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Background: PEDF has neurotrophic activity and interacts with PEDF-R, a membrane-linked lipase.
Results: A PEDF-binding region of PEDF-R is required for PEDF-R enzymatic stimulation, and peptides derived from this
region block PEDF�PEDF-R-mediated retinal survival activities.
Conclusion: A ligand binding domain is identified in PEDF-R, a critical receptor for the survival activity of PEDF.
Significance: The findings provide mechanistic insight into the survival activity of PEDF.

The extracellular pigment epithelium-derived factor (PEDF)
displays retina survival activity by interactingwith receptor pro-
teins on cell surfaces. We have previously reported that PEDF
binds and stimulates PEDF receptor (PEDF-R), a transmem-
brane phospholipase. However, the PEDF binding site of
PEDF-R and its involvement in survival activity have not been
identified. The purpose of this work is to identify a biologically
relevant ligand-binding site on PEDF-R. PEDF bound the
PEDF-R ectodomain L4 (Leu159–Met325) with affinity similar to
the full-length PEDF-R (Met1–Leu504). Binding assays using
synthetic peptides spanning L4 showed that PEDF selectively
bound E5b (Ile193–Leu232) and P1 (Thr210–Leu249) peptides.
Recombinant C-terminal truncated PEDF-R4 (Met1–Leu232)
and internally truncated PEDF-R and PEDF-R4 (�His203–
Leu232) retained phospholipase activity of the full-length
PEDF-R. However, PEDF-R polypeptides without the His203–
Leu232 region lost the PEDF affinity that stimulated their enzy-
matic activity. Cell surface labeling showed that PEDF-R is pres-
ent in the plasma membranes of retina cells. Using siRNA to
selectively knock downPEDF-R in retina cells, we demonstrated
that PEDF-R is essential for PEDF-mediated cell survival and
antiapoptotic activities. Furthermore, preincubation of PEDF
with P1 and E5b peptides blocked the PEDF�PEDF-R-mediated
retina cell survival activity, implying that peptide binding to
PEDF excluded ligand-receptor interactions on the cell surface.
Our findings establish that PEDF-R is required for the survival
and antiapoptotic effects of PEDF on retina cells and has deter-
minants for PEDF binding within its L4 ectodomain that are
critical for enzymatic stimulation.

Pigment epithelium-derived factor (PEDF)3 is an important
protein for the survival and function of the retina (1–3). This
factor is secreted apicolaterally from the retinal pigment epithe-
liumtoactonphotoreceptormorphogenesis, retinalneuroprotec-
tion, and neurite outgrowth (4–8). Its efficacy in delaying pho-
toreceptor cell degeneration and apoptosis is demonstrated in
genetic and light-induced damage animal models (6, 9). PEDF
also protects cells of the inner retina and retinal ganglion cell
layer from death induced by ischemia and cytotoxic agents (5,
10–13). It also has protective activities on CNS neurons, such
as motorneurons, cerebellar granule cells, hippocampal neu-
rons, and cortical neurons (14–18). In addition to its well estab-
lished neurotrophic activities, PEDF has potent antiangiogenic
properties that prevent neovessel invasion in the eye and in
tumors (19–22). PEDF holds promise in clinical neuroprotec-
tion and vascular disease therapy, and understanding themech-
anisms of its actions is of key importance for the development
of PEDF-based therapies.
PEDF is a 50-kDa glycoprotein and a member of the serpin

superfamily without a demonstrable inhibitory activity against
serine proteases (23). It has been shown that the biological
activities of PEDF depend on binding to cell surfaces of target
cells rather than inhibiting serine protease.We and others have
reported that PEDF binds to high affinity receptors (KD � 2–8
nM) on retina, neurons, endothelium, and tumor cell surfaces
(21, 24, 25). Themolecularmechanism of PEDFmultifunction-
ality could be explained by responses to interactions with dis-
tinct cell surface receptors. We have identified the novel gene
PNPLA2 in the retina that encodes a lipase-linked cell mem-
brane proteinwith high affinity for PEDF and termed it PEDF-R
(26). Later, other PEDF-binding proteins were reported in
endothelial and tumor cells (37/67-kDa non-integrin laminin
receptor (27) and cell surface F1F0-ATP synthase (28, 29)) and
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onARPE-19 cells (LRP6, aWnt co-receptor (30)). However, it is
not yet known if PEDF-R is a functional receptor for PEDF
activity on the retina.
The PEDF-R protein specifically binds PEDFwith high affin-

ity (KD � 3 nM) and does not have affinity for other serpins like
maspin and ovalbumin (26). It is detected in the inner segments
of the photoreceptors, at lower levels in the inner retina and
retinal ganglion cell layer of the native retina, and also in the
retinal pigment epithelium. Interestingly, the distribution of
PEDF-R in the retina matches that of PEDF binding sites (25),
implying that these cells contain PEDF-Rmolecules available to
interact with PEDF. Most tissues express PNPLA2, including
retina and brain (26, 31–33). PEDF-R is a member of the
PNPLA2 (patatin-like phospholipase domain-containing 2)
family and is also known as adipocyte triglyceride lipase, trans-
port secretion protein-2.2, Ca2� independent phospholipase
A2�, and desnutrin (32–34). The structure of the exons of
PNPLA2 reflects the proposed domain structure of the protein
with three endodomains (L1, L3, and L5) and two ectodomains
(L2 and L4) (35). Immunoreactivity of non-permeabilized cells,
FACS, antibody capture experiments using antibodies to pep-
tides from intracellular L3 and extracellular L4 domains, and
cell surface biotinylation experiments agree with the predicted
PEDF-R topology and show that PEDF-R is one of the proteins
labeled at the surface of ARPE-19 cells (26). The amino acid
sequence reveals a phospholipase A2 (PLA2) domain toward its
amino end. Indeed, PEDF-R exhibits PLA2, triglyceride lipase,
and acylglycerol transacylase activities (26, 34). Moreover, we
have shown that PEDF stimulates the PLA2 activity of the
PEDF-R enzyme, resulting in the release of fatty acids from
phospholipids (26, 35).
The purpose of this study was to identify regions of PEDF-R

necessary for PEDF function. We used human PEDF-R recom-
binant polypeptide fragments, synthetic peptides designed to
span L4, and highly purified human PEDF in binding assays.
Enzymatic assays were performed to determine the ability of
PEDF to stimulate the PLA2 activity of PEDF-R polypeptide
fragments. In experiments with live cells, Pnpla2 siRNA and
PEDF-binding peptides were used to explore their potential to
block PEDF biological activities using a retinal progenitor cell
line derived from the neonatal rat retina. We discuss the dis-
covery of PEDF-R as a neurotrophic receptor for PEDF and a
region in PEDF-R that is critical for PEDF binding, enzymatic
enhancement, and survival and antiapoptotic activities.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Proteins—Re-
combinant human PEDFwas expressed in baby hamster kidney
cells (BHK(pMA-PEDF) cells) and purified by ammonium
sulfate precipitation and cation exchange column chroma-
tography (36) followed by anion exchange chromatography.
Fluorescein-conjugated PEDF (Fl-PEDF) was prepared from
recombinant human PEDF as described before (25). The
PNPLA2 gene product will be referred as PEDF-R. Recombi-
nant PEDF-R proteins were expressed by cell-free in vitro pro-
tein synthesis using the pEXP-based vectors and Escherichia
coli extracts from ExpresswayTM or MembraneMaxTM (Invit-
rogen) cell-free protein expression kits. PNPLA2-containing

expression vectors for PEDF-R and derived polypeptides
(PEDF-R(D166A), L4, PEDF-R4, PEDF-R6, PEDF-R7, PEDF-
R�203–232, and PEDF-R4�203–232) were constructed into
pEXP1-DEST vectors with N-terminal epitope tags (N-end-
His6/Xpress) under the T7 promoter as described previously
(26). The primers used to prepare the various expression con-
structs are given in supplemental Table 1. Fig. 1B shows the
schematic representation of the open reading frames in the
PEDF-R expression constructs. Transcription/translation reac-
tions were with 1 �g of cDNA for a final volume of 100 �l and
incubated at 25 °C for 2 h. Epitope-taggedPEDF-Rpolypeptides
were purified using His tag affinity column chromatography
withNi2�-NTA resin (Invitrogen). The proteins were bound to
the resin in binding buffer containing 25 mM sodium phos-
phate, pH 8.0, 500 mM NaCl, and 6 mM imidazole. This was
followed by washing with 10 column volumes of binding buffer
containing 20 mM imidazole and elution in binding buffer with
250 mM imidazole. Approximately 10 �g of protein were
obtained per 800-�l reaction. The purity of the fractions was
about 50%. The samples were immediately used for activity
assays or stored at 4 °C.
Peptides—Peptides were designed and chemically synthe-

sized (Aves Labs) based on exons 5, 6, 7, and 8 and the protein
sequence of human PEDF-R (see Fig. 1C).
Surface Plasmon Resonance (SPR) Assays—Interactions between

PEDF-R-derived polypeptides or P1 peptide and immobilized
PEDF were analyzed in real time by SPR using a BIAcore 3000
instrument (BIAcore), as described previously (26). PEDF (5000
response units) was immobilized on a CM5 sensor chip by
amine coupling. A reference surface without protein was pre-
pared by the same procedure. Running buffer was HBS-Non-
idet P-40 (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 0.1% Nonidet
P-40 inHBS). For kinetic analysis, injectionswith different con-
centrations of the PEDF-R-derived polypeptide were per-
formed over the surfaceswith a flow rate of 10�l/min for 2min.
This was followed by injections with running buffer at the same
flow rate. Sensograms (plot of response units versus time) were
recorded. The data were fitted using BIAevaluation software
(BIAcore). Data were double referenced such that nonspecific
binding as well as buffer contributions to the signal were sub-
tracted. The best fit was with a 1:1 Langmuir model for the
PEDF surface-binding assay.
Ligand Blotting—Highly pure solutions of synthetic peptides

(1 �g) or the indicated amounts of proteins were applied to
wells in a manifold (Invitrogen) containing a nitrocellulose
membrane (Bio-Rad, catalog no. 162-0116, 0.45�m) presoaked
in transfer buffer (25 mM Tris, 0.192 M glycine, 20% methanol)
using vacuum as a driving force. The membrane was subjected
to ligand immunoblot. Briefly, the membranes were blocked
with blocking solution (1% BSA in TBS-T (0.05 M Tris, pH 7.5,
0.05 MNaCl, 0.05%Tween 20)) for 1 h at room temperature and
then washed three times with TBS-T for 5 min each. This was
followed by incubation with the indicated concentrations of
Fl-PEDF for 1.5 h at room temperature or overnight at 4 °C. For
competition experiments, Fl-PEDF was preincubated with
E5b or P1 before addition to the membrane. Membranes
were washed three times for 5 min each with TBS-T. Bound
Fl-PEDF was detected by immunoblot versus polyclonal anti-
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fluorescein (Molecular Probes) diluted 1:200,000 in 1% BSA
and HRP-conjugated goat anti-rabbit IgG (KPL) diluted
1:200,000 in 1%BSA.When the fluorescein-conjugated or non-
conjugated PEDF and BSA (0.5 �g each) were immobilized on
the membrane, bound E5b was detected by immunoblot versus
anti-RA (Anaspec) (26) diluted 1:75,000 in 1% BSA and HRP-
conjugated goat anti-rabbit IgG diluted 1:70,000 in 1% BSA.
Alternately, the bound Fl-PEDF was quantified directly using
the fluorescence imager Typhoon 9410 (GE Healthcare).
Peptide Affinity Chromatography—Peptide affinity resin was

prepared commercially by Aves Labs. A total of 50�l of peptide
affinity beads (2 nmol of peptide) and 300 ng (6 pmol) of Fl-
PEDF were mixed in TBS-T binding buffer to a final volume of
60�l and incubatedwith gentle rotation at 4 °C for 1.5 h. Bound
and unbound material were separated by centrifugation at
800 � g for 1 min. The beads were washed three times with 50
�l of binding buffer. SDS-PAGE sample buffer (100 �l) was
added to the beads,mixed, heated at 100 °C, and centrifuged; 25
�l of the supernatant was resolved by SDS-PAGE. Bound and
unbound material was analyzed by Western blot.
Phospholipase Activity (PLA2) Assay—The PLA2 activity was

spectrophotometrically determined as described previously
(26, 37) with some modifications. Briefly, this assay uses 1,2-
dilinoleoyl-phosphatidylcholine as the phospholipase substrate
and lipoxygenase as the coupling enzyme. The phospholipase
activity releases linoleic acid from the substrate, and the lipoxy-
genase oxidizes the released linoleic acid to form a derivative
hydroperoxide. The activity was followed spectrophotometri-
cally by measuring the increase in absorbance at 234 nm as a
result of the formation of linoleic acid hydroperoxide. Freshly
prepared PEDF-R was incubated in 50 mM Tris-Cl buffer, pH
7.5, containing 3 mM deoxycholate in the presence of 0.26 mM

phospholipase substrate (Sigma) and 6000 units/ml lipoxyge-
nase (EC 1.13.11.12; Sigma) in an assay volume of 1 ml. A spec-
trophotometric scan of the products formed was obtained
every minute for 10 min, and the rate of absorbance change at
234 nm/minwas determined using a BeckmanDU640 spectro-
photometer (Beckman Coulter). The PLA2 activity, expressed
as the rate of product formed (A234 nm/min), was obtained using
software from the spectrophotometer.
His Tag Pull-down Assays—Binding of PEDF to His6-tagged

PEDF-R polypeptides was assayed by His tag pull-down of
bound complexes withNi-NTA resin. For PEDF-R�PEDF inter-
actions, soluble aliquots of in vitro protein synthesis reaction
(37.5 �l) containing His6-tagged PEDF-R and PEDF-R�203–
232 were each mixed with Fl-PEDF protein (0.25 �g) in PLA2
reaction buffer (50 mM Tris-Cl buffer, pH 7.5, containing 3 mM

deoxycholate, 50 �l final volume) and soluble aliquots of the in
vitro protein synthesis reaction (25 �l) containing His6-tagged
PEDF-R4 and PEDF-R4�203–232 were each mixed with Fl-
PEDF protein (0.25�g) in reaction buffer (50mM sodium phos-
phate buffer, pH 7.5, containing 0.5 M NaCl and 1% Nonidet
P-40, 50 �l final volume). The reaction mixtures were incu-
bated at 4 °C with gentle rotation for 2 h. The Ni-NTA resin
beads (25 �l), pre-equilibrated in the above buffer, were added,
and the suspension was incubated for 1 h at 4 °C with gentle
rotation. The resin beads were sedimented by low speed cen-
trifugation (800 � g) and washed three times with the same

buffer used for binding, and the proteins were extracted from
the beads with SDS-PAGE sample buffer (25 �l). Bound sam-
ples (10 �l/lane) were resolved by SDS-PAGE and further ana-
lyzed by Western blotting against anti-PEDF antibodies (Bio-
productsMD) diluted 1:10,000 in 1% BSA and HRP-conjugated
goat anti-rabbit IgG (1:100,000 in 1% BSA).
Cell Culture—R28 cells, an immortalized retinal progenitor

cell line derived from the neonatal rat retina (kind gift of Dr.
Gail Seigel, University of Buffalo), were cultured inDMEMwith
10% fetal bovine serum (FBS) at 37 °C with 5% CO2 and 95%
humidity. Cells in passage numbers between 47 and 60 were
used.
siRNA Transfection—For PEDF-R expression silencing experi-

ments, two silencer� select predesigned siRNAs (Ambion),
siPEDF-R1 (ID s167781) and siPEDF-R2 (ID s167782), were
used, and silencer� Select Negative Control No. 1 siRNA (ID
4390843) was used as scrambled. These siRNAs are designed
using a novel algorithm and have the locked nucleic acid mod-
ification (LNA�) that has been shown to reduce off-target
effects by up to 90% with improved specificity. Variation was
observed in silencing with siPEDF-R2, and only experiments
with PEDF-R knockdown were considered for quantitation.
Transfections of R28 cells in 24-well plates were carried out
using 30 pmol of siRNA and 0.5 �l of LipofectamineTM 2000
reagent (Invitrogen) in antibiotic-free medium containing 5%
FBS for 48 h.
RNA Extraction, cDNA Synthesis, and Quantitative RT-PCR—

Total RNA was purified using the RNeasyTM minikit (Qiagen)
according to the manufacturer’s instructions. Total RNA
(0.1–1 �g) was used for reverse transcription using the Super-
Script III first strand synthesis system (Invitrogen). Pnpla2 or
Bcl-2mRNA levels were normalized to 18 S levels by quantita-
tive RT-PCR using SYBR Green mix (Applied Biosystems) in
the Bio-RadChromo4 real-time system. The primers usedwere
as follows: rat PEDF-R, 5�-TGT GGC CTC ATT CCT CCT
AC-3� (forward) and 5�-TGA GAA TGG GGA CAC TGT
GA-3� (reverse); rat Bcl-2, 5�-TGG ACA ACA TCG CTC TGT
GGA TGA-3� (forward) and 5�-GGG CCA TAT AGT TCC
ACA AAG GCA-3� (reverse); and 18 S, 5�-GGT TGA TCC
TGC CAG TAG-3� (forward) and 5�-GCG ACC AAA GGA
ACC ATA AC-3� (reverse).
Cell Surface Biotinylation Assay—R28 cells were incubated

with 0.25 mg/ml membrane-impermeable, thiol-cleavable,
amine-reactive sulfo-N-hydroxysuccinimide-SS-biotin reagent
(Pierce) for 1 h. After incubation, the reaction was quenched,
and the cells were harvested and subjected to biochemical frac-
tionation to separate cytosolic and membrane fractions, as
described previously (26). Equal amounts of membrane frac-
tion proteins from biotinylated and non-biotinylated R28 cells
were passed through spin columns with NeutrAvidin gels
(Pierce). The bound biotinylated proteins were eluted by incu-
bating the beads for 60 min in 1� SDS-PAGE sample buffer
with 50 mM DTT.
Real-time Microelectronic Cell Monitoring—The cells were

plated on a microplate biosensor platform, and real-time elec-
trical impedance was followed with the RT-CESTM (real-time
microelectronic cell sensor system) microelectronic cell sensor
system from ACEA Biosciences, a system described previously
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(29, 38, 39). Themicroelectronic systemmeasures a dimension-
less parameter termed “cell index,” which is a relative change in
electrical impedance to represent cell status. R28 cells were
seeded at 3000 cells/well on 16-well strips with a 96-well for-
mat. Background impedancewasmeasuredwithmedium alone
before adding the cells. The cells were allowed to attach for 8 h
with medium containing 5% FBS. Then the medium was
replaced with serum-free medium without or with the desired
concentrations of PEDF. For treatment with peptides, PEDF
and peptides were preincubated in 25�l of medium and rocked
at 4 °C for 4 h before addition to the cell cultures at the indi-
cated final concentrations in serum-free medium. Real-time
electrical impedance wasmonitored every hour in each well for
several h. Data from two replicates were averaged. The EC50

was calculated using GraphPad Prism5 software.
Terminal dUTP Nick End Labeling (TUNEL) Staining—The

TUNEL assay was performed in 24-well plates using an
ApopTag fluorescein in situ apoptosis detection kit (Chemicon
International) following the manufacturer’s protocol. The
nuclei were counterstained with Hoechst, and images were
taken using a fluorescencemicroscope. Six different fields were
imaged per treatment from three independent wells in each
experiment. Cells were countedwith ImageJ version 1.42, using
fixed threshold values within each experiment to quantify
based on intensity. The data are shown as the ratio of TUNEL-
positive cells over the total cells per field.
Fl-PEDF Binding to Cells—R28 cells were seeded into 6-well

plates and grown to 80% confluence in complete medium.
Media were removed, and the cells were washed and incubated
in serum-free medium for 1 h at 4 °C prior to treatment. Mix-
tures of 20 nM Fl-PEDF and increasing concentrations of P1
peptide in serum-free medium were preincubated at 4 °C for
2 h. Themixtures were added to the cell cultures and incubated
for 30 min at 4 °C. Media were removed, and the cells were
washed 3 times with ice-cold PBS before the addition of 100 �l
of radioimmune precipitation assay lysis and extraction buffer
(25 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 1%
sodium deoxycholate, 0.1% SDS; Pierce)/well. Cells were
scraped from thewells and passed through a 25-gauge� 5⁄8 inch
needle before mixing with 4� SDS sample buffer.
Cell Viability Assays—Cell viability was measured by deter-

mining the relative levels of intracellular ATP as a biomarker
for live cells using a CellTiter-GloTM (Promega) kit and follow-
ing the manufacturer’s instructions. In this assay, recombinant
thermostable luciferase catalyzed the mono-oxygenation of
beetle luciferin in the presence of Mg2�, ATP, and molecular
oxygen, generating luminescence. Cells in PBSweremixedwith
the CellGlo reagent, and after 10 min of incubation at room
temperature, the solution in each well was transferred into
wells in a 96-well OptiPlate. The luminescence intensity corre-
sponding to the ATP levels was measured using an automated
plate reader (Envision).
Statistical Analyses—All values were expressed as the

mean � S.D. or S.E. The data were analyzed by the two-tailed
unpaired Student’s t test. A p value of less than 0.05 was con-
sidered statistically significant.

RESULTS

Expression of PEDF-R Fragments Fused to N-end-His6/Xpress
Tags—To identify a PEDF binding domain on PEDF-R, we pre-
pared deletion mutant expression vectors designed to express
the L4 region (flanked by transmembrane domains 3 and 4) and
C-terminal truncated PEDF-R forms containing the patatin-
like phospholipase (PLA2) domain with the Ser47 and Asp166

catalytic dyad toward the N terminus (Fig. 1A). Selection of the
coding sequences for the constructs was based on the exonmap
of human PEDF-R (Fig. 1B). Exons 5–7 and part of exon 8 were
used for the L4 construct and lacked the patatin-like phospho-
lipase domain (exons 2–4). The PEDF-R4 polypeptide was
derived from the first four coding exons of the PEDF-R gene.
PEDF-R(D166A), a PEDF-R altered with a single amino acid
substitution at the predicted PLA2 active site; PEDF-R�203–
232, with an internal truncation between His203–Leu232; and
PEDF-R4�203–232, with a C-terminal truncation at Ile202,
were also prepared (Fig. 1B).
Binding of PEDF to Recombinant L4 Polypeptides—We rea-

soned that extracellular PEDF molecules may interact with
PEDF-R ectodomains to elicit biological responses on target
cells and therefore explored binding of PEDF to L4. Themigra-
tion patterns of purified recombinant His6/Xpress-tagged L4,
PEDF-R(D166A), and PEDF-R were as expected from their
open reading frames (Fig. 2A). Real-time SPR performed with a
recombinant human PEDF surface and the PEDF-R fragments
as analytes showed an increase in SPR response units compared
with the reference cell without PEDF. The kinetic parameters
for the L4�PEDF interactions were determined with injections
of recombinant L4 polypeptide at concentrations ranging from
0 to 100 nM. The SPR sensograms with the L4 polypeptide (Fig.
2B) show that binding to PEDF occurred in a concentration-de-
pendent manner, similar to the sensograms with full-length
PEDF-R(D166A) and PEDF-R (Fig. 2, C and D). The kinetic
parameters revealed rapid and reversible interactions with high
association and low dissociation rates. The dissociation con-
stants for two batches of L4 for L4�PEDF interactions (KD) were
8.89 � 0.1 and 5.97 � 0.11 nM, which were comparable with
those for the PEDF-R�PEDF interactions (KD � 1.98 � 0.4 and
3.03 � 0.72 nM) (26) and the PEDF-R(D166A)�PEDF interac-
tions (KD � 2.52 � 0.04 nM). These results demonstrated that
L4, the region between Leu159 and Met325 of PEDF-R, con-
tained structural determinants for binding PEDF and that sub-
stitution of a key amino acid within the catalytic dyad did not
affect the affinity for PEDF.
Screening of L4-derived Synthetic Peptides for PEDF Binding—

To identify a region in L4 responsible for PEDF binding, pep-
tides spanning the L4 sequence were designed and were chem-
ically synthesized (see Fig. 1C). Screening for PEDF bindingwas
performed by ligand blot with Fl-PEDF as the ligand. Increasing
amounts of each peptide (0.06–2 �g) immobilized on a nitro-
cellulose membrane were probed with 1 nM Fl-PEDF. Binding
of Fl-PEDF was clearly detected for slots containing both pep-
tides E5b (Ile193–Leu232) and P1 (Thr210–Leu249), very lowwith
E6 � E7a peptide (Val233–Pro272), and undetectable with the
other peptides (Fig. 3A). Quantification of the binding to E5b
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and P1 peptides showed that the amount of bound Fl-PEDF
increased in a dose-dependent fashion (Fig. 3B).
To determine binding of soluble E5b and P1 to PEDF, the

Fl-PEDF ligand was mixed with either peptide in solution
before testing binding to immobilized E5b or P1, respectively.
Increasing concentrations of E5b (1–400 nM) in solution
decreased the binding of Fl-PEDF to immobilized E5b (Fig. 3C)
with an estimated half-maximum displacement IC50 of 37.5 �
1.4 nM (Fig. 3D). Similarly, increasing concentrations of P1
(from 1.25 nM to 1.25 �M) in solution decreased the binding of
Fl-PEDF to immobilized P1 (Fig. 3C) with an estimated half-
maximum displacement IC50 of 47.2 � 1.3 nM (Fig. 3D). These
observations indicated that E5b and P1 specifically bound and
displaced Fl-PEDF in solution.
The binding of PEDF to E5b and P1 cross-linked to agarose

resins was also assessed. Fl-PEDF was incubated with resins
containing about 200 �g/ml bed volume of each peptide. After
separating bound from unbound protein by low speed centrif-
ugation, Fl-PEDF proteins were clearly detected in the bound
fractions of both peptide resins (Fig. 3E). In other experi-
ments, binding of soluble E5b peptide to Fl-PEDF and Fl-
BSA immobilized on nitrocellulose membranes showed
binding to the PEDF proteins and insignificant to undetect-
able binding to the BSA proteins, implying that E5b specifi-
cally bound PEDF (Fig. 3F).

We have previously demonstrated that the affinity of
PEDF-R for PEDF is significantly higher than that for maspin
and even higher than that for ovalbumin (26). To explore if this
characteristic of PEDF-R remains in the PEDF-R peptides, we
compared the binding of P1 peptide to the three serpins. SPR
was performed with P1 peptide (2 �M) as the analyte over a
surface with immobilizedmaspin, ovalbumin, or PEDF. Fig. 3G
shows that binding was significantly lower to maspin and
ovalbumin than to PEDF, as reported before for the full-length
PEDF-R.We also performed competition of binding to a PEDF
surface when P1 was co-injected with increasing concentra-
tions of PEDF or ovalbumin (0.2, 2, and 20 �M). PEDF co-injec-
tion decreased the binding of P1 to immobilized PEDF, and no
such decrease was seen with ovalbumin (Fig. 3H). This shows
that PEDF in solution competed for P1 binding to immobilized
PEDF, whereas ovalbumin did not. These results imply that,
like the full-length PEDF-R, P1 peptide preferred to bind PEDF
over other serpins.
Altogether, these results demonstrated that PEDF bound

specifically to the region in L4 spanning between Ile193 and
Leu249 of human PEDF-R (E5b/P1) that is encoded in part by
exons 5 and 6 (see Fig. 1C). Given that E5b and P1 individually
bound PEDF and the lack of PEDF binding to peptide E6
(Val233–Gly253), the results implied a PEDF binding region

FIGURE 1. Schematic representation of the PEDF-R constructs and peptides. A, a linear form of the PEDF-R amino acid sequence. Black boxes indicate the
locations of the four predicted transmembrane domains, and the gray area indicates the patatin-like phospholipase domain (PNPLA) spanning amino acids
10 –179. Locations of the residues that comprise the catalytic site dyad (Ser47 and Asp166) are shown. B, exons (exons 2–10) encoding the PEDF-R polypeptide
are illustrated in alternating gray and black code in linear form. The exon numbers are given inside each box. A series of expression constructs for truncated
PEDF-R polypeptides is shown. The arrow indicates the position of the His6/Xpress tag fused to the N terminus of PEDF-R fragments. The asterisk denotes the
position of the point mutation for D166A. The internally deleted region is indicated by dotted lines. C, design of synthetic peptides spanning L4, the longest
extracellular loop of PEDF-R. The names and the amino acid residues comprising each fragment are given to the left and right, respectively, of each fragment.
N- and C- indicate the locations of the N and C terminus, respectively.
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located within the sequence Thr210–Leu232 of exon 5 of
PEDF-R.
Phospholipase Activity of PEDF-R Lacking the PEDF-binding

Region—Wehave previously demonstrated that PEDF-R exhib-
its PLA2 enzymatic activity that PEDF can enhance (26). Fig. 4A
shows that PEDF-R(D166A), which contains substitution
D166Aat thehomologous lipasecatalyticdyad, lostphospholipase
activity. However, C-terminally truncated polypeptides PEDF-R7
(Met1–Arg351) and PEDF-R6 (Met1–Glu306), encoded by the first
seven and six exons of PNPLA2, containing both the patatin-like
PLA2 domain and the PEDF-binding region, exhibited PLA2
activity and bound PEDF (Fig. 4, A and B). The polypeptides
migrated by SDS-PAGE as expected from the open reading
frames of their respective constructs (Fig. 4C).
Next, we hypothesized that PEDF binding is critical for the

enhancement of enzymatic activity of PEDF-R. From our pre-
vious findings, we predicted that PEDF-R region 203–232 con-
tains PEDF binding determinants because no binding was
detected with peptides E5a (Arg163–Ile202) or E6 (Val233–
Gly253). PEDF-R polypeptide without this region PEDF-
R�203–232 (R�203–232) was prepared and assayed for PLA2
activity. This region was also removed from PEDF-R4 (Met1–
Leu232) to obtain PEDF-R4�203–232 (R4�203–232), which
extended from the N-terminal end of PEDF-R to the region
upstream of the N terminus of P1. The soluble purified recom-
binant proteins migrated by SDS-PAGE as expected from the
open reading frames of their respective constructs (Fig. 4D).
The phospholipase activity of the recombinant proteins was

measured immediately after purification. Fig. 4E shows that
PEDF-R4, R�203–232, and R4�203–232 displayed basal PLA2
activity similar to that of the full-length PEDF-R. Then the abil-
ity of PEDF to stimulate PLA2 activity was assayed in the pres-
ence of 25 and 50 nM PEDF. Fig. 4F shows that the increase in
PLA2 enzymatic activity of PEDF-R and of PEDF-R4 was 2.5–
3-foldwith 25 nMPEDF and 4–5-foldwith 50 nMPEDF, respec-
tively. However, this increase was not observed for the PLA2
activities of R�203–232 andR4�203–232with PEDF additions.
Binding of PEDF to PEDF-R and PEDF-R4 lacking the 203–232
region was evaluated. Pull-down of the His6-tagged polypep-
tides shows that although Fl-PEDF bound to full-length
PEDF-R, it failed to bind to the PEDF-R�203–232 variant (Fig.
4G). Similarly, Fl-PEDF binding to the PEDF-R4�203–232 var-
iant decreased significantly relative Fl-PEDF binding to
PEDF-R4 (Fig. 4G). These observations demonstrated that the
His203–Leu232 region was critical for PEDF binding and
PEDF-R stimulation and that increase of the enzymatic activity
depended on ligand binding.
PEDF-R Is Critical for PEDF Retinal Survival Activity—We

and others have shown that rat retinal precursor R28 cells
respond to PEDF stimuli, express the Pnpla2 gene, and contain
active PEDF-R protein in their membrane extracts (26, 35, 40,
41). To determine if PEDF-R is a functional receptor for the
activities of PEDF in these cells, we first corroborated the loca-
tion of the PEDF-R protein to the R28 cell surface. Specific cell
surface labeling experimentswere performed to label accessible
primary amines (e.g. lysine residues) of extracellularly exposed

FIGURE 2. Real-time binding of PEDF to extracellular loop L4, PEDF-R(D166A), and PEDF-R. A, N-terminal His6/Xpress-tagged PEDF-R polypeptide frag-
ments were synthesized in an in vitro transcription/translation system. Recombinant proteins were purified by His-tag affinity column chromatography.
Proteins were resolved by 10 –20% polyacrylamide gel electrophoresis and detected by Western analysis versus anti-Xpress antibodies. A Western blot is
shown. Migration positions of molecular weight markers (prestained SDS-PAGE standards) are given to the right. B–D, SPR sensograms were recorded with L4
(B), PEDF-R(D166A) (C), and PEDF-R (D) injected at the indicated concentrations over PEDF immobilized on a CM5 sensor chip. The SPR responses for the
reference surface and for the 0 nM PEDF were subtracted from the ones obtained at the various concentrations during the evaluation with BIAevaluation
software (y axis) and are shown as a function of time. Kinetic analysis of the interaction was performed, and the data were analyzed using the BIAevaluation
software (BIAcore 3000), and the KD value was obtained using the 1:1 Langmuir fitting. The kinetic and thermodynamic values were as follows. B, ka � 1.33 �
0.05 � 105; kd � 1.18 � 0.005 � 10�3; KD � 8.89 � 0.1 nM for L4. C, ka � 4.24 � 0.10 � 105; kd � 1.07 � 0.005 � 10�3; KD � 2.52 � 0.04 nM for PEDF-R(D166A).
D, ka � 3.48 � 0.1 � 105

M
�1 s�1; kd � 6.88 � 0.003 � 10�3 s�1; KD � 1.98 � 0.4 nM for PEDF-R. A representative experiment for each interaction is shown. Each

experiment was performed at least two times. �2 values for goodness of fit are 7.19 for L4, 8.12 for PEDF-R(D166A), and 2.06 for PEDF-R.
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protein regions. Membrane protein extracts from cells
labeled with or without membrane-impermeable biotin were
passed through the avidin column. Fig. 5A shows that
PEDF-R and Na/K ATPase, a marker for plasma membrane,
were detected only in membrane fractions from biotinylated
cells (lane 1) and not in fractions fromnon-biotinylated control
cells (lane 2) or in their respective cytosolic fractions (lanes 3
and 4). The intracellular marker �-actin was detected only in
the cytosolic fractions. The result demonstrated that PEDF-R in
R28 is a plasma membrane protein and has an extracellular
biotinylation-sensitive region that probably contains lysines
available for conjugation with biotin.
Next, we investigated if PEDF-R is required for PEDF-medi-

ated activities in R28 cells. R28 cells deficient in PEDF-R were
prepared and used in signaling, viability, and apoptosis assays.
The siRNA-mediated knockdown of PEDF-R resulted in a
�40% decrease of Pnpla2 transcripts with a concomitant
decline in PEDF-R protein level in R28 membrane extracts
(Figs. 5,B andC). No significant differences were observedwith
scrambled siRNA.
Murakami et al. (40) have reported that PEDF protects R28

cells from death via up-regulation of the antiapoptotic Bcl-2
gene. Given that R28 cell survival was maximized when cells
were treated with 10–100 nM PEDF (Fig. 6), we evaluated Bcl-2
expression in R28 cells treated with 100 nM PEDF. Fig. 5D
shows a clear increase in Bcl-2 expression after 6 h of PEDF
treatment in untransfected and scrambled siRNA-transfected
cells but not in siPEDF-R1-transfected cells. Treatments with
10% FBS were controls for the Bcl-2 increase. Similar data were
obtained with another batch of cells where PEDF-R levels were
knocked down with siPEDF-R2 (data not shown).We note that
Pnpla2 silencing did not affect Bcl-2 expression levels (data not
shown). These results demonstrated that PEDF-R was required
for the PEDF-mediated up-regulation of Bcl-2 in R28 cells.
We also determined the effects of silencing PEDF-R on the

survival activity of PEDF in serum-starved R28 cells. Cells were
treated with increasing concentrations of PEDF (0, 0.1, 1, and
10 nM) for 48 h before assaying. Fig. 5E shows that PEDF treat-
ment increased the relative number of live cells in scrambled
siRNA-transfected cells but not in siPEDF-R1- or siPEDF-R2-
transfected cells.
We also measured apoptosis using TUNEL staining in

serum-starvedR28 cells treatedwith orwithout 10 nMPEDF for
48 h. Fig. 5, F andG, shows that, in untransfected or scrambled
siRNA-transfected cells, we observed a significant decrease in
the percentage of TUNEL-positive cells with PEDF treatment
(�2–4%) as compared with treatment without PEDF (�15%).
However, no decrease in TUNEL-positive cells (14–16%) was
observed in siPEDF-R1-transfected cells, regardless of PEDF
treatment. In another experiment with a different batch of cells

FIGURE 3. Binding of PEDF to peptides derived from L4 of PEDF-R. A,
ligand blot of PEDF-R-derived peptides. Increasing amounts of the indicated
peptide were immobilized per slot on a nitrocellulose membrane. After block-
ing, the ligand Fl-PEDF at 1 nM in 0.1% BSA TBS-T was added to the membrane
and incubated for 1.5 h at room temperature. Bound Fl-PEDF was detected by
Western blotting versus anti-fluorescein. B, quantification of PEDF bound to
PEDF-R-derived peptides. The intensity of the bands in A was densitometri-
cally quantified using UN-SCAN-IT software, and pixels per band were plotted
versus the amount of peptide, as indicated. C, competition of Fl-PEDF binding
to immobilized peptides with E5b and P1 in solution. E5b or P1 (1 �g) were
immobilized on to the nitrocellulose membrane in triplicates per condition.
After blocking, the membrane was incubated with a mixture of 1 nM Fl-PEDF
and increasing concentrations of E5b or P1 (as indicated) in 0.1% BSA-TBS-T.
Bound Fl-PEDF was either detected directly using the fluorescence imager or
as described above. One set of slots for each peptide is shown. D, the bands in
C were quantified by densitometry. The intensities of the bands in percentage
of pixels per band relative to without peptide in solution were determined
and plotted as a function of the concentration of peptide in solution. Each
point corresponds to the average of triplicates � S.E. (error bars) per concen-
tration. The data were normalized and analyzed using GraphPad Prism soft-
ware version 5 with an equation for binding, competitive with one site, fit log
IC50. The estimated IC50 values for E5b and P1 were 37.5 � 1.4 and 47.2 � 1.3
nM, respectively. E, PEDF and Fl-PEDF (300 ng) were subjected to E5b peptide
or P1 peptide affinity chromatography in Tris-buffered saline containing
0.05% Tween 20 (TBS-T). Flow-through containing the unbound material was
collected. After extensive washes with binding buffer, bound protein was
eluted with SDS-PAGE sample buffer. Western blots of unbound (U) and
bound (B) protein versus anti-PEDF are shown. F, PEDF and BSA conjugated
and non-conjugated with fluorescein were immobilized on nitrocellulose
membranes. E5b in solution at 200 nM was used as the ligand for the blot.
Ligand blots immunoreacted with anti-PEDF-R are shown. G, comparison of

P1 binding response to PEDF and other serpins. Serpins were immobilized on
a sensor chip, and the analyte (P1 at 2 �M) was injected over the surface.
Responses to the same amount of P1 injected on immobilized maspin,
ovalbumin (Ova), and PEDF surfaces are shown. H, competition of P1 binding
to PEDF immobilized on a CM5 sensor chip with PEDF or ovalbumin in solu-
tion. Mixtures of P1 (2 �M) with the indicated concentrations of serpins were
injected over the surface as analytes. Relative response as a function of time is
plotted.
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treated with 10 nM PEDF, there was no decrease in TUNEL-
positive cells in siPEDF-R2-transfected cells compared with
scrambled siRNA-transfected cells (data not shown). These
results demonstrated that PEDF-R was essential for the PEDF-
mediated survival and antiapoptotic activities in R28 cells.
Next, we investigated the role of PEDF-R PLA2 activity in

mediating the effects of PEDF. As we have previously described
(26), a calcium-independent phospholipase A2 inhibitor, bro-
moenol lactone, inhibits PEDF-R PLA2 enzymatic activity.
Here, we performed TUNEL staining in serum-starved R28
cells treated with or without 10 nM PEDF in the presence or
absence of the inhibitor (25 �M). Interestingly, in the presence
of the inhibitor, we found no change in the number of TUNEL-

positive cells with PEDF treatment (�7.8%) in comparisonwith
cells without PEDF treatment (�7.6%) (Fig. 5, H and I). Bro-
moenol lactone or DMSO alone did not affect the TUNEL-
positive cells. These observations demonstrate that lipase activ-
ity was indeed required for the antiapoptotic activity of PEDF in
R28 cells and support the hypothesis of a lipid-mediated signal-
ing response to PEDF.
PEDF-binding Peptides of PEDF-R Block the Retinal Cell Sur-

vival Activity of PEDF—The above findings suggest that a
PEDF-binding region in PEDF-R may act as a soluble receptor
fragment that, upon binding the ligand, would prevent interac-
tions with cell surface receptors and, in turn, the biological
effects of PEDF. To explore this hypothesis, we evaluated the

FIGURE 4. Phospholipase activity and PEDF binding of truncated PEDF-R and PEDF-R lacking the ligand binding region (His203–Leu232). A, PLA2 activity
of recombinant PEDF-R variants. PLA2 activity assays were performed with 1,2-dilinoleoyl-phosphatidylcholine as the substrate, 20 �l of the purified His6/
Xpress-tagged PEDF-R variant polypeptides (�0.6 pmol/reaction), and lipoxygenase as the coupling enzyme in PLA2 reaction buffer (3 mM deoxycholate, 5 mM

Tris-Cl, pH 7.5). The appearance of linoleoyl hydroperoxide, the coupled reaction product, was measured spectrophotometrically by increasing absorbance at
234 nm/min for 10 min at room temperature (n � 4). B, comparison of PEDF-R binding response to PEDF. Maximum response units after injection of PEDF-R
polypeptides are plotted. PEDF was immobilized on a CM5 sensor chip, and PEDF-R polypeptides were the analytes injected over the surface. C, Western blot
of purified protein fractions of PEDF-R7 and PEDF-R6 versus anti-Xpress. A total of 20 �l of each fraction were resolved by SDS-PAGE. D, Western blot of purified
recombinant His6/Xpress-tagged PEDF-R, PEDF-R�203–232 (R�203–232), PEDF-R4, and PEDF-R4�203–232 (R4�203–232) proteins versus anti-Xpress. A total
of 20 �l of each fraction were resolved by SDS-PAGE. E, PLA2 activity assays of recombinant PEDF-R variants were performed as in A. F, effect of PEDF additions
on the PLA2 activity of PEDF-R polypeptides. Equivalent amounts of affinity-purified PEDF-R and variant polypeptides (�0.6 pmol/reaction) were preincubated
with increasing amounts of PEDF in PLA2 reaction buffer for 10 min on ice. PLA2 activity was measured as above and represented as -fold change over basal
activity without PEDF. Shown is the average -fold change from two independent experiments (n � 4). G, binding assays by His tag pull-down. Soluble fractions
of cell-free expression reactions containing His6/Xpress-tagged PEDF-R, R�203–232, PEDF-R4, and R4�203–232 (�700 ng each) were mixed with Fl-PEDF
protein (250 ng) in PLA2 reaction buffer and incubated for 2 h at 4 °C with gentle rotation. This was followed by the addition of Ni-NTA resin beads (25 �l), and
the suspension was incubated for 1 h at 4 °C with gentle rotation. Bound PEDF (pull-down) was extracted with SDS-sample buffer and analyzed by Western blot
versus anti-PEDF. Error bars, �S.D.
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FIGURE 5. Effects of PEDF on PEDF-R deficient retina R28 cells. A, selective biotinylation of cell surface proteins of R28 cells was performed using a
membrane-impermeable, thiol-cleavable, and amine-reactive sulfo-N-hydroxysuccinimide-SS-biotin reagent with avidin affinity resin. Biotinylated and
non-biotinylated cells were subjected to biochemical fractionation, and the resulting membrane fraction was passed through NeutrAvidinTM gel and
analyzed by Western blotting against antibodies to PEDF-R (top), Na/K ATPase (plasma membrane marker) (middle), and �-actin (cytoplasmic marker)
(bottom). Samples were as follows: membrane fraction of biotinylated R28 cells (lane 1); non-biotinylated R28 cells (lane 2); cytosolic fraction of
biotinylated R28 cells (lane 3); and non-biotinylated R28 cells (lane 4). B, RT-PCR for PEDF-R in R28 cells transfected with siScrambled or siRNA targeting
PEDF-R (48 h post-transfection). *, p 	 0.05; **, p 	 0.005. C, proteins from cells transfected with siRNAs for 48 h were fractionated, and membrane
fractions were resolved by SDS-PAGE followed by immunoblotting with anti-PEDF-R. The blot was stripped and immunoreacted with antibodies to
Na/K-ATPase as loading control (bottom). D, RT-PCR for Bcl-2 in R28 cells untransfected and transfected with siScrambled or siPEDF-R of B and treated
for 6 h with or without PEDF (100 nM) or 10% FBS. Bar graphs depict the mean � S.D. of data from two independent experiments normalized to the
treatment without PEDF (n � 2 each and n � 1 for 10% FBS). *, p 	 0.05. E, quantitation of cell numbers using intracellular ATP as a live cell biomarker
of cells at 48 h post-transfection with siScrambled or siPEDF-R. Cells were treated with increasing PEDF concentrations as indicated. Relative cell
numbers are averages of triplicate wells � S.D. (error bars). F, representative TUNEL images of untransfected and transfected cells, as indicated. After
24 h, cells in 24-well plates were treated for 48 h with or without 10 nM PEDF (indicated) in triplicate wells. Cells were fixed and processed for TUNEL
staining (green) and counterstained with Hoechst dye (blue) for the nucleus. G, quantification of TUNEL-positive cells treated as in F. Images of 6
fields/well of triplicate wells were taken and quantified for TUNEL-positive cells. The plot shows TUNEL-positive cells represented as a percentage of
total cells per field for each treatment. H, representative TUNEL images of cells pretreated with bromoenol lactone (BEL) (25 �M) or DMSO (vehicle
control) for 1 h before a 48-h treatment with or without 10 nM PEDF (indicated) in triplicate wells. Cells were fixed and processed for TUNEL staining
(green) and counterstained with Hoechst dye (blue) for the nucleus. I, quantification of TUNEL-positive cells treated as in H.
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ability of peptides E5b and P1 to block the PEDF-mediated sur-
vival activity using a real-time microelectronic system to mon-
itor cells and cell viability at the end point. Themicroelectronic
system measured the changes in cell-based impedance repre-
sented as cell index. Fig. 6A shows plots of cell index values for
R28 cells monitored in real time and treated with varying PEDF
concentrations (0.1–100 nM). During the first hours, cell index
increased significantly, consistent with cell attachment to
plates in the presence of serum.After removing serum and add-
ing PEDF, the cell index remained constant in all wells for the
next 8–10 h. At later times, the cell index decreased in wells
without PEDF, whereas it increased in wells with PEDF over
time, having a maximum increase between 10 and 100 nM. Cell
index increases were in a concentration-dependent fashion. A
half-maximum effect calculated at the end point was estimated
to be EC50 � 2.23 � 1.87 nM (Fig. 6B). At the end point, cell
viability assays using intracellular ATP as a biomarker of live
cells showed that the increase in cell index paralleled the R28
relative cell numbers, with a half-maximum effect (EC50 �
3.29 � 1.98 nM) (Fig. 6C), which is similar to that obtained with
the microelectronic system.
Then serum-starved R28 cells were treated with 10 nM PEDF

in the presence of P1 or E5b peptides as competitors for PEDF
binding and monitored for cell growth using the real-time
microelectronic system. Fig. 7A shows that cell index values
increased over time between 20 and 48 h (end point) in the
presence of PEDF alone. In contrast, the cell index stayed the
same or even decreased during this time periodwhenPEDFwas
mixedwith an excess of P1. Peptide-mediated blocking of PEDF
activity was very effective with 75 nM of P1. Peptide P1 by itself
at 75 nM and 600 nMwas the control. The cell index value at the
end point was corroborated to cell viability using intracellular
ATP as a biomarker of live cells (Fig. 7B). A dose-dependent
decrease in relative cell numbers was observed with PEDF
mixed with peptide P1 (10–600 nM). Fig. 7C shows that prein-
cubation of PEDF with E5b peptide also attenuated the PEDF-
mediated survival effect, as demonstrated by real-time moni-

toring. As with P1 treatment, the relative cell numbers at the
end point following E5b treatment also corroborated with cell
index data (Fig. 7D). Peptide-mediated blocking was effective
with 10 nMof E5b (i.e. a 1:1 ligand:peptidemolar ratio). The lack
of dose-dependent blocking of PEDF action by E5b (10, 50, and
250 nM) in R28 cells suggested that maximal blocking was
reached with the concentrations tested. The difference in the
number of viable cells with 50 and 250 nME5b in the presence of
PEDF was not statistically significant.
The results imply that the peptides acted as soluble receptor

fragments to prevent PEDF binding to R28 cells. Binding of
Fl-PEDF (20 �M) to R28 cells in the presence of P1 was investi-
gated. Fig. 7E shows that Fl-PEDF bound to R28 cells, andwhen
preincubated with increasing concentrations of P1 (20–600
nM), the bound Fl-PEDF decreased in a dose-dependent man-
ner. P1 also blocked the binding of Fl-PEDF to recombinant
PEDF-R in a dose-dependent fashion (Fig. 7F). These results
demonstrated that the ligand-binding peptides P1 and E5b
inhibited the PEDF survival activity, preventing the binding of
PEDF to the cells and PEDF-R. The findings imply that the
ligand-binding peptides acted as a soluble receptor fragments
to block PEDF biological activity.

DISCUSSION

Here we report the identification and characterization of a
PEDF binding region on PEDF-R that is critical for PLA2 enzy-
matic enhancement and blocks PEDF-mediated cell survival
activities. Most importantly, the data provide evidence for the
essential role of PEDF-R in antiapoptotic effects via interac-
tions with PEDF. This is the first study that identifies a func-
tional PEDF binding region in PEDF-R and its relevance for
ligand activities.
The observation that both the full-length PEDF-R and the L4

polypeptide have similar affinities for PEDF suggests that the L4
ectodomain satisfies most, if not all, of the structural require-
ments of PEDF-R for ligand binding. In this report, we identify
a PEDF binding region within L4 (e.g. E5b (Ile193–Leu232) and

FIGURE 6. Cell survival effects of PEDF on R28 cells. A, kinetics of PEDF cell survival activity with increasing concentrations of PEDF using a real-time
microelectronic cell sensor system. Cells were plated in duplicates, and after 8 h, serum-containing medium was replaced with serum-free medium containing
increasing concentrations of PEDF (as indicated). Cell index was monitored each hour for 48 h. Cell index values were averaged. Data were plotted with cell
index � S.D. (error bars) as a function of time. The arrow indicates the time at which PEDF was added. B, the plot of cell index value at the end point as a function
of PEDF concentration was obtained using GraphPad Prism with an equation for dose-response-stimulation (log[agonist] versus response). The calculated
half-maximal response was EC50 � 2.233 � 1.873 nM (see inset). Each point is the average of duplicate wells � S.D. C, relative cell numbers were determined at
the end point using intracellular ATP as a live cell biomarker. A plot of relative cell numbers as a function of PEDF concentration was obtained using GraphPad
Prism as in B. The calculated half-maximal response was EC50 � 3.29 � 1.98 nM (see inset). Each point is the average of duplicate wells � S.D.
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P1 (Thr210-Leu249) that has significantly higher affinity for
PEDF than other areas of L4. The fact that both E5b andP1 have
identical apparent affinities for PEDF suggests that it is the
structure of their overlapping region (Leu232–Thr210) that con-
tributes to interactions between the L4 ectodomain and PEDF
and comprises the ligand binding domain (LBD) of PEDF-R.
Although the binding kinetic values (KD) of the ligand-binding
peptides to PEDF cannot be derived from the current data, dif-
ferences in folding of the short peptide fragmentsmay decrease
the PEDF affinity relative to longer polypeptides. Nevertheless,
our findings show that the interactions between PEDF and the
ligand-binding peptides occur in solution or when either ligand
or peptide is immobilized. Additionally, the peptides and the
full-length PEDF-R both prefer to bind PEDFover other serpins
and bovine serum albumin. The amino acid sequence of the
LBD (210TNTSIQFNLRNLYRLSKALFPPEPL232) is a unique
and highly conserved PEDF-R fragment not previously known
to bind PEDF. In silico data suggest that the LBD can fold to

form �-helices, and these results are supported by circular
dichroism spectra of P1 (data not shown). Speculation on the
nature of the LBD�PEDF complex implies the involvement of
partial ionic interactions given that the P1�PEDF and E5b�PEDF
complexes aremoderately sensitive to increasing ionic strength
(data not shown). Although the LBD fragment is positively
charged and enriched in leucine residues, the surface surround-
ing the neurotrophic active region (44-mer) ismainly acidic (42,
43) and well suited to interact with the basic LBD, probably via
ionic and additional non-ionic interactions. Although there is
little information on the secondary structure of L4, it is antici-
pated that PEDF would interact similarly with either L4 or the
full-length PEDF-R protein.
Our findings have implications for the regulation of the PLA2

activity of PEDF-R.ThePLA2 active site of PEDF-R is formedby
a homologous Ser47 and Asp166 catalytic dyad within the con-
served motifs GXSXG and DX(G/A) (26). These amino acid
residues play an essential role in the lipase activity, as evident by

FIGURE 7. Effect of peptides P1 and E5b on PEDF-mediated survival effects. Kinetics of PEDF survival activity in the presence of the indicated concentrations
of peptide P1 (A) or E5b (C) in serum-starved R28 cells using a real-time microelectronic cell sensor system. Wells with PEDF alone were positive control, no
addition was negative control, and P1 or E5b alone were internal controls. Each condition was tested in duplicate wells per experiment. Three experiments
were performed. The cell index values were averaged. Data were plotted with cell index � S.D. (error bars) as a function of time. The arrow indicates the time
at which PEDF was added. At the end point, cell viability assays were performed with cells that had been treated with PEDF in the presence of peptide P1 (B) or
E5b (D) using intracellular ATP as a live cell biomarker. Relative cell numbers from two or three independent experiments were normalized to the 10 nM PEDF
condition and plotted for each condition. Each point is the average of the indicated number of wells � S.D. *, p 	 0.05; **, p 	 0.005; ***, p 	 0.0005 with respect
to 10 nM PEDF (100%) treatment. E, Fl-PEDF binding to R28 cells. Cells were treated with Fl-PEDF (20 nM) preincubated for 2 h without or with increasing
concentrations of peptide P1 as indicated. Treatments were performed for 1 h at 4 °C, and total cell lysate was collected and resolved by SDS-PAGE. Bound
Fl-PEDF was detected directly using the fluorescence imager. F, Fl-PEDF binding to recombinant full-length PEDF-R. Soluble fractions of cell-free expression
reactions containing His6/Xpress-tagged PEDF-R were mixed with Fl-PEDF protein (50 nM) preincubated without or with increasing concentrations of peptide
P1 as indicated. This was followed by the addition of Ni-NTA resin beads, and bound Fl-PEDF (pull-down) was extracted with SDS-sample buffer, resolved by
SDS-PAGE, and detected directly using the fluorescence imager.
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the findings that altering Asp166 abolishes PLA2 activity (Fig. 4)
and altering either Ser47 or Asp166 abolishes triglyceride lipase
activity (44, 45). Furthermore, in the present study, the C-ter-
minal truncated variants of PEDF-R demonstrated PLA2 activ-
ity similar to that of full-length PEDF-R. Althoughwe found the
shortest domain with PLA2 activity to be Met1–Ile202 (PEDF-
R4�203–232) (Fig. 4), the reported minimum domain for tri-
glyceride lipase activity is slighter longer (Met1–Leu254) (46).
Differences in substrate recognition (phospholipids versus tri-
glycerides) and/or in recombinant protein expression and puri-
fication optimization (i.e. we used nanolipoprotein particles to
improve the folding of recombinant polypeptides) could
explain this discrepancy.Other reports describe the presence of
an inhibitory region toward the C-terminal end of PEDF-R (44,
47, 48). This region does not seem to be inhibitory for PLA2
activity because the C-terminal truncated variants of this study
exhibit PLA2 activity identical to that of full-length polypep-
tides. Given that the triglyceride lipase activity of recombinant
PEDF-R variants was not assayed, we cannot remark further on
what effects these truncationsmay have on such activity. None-
theless, our data clearly demonstrate that the C-terminal half of
PEDF-R is dispensable for phospholipid substrate accessibility
and/or PLA2 activity. It has also been reported that the triglyc-
eride lipase activity can be activated or inhibited by CGI-58 or
G0S2, respectively (46, 49, 50), and that PEDF-R binds to these
two regulator proteins with a yet unknown binding site (46, 51).
It remains to be determined if these proteins can compete with
PEDF for the binding to PEDF-R. The fact that PEDF binds and
stimulates PEDF-R only when it contains the LBD indicates
that PEDF, through interaction with the LBD, can positively
regulate the PEDF-R enzyme (Fig. 8). At themolecular level, the
interaction with PEDF could induce structural and conforma-
tional changes in PEDF-R that enhance the enzymatic catalysis
of phospholipid substrates, although this has not yet been ver-
ified. Nevertheless, our study clearly demonstrates the require-
ment of the LBD for enzymatic stimulation of PEDF-R by
PEDF.
The results also have implications in cell biology. The loca-

tion of PEDF-R in plasma membranes of retina cells (Fig. 5A)

(26, 35) makes it an excellent target for cell surface interactions
with extracellular PEDF to subsequently trigger cell signaling.
Comparison of the affinity of the PEDF�PEDF-R interaction
(KD � 2.3–3.8 nM) with the efficacy of the PEDF retina survival
effects (EC50 � 2.2–3.3 nM) supports this idea. More convinc-
ingly, our findings provide evidence for the key role of PEDF-R
in mediating the retina survival actions of PEDF, as demon-
strated by the attenuation of the survival and antiapoptotic
activities of PEDF in Pnpla2-deficient R28 cells. The depend-
ence of PEDF on PEDF-R has been reported for other biological
activities, emphasizing the essential role of the PEDF�PEDF-R
interaction. For example, human embryonic stem cells defi-
cient in the PNPLA2 gene lacked the PEDF self-renewal activity
(52);PNPLA2 knockdown in humanmelanoma cells resulted in
the loss of the ability of PEDF to promote themesenchymal-like
phenotype that prevents metastasis (53); PEDF-mediated acti-
vation of PPAR� and repression of IL-8 required PEDF-R in
human prostate cancer cells (54), and stimulation of PEDF-R
triglyceride lipase activity inmousemuscle and liver is depend-
ent on interactions with PEDF (55). We propose that the
PEDF�PEDF-R interaction is critical for PEDF-mediated retina
survival activity (Fig. 8). It is anticipated that LBD peptides will
prove to be useful for probing the involvement of PEDF-R in
other PEDF-mediated cellular effects. For example, P1 blocked
PEDF-mediated axon growth on primary retinal ganglion
cells,4 supporting the idea that PEDF specifically interacts with
PEDF-R to induce neurotrophic effects.
Here, we defined a novel role for PEDF-R in retina survival.

Previously, it was described that PEDF increased the Bcl-2
mRNA and Bcl-2 protein levels in both serum-starved R28 cells
and in the retinas of Royal College Surgeon rats, a model for
photoreceptor degeneration (40). In both systems, the Bcl-2
signal induced nuclear translocation of apoptosis-inducing fac-
tor, a caspase-independent apoptosis inducer (40). Although
these studies did not report a receptor for PEDF signaling, our
findings demonstrate that PEDF-R can mediate these effects,

4 Y. Yin, personal communication.

FIGURE 8. Scheme to illustrate our current understanding of PEDF�PEDF-R interactions. Plasma membranes of retina cells contain transmembrane PEDF-R,
which is essential for PEDF-mediated survival and antiapoptotic effects. The amino acids Ser47 and Asp166 of PEDF-R are critical for lipase activity. PEDF binds
to the LBD within the L4 ectodomain of PEDF-R to stimulate PLA2 activity. Left, it is proposed that the PLA2 activity would lead to the release of fatty acids and
lysophospholipids from phospholipid substrates present in the lipid bilayer of plasma membranes. The products activate yet unknown signaling pathways to
up-regulate Bcl-2 and cell survival (solid lines). Right, LBD-containing peptides (e.g. E5b and P1) act as soluble receptors that bind free PEDF to compete with
binding to LBD, resulting in blocking of the survival activity of PEDF (dotted lines). �, blocking.
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revealing it to be a PEDF receptor in the retina. However, the
precise mechanisms by which PEDF-R transmits the PEDF sig-
nal between the cell surface and nucleus are not yet known.Our
findings that the PEDF�PEDF-R interaction stimulates the
phospholipase activity of PEDF-R provide insight into potential
signalingmechanisms. The phospholipaseA2 activity is of great
interest, given that the enzyme is known to release bioactive
fatty acids that function as either second messengers or eicos-
anoid precursors, both of which mediate signal transduction
(56). Phospholipase PLA2 can also release bioactive lysophos-
pholipids, which are known to interact with their G protein-
coupled receptors to influence cell signaling (57). The retina
and CNS contain high levels of �-3 fatty acids, such as docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid, that are
required for proper function and survival of retinal and neuro-
nal cells (58, 59). Given that DHA constitutes more than 50% of
the fatty acids in photoreceptor membrane phospholipids (60),
it is likely that DHA-containing phospholipids are available
substrates for PEDF-R in the retina. Although there is no direct
evidence for DHA release from phospholipids by PEDF-R, sev-
eral circumstantial lines of evidence support it. For example,
PEDF significantly enhances the release of neuroprotectinD1, a
neuroprotectant derivative of DHA with antiangiogenic, anti-
oxidant, and anti-inflammatory properties in the retina and
CNS (61–63). Moreover, PEDF, DHA, and neuroprotectin D1
exert neurotrophic activity by delaying the onset of the apopto-
tic pathway, including increases in antiapoptotic Bcl-2 protein
levels (40, 62, 64, 65). Thus, a plausible upstream mechanism
for transmitting PEDF signal in retina cells might involve DHA
release by PEDF-R at the cell surface.
In conclusion, this is the first study to identify the LBD as a

functional PEDF-binding region within the L4 ectodomain of
PEDF-R that satisfies the minimum requirement for ligand
binding. The LBDmay formpart of the receptor/ligand binding
interface necessary for enzymatic stimulation of PEDF-R, a pro-
tein essential for the survival and antiapoptotic effects of PEDF.
Our findings constitute an important advance in elucidating
the molecular mechanisms of PEDF action and enhance our
understanding of the process by which the neurotrophic PEDF
interacts with cells.
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