously at four sites around the tumor
with a total of 0.6 �g of PEDF, twice with 12 h in between. At
24 h after the second PEDF injection, macrophages were iso-
lated from the tumor, and the percentages of TRAIL-positive
macrophages were assayed by flow cytometry. Results revealed
a significant increase in TRAIL-positive macrophages from the
PEDF treatment group as compared with the solvent control
group (Fig. 4A; 68.3 � 11% versus 25.7 � 8%). Pretreatment 6 h

prior to PEDF injection with intraperitoneal injection of
GW9662 prevented PEDF-induced TRAIL expression in
macrophages (32.1 � 6%). Therefore, we proposed that PEDF
could induce TRAIL in tumormacrophages, and this effect was
mediated via cellular PPAR�.
Immunohistochemical analysis of solvent- and PEDF-in-

jected tumors using the F4/80 antibody showed an accumula-
tion of macrophages in the stromal capsule surrounding the
tumor cell bulk, with only a few macrophages inside the tumor
cell bulk (Fig. 4B, stained red) and the density of macrophage in
PEDF-treated tumors to be not significantly different from that
in solvent-treated tumors. This observation was consistent
with a previous report (42). In the vicinity of macrophages, we
observed prominent apoptosis of TC-1 cells, as determined by
in situ TUNEL assays (stained green). In addition, co-injection
with TRAIL-R2-Fc abolished PEDF-induced apoptosis, but co-
injection with the isotype control IgG did not, indicating that
the PEDF-induced cytotoxicity depended on TRAIL. The
tumor cell apoptosis induced by PEDF was completely abro-
gated by GW9662 pretreatment. Cancer-associated fibroblasts
are abundant in tumor stroma too (15, 16). To address the dis-
tributions of macrophages and cancer-associated fibroblasts in
TC-1 tumor, we also performed immunohistochemical analysis
and found that most of the fibroblasts, however, are further
away from the TC-1 tumor core (supplemental Fig. S2), indi-
cating that fibroblast-tumor cell contact is unlikely in the small
TC-1 tumors. Our animal study indicated that PEDF induced
TRAIL expression in tumor macrophages, and this resulted in
tumor cell apoptosis in vivo.

FIGURE 2. PEDF induces expressions of TRAIL and PPAR� in BMDMs. A, BMDMs were treated with PEDF at the indicated concentrations for 24 h, and the cells
were then processed for RT-PCR analysis. GAPDH expression was examined for normalization purposes. B, cells were treated as described above, and proteins
were detected by Western blot analysis with antibodies as indicated. Representative blots (left panels) and densitometric analysis with S.D. (error bars) (right
panels) of three independent experiments are shown. *, p 	 0.05 versus untreated cells. C, BMDMs were exposed to PEDF for the time indicated and then
harvested for Western blotting with antibodies against TRAIL (�33.4 kDa) and PPAR� (�57.6 kDa). Equal protein loading was confirmed by reprobing the
membranes with a �-actin antibody. Representative blots and densitometric analyses with S.D. from four separate experiments are shown. D, PEDF-treated
BMDMs were assessed for cell surface TRAIL expression. BMDMs were treated with PEDF or its solvent for 24 h. Cell membrane and cytosolic fractions were
isolated as described under “Experimental Procedures” and then subjected to Western blot analysis. A representative result from two independent experi-
ments is shown. E, BMDMs were treated with PEDF or solvent control for 24 h. The cells were then incubated with PE-conjugated isotypic control or PE-
conjugated TRAIL antibody and analyzed by flow cytometry.
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PEDF Induces TRAIL Expression in Human Monocyte-de-
rivedMacrophages—To determine if humanmacrophages also
expressed TRAIL in response to PEDF, human macrophages
derived from peripheral monocytes (monocyte-derivedmacro-
phages; hMDMs) and the THP-1 monocytic cell line were
treated with PEDF, and TRAIL expression was assessed by
quantitative real-time PCR and Western blot analysis. As
shown in Fig. 5A, exposure of hMDMs to 200 ng/ml PEDF for
24 h induced a 3.7- and 2.9-fold induction of the TRAILmRNA
and protein, respectively, as compared with solvent-treated
cells. Exposure of THP-1 macrophages to 200 ng/ml PEDF for
24 h increased the TRAILmRNA and protein levels by 4.7- and
4.4-fold, respectively, as compared with solvent-treated cells
(Fig. 5B). In addition, the TRAIL mRNA induced by PEDF was
completely blocked by the general transcription inhibitor acti-
nomycin D, suggesting that the effect of PEDF was
transcription-dependent.

GW9662 pretreatment (5�M, 1 h) attenuated PEDF-induced
TRAIL mRNA and protein levels in hMDMs and THP-1
macrophages (Fig. 5). This and our previous observation that
PEDF induces the expression of the PPAR� transcription factor
in THP-1 macrophages and hMDMs (35, 38) indicate a role for
PPAR� in human macrophages during PEDF-induced TRAIL
expression.
PPAR�Activates theHumanTRAIL Promoter by Binding to a

PPRE—The role of PPAR� in TRAIL induction raises the pos-
sibility that the PPAR� transcription factor activates TRAIL
expression by binding to its promoter. To investigate this pos-
sibility, a plasmid construct containing 1.5 kb of the human
TRAIL 5�-flanking sequence fused to a luciferase reporter gene
(Fig. 6A; pGL3-TRAILp) was constructed, and a plasmid
expressing the entire coding region of human PPAR�
(pcDNA-P�) was employed. Cotransfection of pcDNA-P�with
pGL3-TRAILp inHuH-7 cells resulted in up to a 7-fold increase

FIGURE 3. PEDF mediates the induction of TRAIL expression by PPAR�. A, PPAR� antagonists suppress PEDF-induced TRAIL expression. BMDMs were
pretreated with 10 �M GW9662 or G3335 for 1 h and then treated with or without 200 ng/ml PEDF (P) for an additional 24 h. Cells were harvested for Western
blot analysis. Loading equality was confirmed with antibodies against �-actin. Representative blots and densitometric analyses with S.D. (error bars) from three
separate experiments are shown. #, p 	 0.005 versus PEDF � DMSO. B, surface expression of TRAIL was quantified by flow cytometry. BMDMs were exposed to
PEDF or PEDF solvent for 24 h or pretreated with 10 �M GW9662 for 1 h before exposure to PEDF for an additional 24 h. The cells were then stained with
PE-conjugated isotypic control or anti-TRAIL antibody for analysis by flow cytometry. Data shown are from one representative experiment of four. C, PPAR�
siRNA abrogates PEDF-induced TRAIL expression. BMDMs were transfected with a PPAR� siRNA or control siRNA for 16 h and allowed to recover for a further
24 h. Mock, cells were treated with transfection reagents alone. After the respective treatment, both BMDMs and siRNA-transfected BMDMs were exposed to
PEDF for 24 h, and the cells were then harvested for Western blot analysis (blots 1–3). The siRNA-transfected BMDMs were also used for coculture with TC-1 cells
at an effector/target ratio of 25:1 for 16 h and then exposed to PEDF for a further 24 h, followed by detection of activated caspase-3 by Western blot analysis.
Representative results from three separate experiments are shown. D, PPAR� antagonist and siRNA block the BMDM-mediated cytotoxicity induced by PEDF,
GW9662, and siRNAs pretreatments were performed as described above, followed by PEDF treatment for an additional 24 h. BMDM-mediated cytotoxicity was
performed at an effector/target ratio of 25:1, and cell apoptosis was detected by annexin V-FITC staining as described in the legend to Fig. 1A. *, p 	 0.001 versus
PEDF � DMSO. **, p 	 0.02 versus control siRNA � PEDF.
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in the transcriptional activity of the luciferase construct (Fig.
6B). The addition of the PPAR� antagonist GW9662 sup-
pressed the PPAR�-induced TRAIL promoter activity by a fac-
tor of 3.5-fold.
To delineate the regulatory region on the humanTRAIL gene

essential for this effect, transfection studies were performed
using pGL3-TRAILp carrying a 5�-terminal deletion. PPAR�-

mediated activation of the human TRAIL gene was retained
even with the removal of nucleotides (nt) �1594 to �482 (Fig.
6, A and B), suggesting that a critical PPRE resides within nt
�482 to �1. PPREs have been characterized as specific DNA-
binding sites for the nuclear receptor superfamily of PPARs and
generally consist of a direct repeat of the hexamer AGGTCA
sequence, separated by one or two nucleotides (30). We ana-

FIGURE 4. PEDF causes a TRAIL-mediated antitumor effect in a murine model. A, PEDF induces TRAIL expression in stromal macrophages. C57BL/6 mice
with established TC-1 tumors were intraperitoneally injected with GW9662 or DMSO vehicle for 6 h, followed by peritumoral injections with PEDF (P) or PEDF
solvent (S) control for a further 24 h as described under “Experimental Procedures.” After treatment, the mice were euthanized, and the tumors (n � 6) were
processed for macrophage isolation. The freshly isolated macrophages were then double-stained with PE-conjugated anti-TRAIL and PerCP-conjugated
anti-F4/80 antibodies for flow cytometry analysis. *, p 	 0.02 versus solvent; #, p 	 0.001 versus DMSO � PEDF. B, TRAIL-R2-Fc blocks PEDF-induced TC-1 cell
apoptosis. C57BL/6 mice bearing TC-1 tumors were pretreated with or without GW9662 for 6 h and then injected around the tumor with PEDF or PEDF
combined with TRAIL-R2-Fc or control IgG1. At day 2 post-treatment, tumors were harvested, and tumor sections were double-stained with TUNEL to identify
apoptotic cells (green) and F4/80 to identify macrophages (red). Representative photographs revealed PEDF-induced tumor cell apoptosis in the peripheral
tumor and in the vicinity of macrophages. Apoptotic TC-1 cells were quantified under a microscope (�400, 10 fields/tumor section) using a digital program.
Data are representative of three individual experiments. *, p 	 0.001 versus solvent. **, p 	 0.001 versus PEDF. #, p 	 0.005 versus PEDF � IgG1. Error bars, S.E.

FIGURE 5. PEDF induces TRAIL expression in human macrophages. A and B, hMdMs and THP-1 macrophages were treated with PEDF (P) or solvent (S) for
24 h or pretreated with 5 ng/ml actinomycin D (Act D) or 5 �M GW9662 (GW) for 1 h and then incubated with PEDF for an additional 24 h. Cells were then
harvested and assayed by quantitative real-time PCR and Western blot analysis. TRAIL mRNA and protein expression were calculated as the -fold increase of
TRAIL expression compared with the solvent-only control. Representative immunoblots and densitometric analysis with S.D. (error bars) are shown. *, p 	 0.05
versus solvent-treated cells. #, p 	 0.05 versus PEDF-treated cells.
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lyzed theTRAIL promoter and found a putative hexanucleotide
separated by a single nucleotide located at nt �382/�370 (Fig.
6A). The putative hexamer sequence contained three mis-
matches with respect to the consensus PPRE.
We next examined TRAIL promoter activity in the THP-1

macrophages using a transient transfection method. THP-1
macrophages were transfected with the pGL3-TRAILp and
pGL3-TRAILp-2 (a plasmid retaining the putative PPRE) fol-
lowed by stimulation with PEDF in the presence or absence of

GW9662. Luciferase activity was significantly enhanced by
PEDF but not by PEDF together with GW9662, as compared
with vector-transfected controls (Fig. 7A).
To test whether PPAR� bound to the putative PPRE within

the TRAIL promoter in vivo, ChIP was performed in THP-1
macrophages. The genomic DNA fragment between nt �422
and �252, encompassing the putative PPRE of the TRAIL pro-
moter, was amplified by PCR after immunoprecipitation with a
monoclonal anti-PPAR� antibody or a control IgG. Strikingly,

FIGURE 6. A, sequence of the consensus PPRE and sequence of the candidate PPRE contained within the human TRAIL promoter 5�-flanking region. The location
of the candidate PPRE (nt �382/�370) is marked with an arrow. The candidate PPRE mutated from GT to CA is designated as PPRE-m. Numbers are relative to
the transcription start site (�1). The region spanning 1594 bp of the promoter was progressively deleted from its 5�-end and fused to the pGL3 basic vector.
B, PPAR� transactivates the human TRAIL promoter. HuH-7 cells were transiently transfected with the indicated reporter construct in the presence or absence
of the PPAR�-expressing plasmid, pcDNA-P�. Black columns represent cells that were treated with 20 �M GW9662 during transfection. Values (mean � S.D.
(error bars)) represent firefly luciferase activity normalized relative to a Renilla luciferase internal control. Luciferase activities are shown relative to the activity
of the TRAILp vector, which was arbitrarily set to 1. *, p 	 0.05 versus. TRAILp. #, p 	 0.05 versus pcDNA-P� � TRAILp. ##, p 	 0.001 versus pcDNA-P� � TRAILp.

FIGURE 7. PPAR� binds to the TRAIL promoter. A, PEDF enhances human TRAIL promoter activity. THP-1 macrophages were transfected with the indicated
reporter construct. After 48 h post-transfection, cells were stimulated with PEDF or PEDF combined with 10 �M GW9662 for a further 24 h prior to reporter gene
activity assays as described above. *, p 	 0.05 versus. TRAILp. #, p 	 0.05 versus PEDF � TRAILp. ##, p 	 0.05 versus PEDF � TRAILp. B, ChIP assay. THP-1
macrophages were treated with PEDF (P) or PEDF solvent (S) for 24 h or pretreated with 10 �M GW9662 for 1 h and then incubated with PEDF for an additional
24 h. PPAR�-DNA complexes were immunoprecipitated with the anti-PPAR� antibody or IgG. Data are normalized to IgG immunoprecipitated DNA and input
DNA. The binding of PPAR� to the TRAIL promoter in PEDF-stimulated THP-1 macrophages was measured and quantified by real-time PCR. C and D, identifi-
cation of PPAR� and PPRE association by DNA pull-down assay. The 5�-biotinylated double-stranded oligonucleotides containing a consensus PPRE (positive
control (PC)) or TRAILp PPRE or its mutant, as indicated in Fig. 6A, were used to precipitate PPAR� and RXR� from nuclear protein extracts of THP-1 macrophages
treated with PEDF or its solvent. The mixtures were mixed with or without PPAR� antagonists (reaching a final concentration of 20 �M) and then pulled down
by streptavidin beads. The proteins in the complex were analyzed by Western blotting using antibodies against PPAR� or RXR isoforms. Aliquots of nuclear
extracts were also analyzed before the DNA pull-down assay (input). Shown are representative experiments that were repeated four times with similar
observations. Error bars, S.E.
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PEDF stimulation caused an increase in PPAR� binding by 4.2-
fold compared with solvent treatment (Fig. 7B). In the IgG con-
trol, no TRAIL promoter fragment was detected. Pretreatment
of cells with the PPAR� antagonists abrogated this binding.
To confirm the physical interaction between PPAR� and the

putative PPRE, we performed a DNA pull-down assay using a
biotinylated PPRE probe (nt�385 to�367). This labeled PPRE
was incubated with nuclear extracts from PEDF-induced
THP-1 macrophages and then immobilized on streptavidin-
agarose beads (Fig. 7C). A biotinylated consensus PPRE probe
was used as a positive control.We found that PPAR�was pulled
down by the consensus PPRE and the putative TRAIL PPRE
probes, as assayed by immunoblotting using an anti-PPAR�
antibody. The binding specificity of PPAR� to these PPRE sites
was demonstrated by mixing nuclear extracts with a PPAR�
antagonist (GW9662 or G3335). In addition, a basal level of
PPAR� was detected in nuclear extract from solvent-treated
THP-1 macrophages (input). However, we did not detect any
positive bands by immunoblotting.
To determine the heterodimerization of PPAR� and RXR

isoforms (�, �, and �) on this putative TRAIL PPRE, immuno-
blot analysis was performed and revealed that three RXR iso-
forms are expressed in THP-1 macrophages (Fig. 7D). Among
the three isoforms, only RXR� was detectable in the nuclear
extracts of THP-1 macrophages; RXR� and RXR� were barely
detectable. These results were consistent with immunocyto-
chemical findings that RXR� and RXR� cannot be detected in
nucleus, but PPAR� and RXR� can (supplemental Fig. S3).
DNA pull-down assays were also performed to examine
whether the PPAR�-RXR� heterodimer binds to this putative
TRAIL PPRE. Incubation of labeled PPRE probes with nuclear
extracts from PEDF-induced THP-1 macrophages resulted in
the formation of this complex, as observed by immunoblotting
(Fig. 7D). This suggests that RXR� is an important partner of
PPAR� for induction of TRAIL promoter activity. Further-
more, a mutated PPRE oligonucleotide corresponding to
TRAIL PPRE (PPRE-m; Fig. 6A) demonstrated significantly
impaired PPAR� binding, confirming that the putative hex-
amerwas functional for interactionwith PPAR�. No significant
binding of PPAR� or RXR� was observed when oligonucleo-
tideswere incubatedwith nuclear extracts from solvent-treated
THP-1 macrophages. Next, we investigated the importance of
the putative PPRE in the regulation of the human TRAIL gene
by PEDF. The PPRE-m (Fig. 6A) was introduced into pGL3-
TRAIL plasmid to substitute the TRAIL PPRE. This mutation
of theTRAIL promoter substantially abolished the induction of
the TRAIL promoter by pcDNA-P� transfection (Fig. 6B) or
PEDF treatment (Fig. 7A), indicating that the hexamer is a func-
tional PPRE. Taken together, our results indicated that the
major transcriptional activator responsible for TRAIL gene
expression induced by PEDF is PPAR�. The results also implied
that PPAR� binds in a ligand-dependent manner to a putative
PPRE within the TRAIL promoter in vivo.

DISCUSSION

PEDF has been shown to inhibit tumor growth (5–14).
Because PEDF harbors anti-angiogenesis functions similar to
anti-VEGF antibodies, angiostatin, and endostatin, the tumor

inhibition function of PEDF has been previously associated
with the inhibition of tumor vessel growth. Although direct
tumor cell killing and inhibition of metastasis has also been
reported on several occasions, the mechanism involved is not
clear (8, 10–12, 14). Among the multiple functions of PEDF,
recent reports of anti-inflammation properties suggest that
PEDF modulates the innate immune system. This raises our
interest in the possible involvement of the immune system in
PEDF-induced tumor cell killing. Our observations in cell cul-
ture showed that PEDF exposure did not affect the survival of
TC-1 or SK-Hep-1 cells and that PEDF only induced the apo-
ptosis of tumor cells when cocultured with macrophages. This
macrophage-mediated tumor cell killing was abolished by
treatment with the soluble TRAIL receptor and by knockdown
of TRAIL expression, indicating thatmacrophages killed tumor
cells via TRAIL-mediated apoptosis. These observations indi-
cated that the induction of the tumoricidal activity of macro-
phages could be a possiblemechanismof the anticancer activity
of PEDF.
Because of the anti-angiogenesis activity of PEDF, PEDF-in-

duced tumor cell killing is expected to occur by the deprivation
of nutrients. This may mask the effects of other tumor cell-
killing mechanisms. One way to circumvent this is to study
small tumors that depend less on vessel ingrowth for nutrient
delivery. Under such conditions, tumor cell killing, particularly
that occurring in the outer rim of the tumor, is less likely to be
due to nutrient deprivation. In our study, very little vessel
growth was observed in the TC-1 tumors, and PEDF did not
induce central tumor necrosis. Only tumor cells at the tumor
periphery that were in direct contact to the host immune cells
were killed (Fig. 4B). This strongly indicated that the tumor
cells were killed by an effector originating from the tumor cap-
sule rather than nutrient deprivation. The induction of TRAIL
inmacrophages in the tumor capsule, which is in direct contact
with apoptotic tumor cells, suggests that PEDF-inducedTRAIL
in tumor-associated macrophages has the potential to kill
tumor cells in vivo. We propose that in advanced tumors where
tumor-associated macrophages have penetrated deeply inside
the tumor, the activation of TRAIL contributes to tumor cell
killing and may be a novel tumor eradication mechanism.
A seemingly high macrophage to tumor cells ratio was

employed in a cell culture experiment in this study as well as in
a previous report of tumoricidal activity of BMDMs (43). The
fraction of macrophage inside tumor varies from different
reports. Macrophages can rise up to 60% of a tumor mass (44).
It is still possible for the local ratio of macrophage to tumor cell
to be high. Indeed, immunohistochemical staining of F4/80-
positive macrophages in TC-1 tumor showed concentrated
macrophages surrounding the tumor core (Fig. 4B and supple-
mental Fig. S2), and only tumor cells located at the tumor
periphery that were in direct contact of macrophages were
killed (Fig. 4B).
Several lines of evidence in this report sustained the notion

that PPAR�mediates PEDF-inducedTRAIL expression by acti-
vating the TRAIL promoter. This evidence includes the follow-
ing. 1) PPAR�-expressing plasmids transiently transfected into
HuH-7 cells caused ligand-dependent induction of a TRAIL
promoter reporter. 2) Macrophages pretreated with PPAR�
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antagonists or specific siRNAs substantially blocked the ability
of PEDF to induce TRAIL expression. 3) ChIP and DNA pull-
down assays showed that a PPRE spanning nucleotides�382 to
�370 in the proximal region of the human TRAIL promoter
bound to PPAR�. Recent animal studies using PPAR�-deficient
mice have proposed that PPAR� acts as a tumor suppressor
gene to prevent carcinogenesis in the liver (45) and colon (46).
Because TRAIL is expressed in the immune system and exerts a
critical role in antitumor immunity (47), our study expanded
the potential role of PPAR� and PEDF in tumor immunosur-
veillance mediated via macrophages.
We found that PPAR� played a crucial role in the PEDF-

mediated induction of TRAIL in macrophages. To our knowl-
edge, this is the first report of PPAR� as an activator of TRAIL
expression in macrophages. This mechanism, if established,
may also explain previous reports indicating that mature
monocyte-derived dendritic cells and TCR-activated human
CD4� T cells both highly express PPAR� (48–50) and display
cytotoxic effects that are at least partly dependent on TRAIL
expression (51, 52). The promoter of the human TRAIL gene
contains several potential responsive elements, which are asso-
ciated with different transcription factors. For example, TRAIL
is reportedly involved in activation-induced cell death of
mature T lymphocytes. The mechanism invoked by NF-�B is
activated and associated with a c-Rel binding site in the TRAIL
promoter (53). TRAIL plays a role in virus-induced host cell
apoptosis because Sendai virus infection causes host interferon
regulatory factor-3 binding to IFN-stimulated response ele-
ments and subsequent induction of TRAIL-mediated cell apo-
ptosis (39). Moreover, the involvement of other transcriptional
activators, such as FOXO3A, in tumor cells has been demon-
strated, which provides an additional level of complexity to the
regulation of TRAIL expression (54). The involvement of these
transcription mechanisms in PEDF-induced macrophages has
not been investigated. However, from our inhibitor and knock-
down experiments, the major signaling mechanism involved in
TRAIL induction is through PPAR�.
Our study revealed that PEDF, via PPAR�, induces TRAIL

expression in murine BMDMs and macrophages isolated from
TC-1 tumors. This suggested that a PPRE also resided within
the 5�-flanking sequence of the murine TRAIL promoter. A
0.5-kb murine TRAIL promoter cDNA (GenBankTM accession
no. AB052771) has been isolated and contained an IFN-stimu-
lated response element responsible forTRAIL promoter activa-
tion by IFN-� in NK cells (55), but no PPRE has been reported.
Structurally, PPREs consists of a direct repeat of the hexamer
AGGTCA (or TGACCT) sequence (30). By examining the
sequence, we found a PPRE-like sequence separated by a single
nucleotide at �60 to �72 in the murine TRAIL promoter
(CTAACT G TGACCT; initiation codon ATG is designated
�1) as similar to the PPRE of the human TRAIL gene (Fig. 6A),
which contained a consensus hexamer and a putative
hexanucleotide with less homology to the consensus hexamer.
We are in the process of determining whether this is the PPRE
within the murine TRAIL promoter.
PEDF is well known for its antiangiogenic activity. PEDF

exerts this activity by direct induction of endothelial cell apo-
ptosis (2). Our finding of macrophage-mediated apoptosis

raised the possibility that macrophages participate in the anti-
angiogenesis process of PEDF in vivo. In support, a recent study
indicated that TRAIL induces apoptosis of human brain endo-
thelial cell hCMEC/D3 in vitro (56). This possibility awaits fur-
ther investigation.
In summary, the antitumor activity of PEDF may involve

multiple mechanisms. Our findings indicated a novel mecha-
nism inwhich PEDFwas able to enhance the antitumor efficacy
of macrophages by inducing a TRAIL-mediated tumoricidal
activity. In addition, we have defined a novel PPRE in the
human TRAIL promoter that is crucial for up-regulation of
TRAIL by PPAR�.
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