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Pigment Epithelial-derived Factor (PEDF)-triggered Lung
Cancer Cell Apoptosis Relies on p53 Protein-driven Fas
Ligand (Fas-L) Up-regulation and Fas Protein Cell Surface

Translocation™
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Background: PEDF has attracted attention for its direct antitumor effect.

Results: The p53-mediated cell surface translocation of Fas and up-regulation of Fas-L contributes to PEDF-induced apoptosis.
Conclusion: PEDF induces apoptosis by restoring the function of Fas death signaling in Fas-resistant lung cancer cells.
Significance: Our findings provide a potential therapeutic strategy for Fas-resistant tumors resulting from a low level of cell

surface Fas.

Pigment epithelium-derived factor (PEDF), a potent antian-
giogenesis agent, has recently attracted attention for targeting
tumor cells in several types of tumors. However, less is known
about the apoptosis-inducing effect of PEDF on human lung
cancer cells and the underlying molecular events. Here we
report that PEDF has a growth-suppressive and proapoptotic
effect on lung cancer xenografts. Accordingly, in vitro, PEDF
apparently induced apoptosis in A549 and Calu-3 cells, predom-
inantly via the Fas-L/Fas death signaling pathway. Interestingly,
A549 and Calu-3 cells are insensitive to the Fas-L/Fas apoptosis
pathway because of the low level of cell surface Fas. Our results
revealed that, in addition to the enhancement of Fas-L expres-
sion, PEDF increased the sensitivity of A549 and Calu-3 cells to
Fas-L-mediated apoptosis by triggering the translocation of Fas
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protein to the plasma membrane in a p53- and FAP-1-depen-
dent manner. Similarly, the up-regulation of Fas-L by PEDF was
also mediated by p53. Furthermore, peroxisome proliferator-acti-
vated receptor y was determined to be the upstream regulator of
p53. Together, these findings uncover a novel mechanism of tumor
cell apoptosis induced by PEDF and provide a potential therapeutic
strategy for tumors that are insensitive to Fas-L/Fas-dependent
apoptosis because of a low level of cell surface Fas.

Pigment epithelium-derived factor (PEDF),> a 50-kDa
secreted endogenous glycoprotein, was first identified from
human fetal retina pigment epithelium cell cultures as a mem-
ber of the serine protease inhibitor superfamily with potent
neurotropic activity (1). Since its identification, research on the
biological function of PEDF has continued for decades. To date,
in addition to its neurite-promoting activity, PEDF has been
implicated in anti-inflammatory (2) and antiangiogenic pro-
cesses (3) and in the regulation of lipid metabolism (4) and
antitumor processes (5). In the context of tumors, PEDF exhib-
its an impressive tumor growth-suppressing activity by target-
ing tumor vasculature and tumor cells per se. Initially, the anti-
tumor activity of PEDF was proven to be attributable to its
antiangiogenic property (6). Later, increasing investigations
reported that, in addition to the inhibition of angiogenesis,

® The abbreviations used are: PEDF, pigment epithelial-derived factor; rPEDF,
recombinant PEDF; Fas-L, Fas ligand; DD, death domain; DED, death effec-
tor domain; WGA, wheat germ agglutinin; PPARy, peroxisome proliferator-
activated receptor y; PARP, poly ADP-ribose polymerase; Z, benzyloxycar-
bonyl; fmk, fluoromethyl ketone.
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PEDF also decreases tumor proliferation by reducing tumor cell
growth and/or inducing tumor cell apoptosis in a variety of
tumor models, including prostate (7) glioma (8) and melanoma
carcinomas (9) as well as osteosarcoma (10). Regarding lung
cancer, several studies have confirmed the antitumorigenic
effect of PEDF in chick embryos (11) and Lewis lung carcinoma
models (12). In vitro, PEDF has been found to be inversely cor-
related with the proliferation, adhesion, and motility of A549
and SK-MES1 cells (13). However, almost nothing is known
about the apoptosis-inducing effect of PEDF on human lung
cancer cells and the underlying molecular events.

Fas death signaling is one of the most important extrinsic apo-
ptosis signaling pathways that is involved in cell apoptosis. This
signaling pathway is triggered through the interaction of Fas-L and
Fas. By binding with Fas-L, Fas is induced to trimerize and, subse-
quently, recruits Fas-associated death domain, procaspase 8/10,
and the caspase 8/10 regulator cellular FLICE-like inhibitory pro-
tein (c-FLIP) to assemble the death-inducing signaling complex
via DED-DED and DD-DD interactions. Caspase 8 then oligomer-
izes and is cleaved to release from the death-inducing signaling
complex, which initiates the apoptotic program (14). PEDF-in-
duced apoptosis has been studied intensively in endothelial cells. It
has been shown that PEDF can up-regulate cell surface Fas-L
expression in immature endothelial cells and initiate Fas death
signaling, which results in cell death (15). In addition, cPLA2-a,
p38 MAPK, p53, and PPARYy have also been reported to be asso-
ciated with PEDF-induced endothelial cell apoptosis (16, 17).
Regarding tumor cells, PEDF-induced apoptotic cell death in the
cultured non-transfected melanoma cell line G361 was blocked
completely by treatment with a neutralizing antibody against
Fas-L (9). Therefore, the Fas signaling pathway might play an
important role in PEDF-mediated apoptosis.

Corruption of the Fas signaling pathway is frequently found
in cancer. Alterations of this pathway have been proposed as
mechanisms by which tumor cells can escape from apoptosis
and immune system destruction (14). Mutations in the Fas gene
(18), changes in the Fas intracellular signaling pathways, and
the down-regulation of cell surface Fas protein (19) are the
main reasons for resistance to apoptosis in a variety of human
tumor cells. Several studies have reported that frequent lack of
cell surface Fas expression is present in various types of lung
cancer cell lines, for example, in A549 (20), H720, and H69 cells
(21). It remains unclear whether PEDF can correct the defi-
ciency of Fas death signaling in lung cancer cells so that the
tumor cells regain the ability to undergo apoptosis.

In this study, we sought to investigate the direct effect of PEDF
on lung carcinoma both in vivo and in vitro and focused particu-
larly on the possible related molecular mechanisms. Here we
report that PEDF can directly induce lung cancer cell apoptosis
both in vivo and in vitro. Moreover, the p53-mediated transloca-
tion of Fas to the plasma membrane, which restored the function
of Fas death signaling, was involved in PEDF-induced apoptosis.

EXPERIMENTAL PROCEDURES
Cell Lines and Animals

The human lung adenocarcinoma cell lines A549 and Calu-3
were obtained from the Cell Bank of the Chinese Academy of
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Sciences, where they were authenticated. The human lym-
phoma cell line Jurkat was provided by Prof. Tongyu Lin (Sun
Yat-Sen University Cancer Center, China). The A549 and
Calu-3 cells were cultured in RPMI 1640 medium (Invitrogen)
containing 10% FBS (Invitrogen) and 1% penicillin/streptomy-
cin (Invitrogen). The Jurkat cells were maintained in DMEM
(Invitrogen) supplemented with 10% FBS and 1% penicillin/
streptomycin. All cells were incubated at 37 °C in a humidified
incubator at 5% CO,. Male 4-week-old BALB/c nu/nu mice
weighing 18 —20 g were purchased from Guangzhou University
of Chinese Medicine, China (animal license no. 20080020).
All animals were maintained under specific pathogen-free con-
ditions in the Laboratory Animal Center of Sun Yat-sen
University.

Reagents

The Attractene and HiPerFect transfection reagents were
obtained from Qiagen (Carson City, CA). Anti-Fas antibody
(CH-11), caspase 9 inhibitor I (Z-LEHD-fmk) and caspase
inhibitor I (Z-VAD-fmk) were purchased from Merck Milli-
pore (La Jolla, CA). Caspase 8 inhibitor II (Z-IETD-fmk) and
antibodies for anti-B-actin and anti-GAPDH were obtained
from Sigma-Aldrich (St. Louis, MO). Wheat germ agglutinin
(WGA) conjugated to Texas Red-X and a secondary antibody
conjugated to Alexa Fluor 488 and DAPI were from Invitrogen.
The anti-PEDF polyclonal antibody was a gift from Prof. Jianx-
ing Ma (Medical University of South Carolina). Antibodies
for caspase 8/9 and PARP were purchased from Cell Signal-
ing Technology. Purified mouse anti-human CD178 (Fas-L),
FITC mouse anti-human CD95 (Fas), and FITC mouse [gG1
Kk isotype control antibodies were obtained from BD Biosci-
ences. Anti-PPARy, anti-Fas, and anti-FAP-1 antibodies
were from Santa Cruz Biotechnology. Anti-Phospho-p53
(Ser-15) and anti-p53 antibodies were purchased from Beyo-
time Institute of Biotechnology (Shanghai, China). Recom-
binant human endostatin injections (ENDOSTAR) were
obtained from Shandong Simcere-Medgenn Bio-Pharma-
ceutical Co., Ltd.

Plasmids and siRNAs

The plasmids pcDNA3.1 (+) vector and PEDF-pcDNA3.1
(+) were maintained by our own laboratory. The Fas-L and p53
c¢DNAs were isolated from A549 cell RNA and cloned into
pBiFC-VC155 (provided by Dr. Changdeng Hu, Purdue Univer-
sity) and pcDNA3.1 (+) expression vectors, respectively. The
primer sequences of Fas-L and p53 were as follows: Fas-
L, 5'-CCGGAATTCTCATGCAGCAGCCCTTCAATT-3’
(forward) and 5'-CTCCCGGAGGAGCTTATATAAGCCGA-
AAAACGTC-3' (reverse); p53,5-CCCAAGCTTGGGATGG-
AGGAGCCGCAGTC-3’ (forward) and 5'-CCGGAATTCCG-
GTCAGTGGAGTCAGGCCC-3' (reverse). All plasmids were
purified with a NucleoBond Xtra Midi EF kit (MN, Germany)
following the protocol of the manufacturer. The siRNAs for
silencing p53, Fas-L, FAP-1, and PPARYy were purchased from
RIBOBIO (Guangzhou, China). Scrambled siRNA (RIBOBIO)
was used as a nonspecific siRNA control.
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FIGURE 1. Growth inhibition, angiogenesis repression, and apoptosis induction by rPEDF in A549 xenografts. A, mice received a total of five intraperi-
toneal injections of rPEDF (n = 6, bottom row) or the same volume of PBS (n = 6, top row) every other day beginning on day 8 post-transplantation. On day 24
after tumor inoculation, the mice were executed and photographed. Tumor volumes were measured every 2 days and are displayed as tumor growth curves.
Data are mean = S.D. ¥, p < 0.05; **, p < 0.01. B, tumor tissues from the executed mice. Top row, tissues from mice treated with PBS. Bottom row, tissues from
mice treated with rPEDF. The weights of tumor tissues served as the inputs for the statistical analysis. Data are mean = S.D. of 6 mice/group. **, p < 0.01 versus
PBS control. C, frozen sections of tumor tissues were subjected to immunohistochemical staining with an endothelial-specific antibody against CD31. Typical
pictures of CD31-positive vessels are shown. Quantitative analysis of the CD31-positive vessels was then performed. In all samples, the mean number of
microvessels was calculated from the five vascular hot spots. Data are mean = S.D. **,p < 0.01 versus PBS control. Scale bars = 50 um. MVD, microvessel density.
D, representative photographs of apoptotic cells generated by TUNEL (brown) assay in paraffin sections of tumor tissues. The nuclei were counterstained with
hematoxylin. A quantitative analysis of the apoptotic cells percentage in tumor tissues was performed. **, p < 0.01 versus PBS control. Scale bars = 50 um.

TUNEL positive cells (%)

rPEDF

Treatments manufacturer (Invitrogen). The growth medium was replaced
with serum-free medium at 12 h after transduction of the PEDF
and Fas-L genes. For the interference and caspase inhibitors
experiments, the cells were pretreated for 12 h and 30 min prior
to transfection of the PEDF gene, respectively. At the desig-

nated times, the cells were harvested and used for further

rPEDF—rPEDF was expressed and purified as described pre-
viously (22). The culture medium was replaced with a serum-
free medium containing various concentrations of rPEDF or
ENDOSTAR until the cells reached 60-70% confluence. After
incubation for the indicated times, the cells were harvested and

used for subsequent experiments. experiments.
Transfection—The cells were transfected with the indicated o
plasmids and/or siRNA using Attractene and/or HiPerFect ~Cell Viability Assay

transfection reagents according to the instructions of the man-
ufacturer. For the transfection of Jurkat cells, the Neon™
transfection system was used following the instructions of the
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Cells were seeded in 24-well plates in quadruplicate. After
indicated treatments, the cell viability was determined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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FIGURE 2. Effects of rPEDF and ENDOSTAR on cell viability and apoptosis in A549 cells in vitro. A, A549 cells were treated with rPEDF or ENDOSTAR at the
indicated concentrations for 72 h in the absence of serum. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. Data represents absorbance at 570 nm and are mean = S.D. of quadruplicates of three independent experiments. * and #, p < 0.05; **, p < 0.01 versus
controls. B, cells were harvested for Hoechst staining. Cells were treated with rPEDF at concentrations of 0,640, and 1280 nm. Representative pictures from three
independent experiments photographed at X400 are shown. Apoptotic cells were identified by chromatin condensation and nucleus fragmentation (red
arrows). Scale bar = 50 um. C, in parallel experiments, the samples were subjected to FITC-annexin V/propidium iodide (P/) staining, and a quantitative analysis
of apoptotic cells was performed using flow cytometry. Diagrams of FITC-annexin V/propidium iodide flow cytometry in a representative experiment are
presented as graphs. Quantifications of apoptotic cells are shown as mean = S.D. of triplicates. *, p < 0.05; **, p < 0.01 versus control.

(Sigma, MO) following the protocol of the manufacturer.
Absorbance was measured at 570-nm wavelength.

Hoechst Staining and Cell Apoptosis Analysis by Flow Cytometry

After the indicated treatments, the cells were washed three
times with PBS and fixed with 4% polyformaldehyde for 10 min
at 37 °C. After another three PBS washes, the cells were sub-
jected to Hoechst 33342 (Sigma) at a final concentration of 5
png/ml while incubating for 30 min at room temperature in the
dark. Apoptotic cells were identified by chromatin condensa-
tion and nucleus fragmentation under a fluorescence micro-
scope. For quantitative analysis of apoptosis, the cells were pre-
pared as described elsewhere (23). Annexin V and propidium
iodide (KeyGEN BioTECH, Nanjing, China) were added for incu-
bation in the dark for 15 min at 4 °C, and then cells were analyzed
by a flow cytometer (EPICS XL-MCL or Gallios, Beckman).

Flow Cytometric Analysis of Cell Surface Fas Expression

Cell surface Fas expression was determined by flow cytom-
etry (Gallios, Beckman) according to the description by Zheng
et al. (24). Briefly, the cells were rinsed with flow cytometry
buffer (PBS containing 1% BSA and 0.05% NaN,) and collected
by digestion with 10 mm EDTA at 4 °C for 20 min. After wash-
ing three times, the cells were probed with either FITC-conju-
gated mouse anti-human CD95 (Fas) or FITC-conjugated
mouse IgG1 k isotype control antibodies (1:50) for 30 min at
4 °Cin the dark and then washed again. 30,000 cells were exam-
ined for each determination.
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Fluorescent Immunocytochemistry

Cells embedded on glass slides were washed twice with PBS
and stained with 5 ug/ml WGA for 10 min at 37 °C. After rins-
ing three times, the cells were fixed with 4% paraformaldehyde
for 10 min at 37 °C, followed by blocking with 5% BSA for 30
min at room temperature. The Fas protein was detected using a
monoclonal anti-Fas antibody (1:100) and a secondary antibody
conjugated to Alexa Fluor 488 (1:200). Cell nuclei were stained
with DAPI (1:2000). All slides were viewed under a confocal laser-
scanning microscope (LSM710, Zeiss, Jena, Germany).

Western Blot Analysis

Western blot analysis was performed as described elsewhere
(25). Antibodies for caspase 8/9, PARP, Fas-L, Fas, phospho-p53,
and p53 were used at 1:1000 dilution. Antibodies for 3-actin and
GAPDH were used at 1:10,000 dilution. The bound antibody was
visualized using HRP-conjugated secondary antibodies.

Animal Studies

The A549 heterotopic transplanted tumor model was estab-
lished as described previously, with some modifications (22).
When tumors were visible, the mice were randomly assigned to
two groups with six mice in each group. One group received
peritoneal injections with 5 mg/kg PEDF per mouse, whereas
the other group received the same volume of PBS as a control.
Mice received five injections every other day until the overall
dose reached 25 mg/kg. Nude mice were weighed, and the
tumor length and width diameters were measured every 2 days.
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FIGURE 3. Effects of PEDF overexpression on cell viability and apoptosis in A549 and Calu-3 cells. A, typical photographs of cells transfected with vector
(top row) or PEDF (bottom row) for 48 h after serum depletion. Data are representative of three independent experiments. Scale bars = 50 um. B, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay for the viability of cells transfected with vector or PEDF for 24, 48, and 72 h after serum depletion.
Data represent absorbance at 570 nm and are mean = S.D. of quadruplicates. **, p < 0.01 versus the vector-only group. Data are representative of three
independent experiments. C, after transduction of vector (top row) or PEDF (bottom row) for 48 h in the absence of serum, the cells were harvested for Hoechst
staining. Representative pictures from three independent experiments photographed at X200 are shown. The apoptotic cells were identified by chromatin
condensation and nucleus fragmentation (red arrows). Scale bars = 200 um. D, in parallel experiments, the samples were subjected to FITC-annexin V/pro-
pidium iodide staining, and a quantitative analysis of apoptotic cells was performed using flow cytometry. Diagrams of the FITC-annexin V/propidium iodide
flow cytometry in a representative experiment are presented. Quantifications of the apoptotic cells are shown as mean = S.D. of triplicates. **, p < 0.01 versus

the vector-only group.

The tumor volume was determined according to the following
equation: volume = (length X width?) X 0.5. 24 days after the
first injection of A549 cells, tumors were dissected, weighed,
and stored at —80 °C for Western blot and immunohistochem-
istry analyses. All animal studies were performed under an
institutionally approved protocol according to the USPHS
Guide for the Care and Use of Laboratory Animals.

Microvessel Density Assay

Frozen sections were treated with non-immune goat serum
to block nonspecific binding (background). The sections were
then incubated with 1:100 dilution of the rat monoclonal anti-
body against CD31 (BD Biosciences) at 4 °C overnight. After
rinsing with PBS, the sections were subjected to the cy3-labeled
goat anti-rabbit antibody (1:200) at 37 °C for 30 min. The cell
nuclei were stained with DAPI (1:2000) at room temperature
for 10 min. All slides were viewed under a fluorescence micro-
scope (Axio Observer Z1, Zeiss). The tumor vasculature was
quantified according to the Weidner method (26).

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

TUNEL Assay in A549 Xenografts

Paraffin sections from each tumor were analyzed by TUNEL
staining using an in situ cell death detection kit (Merck Milli-
pore). A brown coloration indicated apoptotic cells. The num-
ber of apoptotic cells was counted in five randomly selected
fields using a conventional optical microscope.

Statistical Analysis

All data are expressed as mean = S.D. SPSS 13.0 software was
used for the one-way analysis of variance in all statistical anal-
yses (SPSS, Chicago, IL). p < 0.05 was considered statistically
significant.

RESULTS

Inhibitory Effects of PEDF on Tumor Proliferation and Angio-
genesis in the Heterotopic Transplanted Human Lung Cancer
Nude Mice Model—W e first investigated the antitumor activity
of PEDF in vivo. Heterotopic xenografts of the human cell line
A549 were established in the dorsi of the right front paws of

JOURNAL OF BIOLOGICAL CHEMISTRY 30789
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FIGURE 4. PEDF induces the cleavage of procaspase 8/9/PARP in vivo and in vitro. A and B, tumor tissues (first through fourth lanes, from PBS-treated mice;
fifth through eighth lanes, from rPEDF-treated mice) (A) and cell lysates (B) were subjected to Western blot analysis. The protein levels of caspase 8/9/PARP were
detected. C, the effects of caspase inhibitors on PEDF-triggered apoptosis were quantified by flow cytometry using annexin V and propidium iodide (P/)
staining. A549 and Calu-3 cells were transfected with a vector or the PEDF gene for 48 h in the absence of serum or pretreated with 20 um caspase 9 inhibitor
| (Z-LEHD-fmk, C9i) or 20 um caspase-8 inhibitor Il (Z-IETD-fmk, C8i) or caspase inhibitor | (Z-VAD-fmk, Ci) for 1 h before PEDF transduction. Representative
diagrams are shown. Data are mean = S.D. of three independent experiments. **, p < 0.01 versus PEDF + dimethyl sulfoxide (DMSO)-treated cells; #, p < 0.05,

PEDF + Z-IETD-fmk versus PEDF + Z-LEHD-fmk.

nude mice. Eight days after the first inoculation with A549 cells,
the mice were randomly assigned into two groups that received
intraperitoneal injections of PBS (n = 6) or rPEDF (n = 6). The
rPEDF-treated group exhibited slower growth kinetics than the
PBS-treated group, and a 72.6% reduction in tumor volumes
was observed by day 24 (Fig. 14). Accordingly, the mean weight
of the tumors of the mice treated with rPEDF was significantly
lower than that of mice that received PBS injections (Fig. 1B).
The microvessel density assay revealed that PEDF treatment
apparently reduced microvessel density compared with PBS
treatment (Fig. 1C).

Induction of Tumor Cell Apoptosis by PEDF in Vivo—To eval-
uate whether PEDF influences tumor cell apoptosis in vivo, par-
affin sections from each tumor tissue were analyzed using a
TUNEL assay. As shown in Fig. 1D, the numbers of apoptotic
cells in the tumor tissues of the rPEDF-treated group were
increased significantly compared with those of the PBS-treated
group. These data suggest that PEDF might directly target tumor
cells.

Growth and Apoptosis of Lung Cancer Cells in Vitro—To
measure the effects of PEDF on cell viability and apoptosis in
vitro, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay, Hoechst staining, and flow cytometry were
employed. The rPEDF-treated group exhibited a dose-depen-
dent reduction in viable cells, whereas ENDOSTAR, a commer-
cial antiangiogenesis recombinant protein, had no effect on
A549 cells up to a dose of 1280 nM (Fig. 24). Moreover, rPEDF
obviously induced the apoptosis of A549 cells (Fig. 2, B and C).
To further establish this relationship, PEDF overexpression was
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performed in A549 and Calu-3 cells. We found significant
reductions in cell numbers at 24, 48, and 72 h after serum deple-
tion (Fig. 3, A and B) in PEDF-positive cells compared with
vector controls. Furthermore, the proportions of apoptotic
cells with characteristics of chromatin condensation and
nucleus fragmentation (red arrows) were increased dramat-
ically in PEDF-transfected cells (Fig. 3C). Consistent with
Hoechst staining results, a progressive increase in apoptosis
was observed via quantitative analysis by flow cytometry in
PEDF-positive cells (Fig. 3D). These results demonstrate
that PEDF directly induced the apoptosis of lung cancer cells
and might therefore contribute to the blockade of tumor
growth.

PEDF-induced A549 and Calu-3 Cell Apoptosis Is Mediated
Primarily by Caspase 8 Activation—The activation of caspase 8
and caspase 9 has been shown to be involved in PEDF-induced
human umbilical vein endothelial cell (HUVEC) apoptosis (17).
To examine whether this process is also involved in PEDF-in-
duced lung cancer cell apoptosis, the cleavage of caspase 8/9/
PARP was detected by Western blot analysis. Both in vivo and in
vitro studies demonstrated that PEDF significantly increased
the levels of cleaved caspase 8/9/PARP (Fig. 4, A and B).
Caspase 8 and caspase 9 have been identified as central compo-
nents in the death receptor and mitochondrial apoptotic path-
ways, respectively (27). To further investigate which apoptosis
signaling pathway was primarily responsible for the PEDF-trig-
gered apoptosis of A549 and Calu-3 cells, the cells were pre-
treated with caspase 8 inhibitor II (Z-IETD-fmk), caspase-9
inhibitor I (Z-LEHD-fmk), and caspase inhibitor I (Z-VAD-
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fmk). PEDF-induced apoptosis was partially blocked by pre-
treatment with caspase 9 inhibitor I, largely broken by caspase 8
inhibitor II, and almost completely retarded by caspase inhibi-
tor I (Fig. 4C). These studies confirm that PEDF-triggered apo-
ptosis is primarily associated with activation of caspase 8.
PEDF Induces Fas-L-dependent Apoptosis of A549 and
Calu-3 Cells—The activation of caspase 8 commonly partici-
pates in Fas-L/Fas-mediated cell death (28). Therefore, we ver-
ified the role of Fas-L/Fas in the process of PEDF-induced apo-
ptosis. Fas-L siRNAs were synthesized. Western blot analysis
revealed that siRNA-3 specifically knocked down Fas-L in both
A549 and Calu-3 cells (Fig. 54). Knockdown of Fas-L by
siRNA-3 abolished PEDF-induced apoptosis and caspase 8 acti-
vation (Fig. 5, B and C), which suggested that the Fas-L/Fas-
mediated cell death signaling pathway played a critical role in
PEDF-induced apoptosis. To elucidate how this pathway was
involved, we examined the Fas-L and Fas protein levels follow-
ing PEDF treatment of tumor tissues and cells. Compared with
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the PBS-treated group, Fas-L expression was enhanced by
rPEDF injection in vivo (Fig. 5C). In vitro, PEDF increased the
level of Fas-L in a dose-dependent manner in A549 cells (Fig.
5D). Consistently, Fas-L expression was also up-regulated in
PEDF-transfected cells compared with vector-transfected cells
(Fig. 5, C and F). However, we found no appreciable alteration
of Fas in PEDF-positive cells compared with controls (Fig. 5,
D-F). Collectively, these results established that Fas-L/Fas sig-
naling was the primary pathway of PEDF-induced apoptosis in
A549 and Calu-3 cells.

p53 Mediates the Up-regulation of Fas-L by PEDF—The
Fas-L protein level was increased in cells transfected with
p53-pcDNA3.1(+) compared with those transfected with the
vector control (Fig. 6A). Next, we validated the influence of
PEDF on p53. Overexpression of PEDF led to elevated levels of
p53 and p-p53 (Ser-15) proteins (Fig. 6B). Knockdown of p53
diminished the effect of PEDF on the expression of Fas-L (Fig. 6,
Cand D).
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A549 and Calu-3 Cells Were Resistant to Fas-L/Fas-mediated
Apoptosis because of the Low Level of Surface Fas Protein
Expression—It has been reported that A549 cells are insensitive
to Fas-L/Fas-mediated apoptosis (20). As shown in Fig. 7, A and
B, the overexpression of Fas-L in A549 and Calu-3 cells failed to
induce apoptosis, whereas Jurkat cells underwent apoptosis
with Fas-L overexpression. Following treatment with anti-Fas
antibody (CH-11), the rates of apoptosis in A549 and Calu-3
cells did not differ from those of controls, whereas Jurkat cells
exhibited a marked induction of apoptosis (Fig. 7C). A low level
of surface Fas protein expression leading to resistance to apo-
ptosis has been reported (19). Decreased surface Fas expression
has been observed in several lung cancer cell lines, including
A549 cells (29). Therefore, we analyzed Fas expression on the
cell plasma membrane using fluorescence immunocytochemis-
try and flow cytometry assays. Confocal microscopy photo-
graphs revealed that the Fas protein was nearly completely
localized within the cytoplasm of A549 and Calu-3 cells. Con-
versely, in Jurkat cells, Fas protein was visualized on the cell
plasma membrane (Fig. 7D). Accordingly, there was much less
surface Fas protein expression in A549 (mean fluorescence
intensity, 1.04) and Calu-3 (mean fluorescence intensity, 0.86)
cells than in Jurkat cells, as measured by flow cytometry (mean
fluorescence intensity, 2.25) (Fig. 7E).

PEDF Increases Cell Surface Fas Protein in A549 and Calu-3
Cells via the p53-mediated Translocation of Fas—Although
A549 and Calu-3 cells exhibit negligible levels of cell surface
Fas, Fas-L/Fas signaling was still available for PEDF-induced
apoptosis. To further dissect how PEDF restored the Fas-L/Fas
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death receptor pathway in A549 and Calu-3 cells, we assessed
the effect of PEDF gene transduction on the translocation of Fas
protein. The PEDF-transfected group exhibited a marked
increase of plasma membrane Fas fluorescence, as examined by
confocal microscopy (Fig. 84). Moreover, as measured by flow
cytometry, a significant enhancement of the mean fluorescence
intensity of cell surface Fas occurred in PEDF-transfected cells
(Fig. 8B). Because p53 is involved in the trafficking of Fas (30),
we determined the role of p53 in our cell model. We observed
an increase in the mean fluorescence intensity of cell surface
Fas in p53-overexpressing cells (Fig. 8C). Next, we defined the
effect of p53 on the PEDF-induced translocation of Fas. Upon
PEDF transfection, knockdown of p53 with siRNA-3 abrogated
the PEDEF-triggered increase of cell surface Fas (Fig. 8D). Fur-
thermore, PEDF-induced apoptosis was also arrested by the
interference of p53 (Fig. 8E). Taken together, our results sug-
gest that p53 activation was critical for the PEDF-induced Fas
transport to the cell surface that resulted in the apoptosis of
A549 and Calu-3 cells.

PEDF-induced Fas Transport Is Mediated by the p53/FAP-1
Axis—To figure out the downstream regulatory factor involved
in PEDF-induced Fas transport, we focused on the protein
FAP-1, which is a negative regulatory molecule of Fas translo-
cation (31). As shown in Fig. 9, A and B, the knockdown of
FAP-1 increased the mean fluorescence intensity of cell surface
Fas. Moreover, the overexpression of PEDF decreased FAP-1
protein levels in A549 and Calu-3 cells (Fig. 9C). Similarly, we
found that overexpression of p53 reduced the expression of
FAP-1(Fig. 9D). Furthermore, knockdown of p53 cancelled the
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inhibition of FAP-1 protein expression that resulted from over-
expressing PEDF (Fig. 9E). These data indicate that PEDF pro-
moted plasma membrane Fas trafficking through the p53/
FAP-1 axis.

PPARYy Contributes to the Up-regulation of p53 by PEDF—To
further clarify the upstream regulator involved in the modula-
tion of p53 by PEDF, the interrelations of PEDF, PPARY, and
p53 were investigated. We found that the overexpression of
PEDF increased the PPARY protein level (Fig. 104). Knock-
down of PPAR+y diminished the up-regulation of p53 by PEDF
(Fig. 10, B and C). Accordingly, the PEDF-induced increase of
SASBMB
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cell surface Fas was also inhibited by the silencing of PPARYy
(Fig. 10D). These results suggest that PEDF up-regulated p53
via PPARY.

DISCUSSION

The Fas death signaling pathway plays an important role in
tumorigenesis and is a widely studied target for cancer therapy.
However, tumor cells have developed different mechanisms to
evade Fas-mediated apoptosis (32). The down-regulation of cell
surface Fas is frequently found in various tumor cells as one of
the mechanisms for tumor cell non-responsiveness to apopto-
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FIGURE 8. PEDF up-regulates cell surface Fas via p53-mediated translocation. A, confocal microscopy of the Fasimmunofluorescence assays. Fluorescence
images were acquired 48 h post-transfection of the PEDF gene after depletion of the serum. Green, Fas; red, WGA; blue, DAPI. Data are representative of three

independent experiments. B, PEDF induced cell surface Fas as determined by

flow cytometry. Representative histograms of three independent experiments

are shown. The results are shown as mean = S.D. of triplicates. **, p < 0.01 versus the vector-only group. UT, untreated group. C, cells were transfected with
p53-pcDNA3.1 (+) for 48 h. Western blot analysis was performed to determine the protein levels of p53. Cell surface Fas was measured by flow cytometry.
Representative histograms of three independent experiments are shown. The results are shown as mean = S.D. of triplicates. **, p < 0.01 versus the vector-only

group. Dand E, knockdown of p53 was performed 24 h prior to the overexpress

ion of PEDF. Cells were collected for cell surface Fas (D) and apoptosis evaluation

(E) by flow cytometry. Representative flow cytometry histograms of three independent experiments are presented as above. Data are mean = S.D. of triplicates.
siCTRL, control siRNA. **, p < 0.01 versus vector + siCTRL group; ##, p < 0.01 versus PEDF + siCTRL group. PI, propidium iodide.

sis mediated by Fas (19). The data in this paper show that the
lung cancer cell lines A549 and Calu-3 had low levels of cell
surface Fas, whereas Jurkat cells had a high level of cell surface
Fas. Because of this difference, A549 and Calu-3 cells were
resistant to Fas-L- and CH-11-induced apoptosis. In contrast,
the numbers of apoptotic cells were increased significantly
increased by Fas-L overexpression and the treatment of CH-11
in Jurkat cells. These findings are supported by a previous study

30794 JOURNAL OF BIOLOGICAL CHEMISTRY

made by Nambu ez al. (20) and suggest that some types of drugs
might have potential for the treatment of lung cancer because
of their ability to rescue the Fas death signaling pathway.
PEDF, originally theorized to be an angiogenesis inhibitor,
has been reported to be able to directly target several types of
tumor cells through inducing apoptosis (7—10). In this study,
we showed that PEDF inhibited tumor growth and induced
tumor cells apoptosis. However, this tumor cell apoptosis
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FIGURE 9. FAP-1, a negative regulatory factor of cell surface Fas translocation, was decreased by PEDF via p53. A, Western blotting analysis was
employed to detect the protein levels of FAP-1 after the cells were transfected with siRNAs of FAP-1 for 48 h. The data are representative of three independent
experiments. NG, normal control; siCTRL, control siRNA. B, plasma membrane Fas levels were determined by flow cytometry after the knockdown of FAP-1.
Representative histograms from three independent experiments are shown. Data are mean =+ S.D.**, p < 0.01 versus siCTRL group. UT, untreated group. Cand
D, Western blot analysis was used to evaluate the protein levels of FAP-1 following the overexpression of PEDF (C) or p53 (D). Data are representative of three
independent experiments. E, cells were transfected with siRNA of p53 for 24 h prior to the transduction of PEDF-pcDNA3.1 (+). Next, the protein levels of FAP-1,
p53, and PEDF were detected by Western blot analysis. Data are representative of three independent experiments.

might be due to nutrition deprivation resulting from the anti-
angiogenesis activity of PEDF. We found that angiogenesis was
repressed by PEDF in A549 xenografts. To confirm whether
PEDF targets tumor cells per se, the lung cancer cell lines A549
and Calu-3 were exposed to rPEDF or transfected with the
PEDF gene. The recombinant human endostatin injection
(ENDOSTAR), a commercial antitumor drug used in the treat-
ment of non-small cell lung cancer (NSCLC), was employed as
a control to evaluate the efficacy of rPEDF. Although both
recombinant proteins were obtained from Escherichia coli,
rPEDF was more efficient than ENDOSTAR in targeting A549

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44
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cells. Additionally, rPEDF has been demonstrated to be more
active than endostatin in antiangiogenesis (33). Therefore,
PEDF might have a better efficacy in the treatment of NSCLC
on the basis of its dual role in antitumor. Specially, we first
reported that PEDF induced apoptosis of A549 and Calu-3 cells
and led to activation of caspase 8, caspase 9, and PARP both in
vivo and in vitro. By pretreatment with caspase 8/9 and caspase
inhibitors, we demonstrated that PEDF-induced apoptosis was
more extensively blocked by the caspase 8 inhibitor than by the
caspase 9 inhibitor. Furthermore, knockdown of Fas-L pro-
tected A549 and Calu-3 cells from PEDF-induced apoptosis.
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Therefore, it was interesting to find that the Fas-L/Fas/
caspase 8 cascade was primarily involved in the PEDF-in-
duced apoptosis of A549 and Calu-3 cells, whereas this cas-
cade was corrupted as a result of the low level of plasma
membrane Fas.

Increasing the surface display of Fas may be a key step to
restore the Fas death signaling pathway and regain apoptotic
ability for cells (15, 30, 34—39). A p53-responsive element has
been found in the promoter of the human Fas gene (40). The
translocation of p53 to the nucleus increased Fas expression
under gefitinib-induced apoptosis (34). Another two studies
have also shown that the induction of Fas expression was due to
the activation of p53 by anticancer drugs. Furthermore, only
wild-type p53 can transactivate the Fas gene because the pro-
tein level of Fas was not enhanced in cells with mutant p53 (35,
39). Clinical research in NSCLS has also confirmed that mutant
p53 is related to negative Fas in samples (41). These findings
suggest that increasing surface Fas through the transactivation
of the Fas gene via wild- type p53 contributes to the apoptosis in
Fas-deficient cells. The status of p53 in A549 cells has been
identified as wild-type, whereas mutant p53 is found in Calu-3
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cells (42). However, the mutant p53 in Calu-3 cells does not
seem to compromise its functional activity (43). Alternatively,
several studies have shown that p53 does not induce an increase
of total Fas protein but remains to stimulate the cell surface Fas
expression, which is ascribed to the promotion of the transport
of Fas to cell surface by p53 (30, 37). Furthermore, PEDF has
displayed its regulation ability of protein distribution by pro-
moting the transfer of presenilin 1 from the perinuclear region
to the cell membrane (44). In our study, we found that PEDF
augmented cell surface Fas without an impact on overall Fas
expression. Moreover, the overexpression of p53 also increased
cell surface Fas, and PEDF up-regulated the expression of p53.
The knockdown of p53 attenuated the PEDF-mediated up-reg-
ulation of cell surface Fas, which subsequently impeded PEDF-
induced apoptosis in A549 and Calu-3 cells. These findings
imply that p53 also took part in the repair of the Fas death
signaling pathway that was initiated by PEDF in our study. In
addition, the activated p53 might be involved in the cleavage of
caspase 9, which was partly responsible for PEDF-induced apo-
ptosis of lung cancer cells.
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FIGURE 11.Schematic of the underlying mechanism of PEDF-induced lung cancer cell apoptosis. In the presence of PEDF, PPARyis up-regulated, and then
p53 s activated. The activation of p53, on one hand, up-regulates Fas-L expression. One the other hand, the activation of p53 down-regulates FAP-1 expression
and the interaction between FAP-1 and Fas. The FAP-1-free Fas transports onto the cytoplasmic membrane and binds with the increased Fas-L, which activates
caspase 8 and, therefore, induces cell apoptosis. In addition, the activation of p53 might also initiate the mitochondrial apoptotic pathway, promote the

cleavage of caspase 9, and, finally, trigger cell apoptosis.

Fas (also known as CD95 or APO-1) belongs to the TNF
receptor family and is a type I transmembrane protein (28)
Therefore, it is well accepted that Fas ought to be present at the
cell surface (45). As shown in Fig. 6C, the distribution of Fas in
A549 and Calu-3 cells is nearly entirely limited to the cyto-
plasm. The Golgi apparatus has been reported to be the “chief
culprit” in the intracellular sequestration of the Fas protein (30,
46). FAP-1 can bind to the last 15 amino acids in the C-terminal
domain of Fas and colocalize with the Fas protein in the Golgi
apparatus in pancreatic cancer cells. The association between
FAP-1 and Fas inhibits the display of cell surface Fas (31).
Tumor cells that possess elevated FAP-1 are largely refractory
to Fas-mediated apoptosis (47). Consistent with these studies,
we showed that knockdown of FAP-1 encouraged the cell sur-
face display of Fas. Furthermore, the promoter of FAP-1 has
been identified as a potential binding site for p53, and p53 acti-
vation suppresses the expression of FAP-1 (48, 49). We found
similar results in that the overexpression of p53 reduced the
protein level of FAP-1. The influence of PEDF on FAP-1 was
eliminated by silencing p53. Therefore, the p53/FAP-1 axis is
likely to explain the PEDF-induced export of Fas to the plasma
membrane.

Fas-L is another target protein of anticancer drug-induced
apoptosis. The increase of Fas-L protein might cause a sensitiv-
ity of tumor cells to anticancer drugs (35, 50). Here we demon-
strated that PEDF led to the up-regulation of Fas-L both in vivo
and in vitro. Wild-type p53 has been reported to mediate the
activation of Fas-L (35, 51), and the up-regulation of p53 by
PEDF is mediated by PPARvy (17). These reports suggest that
the augmentation of the Fas-L protein might depend on the
PPARvy/p53 cascade. However, in breast cancer cells, PPARy
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has been shown to stimulate Fas-L expression by directly bind-
ing with its promoter (52). Here we observed that the up-regu-
lation of Fas-L by PEDF in lung cancer cells was also mediated
through the PPARy/p53 cascade.

In summary, in addition to the antiangiogenic function of
PEDF that has been described in our previous investigations
(22, 53), this investigation showed that PEDF exerts a direct
proapoptotic effect on lung cancer cells. The underlying mech-
anism of this process is delineated in Fig. 11. In particular, we
are the first to show that a p53-mediated correction of the Fas
death signaling pathway is engaged in the apoptotic process
that is induced by PEDF. These findings provide strong evi-
dence that the multifunctional endogenous factor PEDF is a
promising drug for lung cancer therapy.
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