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PURPOSE. To determine the effect of pigment epithelium-de-
rived factor (PEDF) in a mouse model of ischemia-induced
retinal neovascularization and on vascular endothelial growth
factor (VEGF)–induced migration and growth of cultured mi-
crovascular endothelial cells.

METHODS. Human recombinant PEDF was expressed in the
human embryonic kidney 293 cell line and purified by ammo-
nium sulfate precipitation and cation exchange chromatogra-
phy. C57BL/6 mice were exposed to 75% oxygen from post-
natal day (P)7 to P12 and then returned to room air. Mice
received intravitreal injections of 2 �g PEDF in one eye and
vehicle in the contralateral eye on P12 and P14. At P17, mice
were killed and eyes enucleated for quantitation of retinal
neovascularization. The mitogenic and motogeneic effects of
VEGF on cultured bovine retinal and adrenal capillary endothe-
lial cells were examined in the presence or absence of PEDF,
using cell counts and migration assays.

RESULTS. Two species of human recombinant PEDF, denoted A
and B, were purified to apparent homogeneity. PEDF B ap-
peared to comigrate on SDS-PAGE with PEDF from human
vitreous samples. Changes in electrophoretic mobility after
peptide-N-glycosidase F (PNGase F) digestion suggest that both
PEDF forms contain N-linked carbohydrate. Analyses of the
intact proteins by liquid chromatography–electrospray mass
spectrometry (LC-ESMS) revealed the major molecular weight
species for PEDF A (47,705 � 4) and B (46,757 � 5). LC-ESMS

analysis of tryptic peptides indicated that PEDF A and B exhibit
differences in glycopeptides containing N-acetylneuraminic
acid (NeuAc) and N-acetylhexosamine (HexNAc). Intravitreal
administration of either species of PEDF significantly inhibited
retinal neovascularization (83% for PEDF A and 55% for PEDF
B; P � 0.024 and 0.0026, respectively). PEDF A and B (20 nM)
suppressed VEGF-induced retinal microvascular endothelial
cell proliferation by 48.8% and 41.4%, respectively, after 5 days
(P � 0.001) and VEGF-induced migration by 86.5% � 16.7%
and 78.1% � 22.3%, respectively, after 4 hours (P � 0.004 and
P � 0.008, respectively).

CONCLUSIONS. These data indicate that elevated concentrations
of PEDF inhibit VEGF-induced retinal endothelial cell growth
and migration and retinal neovascularization. These findings
suggest that localized administration of PEDF may be an effec-
tive approach for the treatment of ischemia-induced retinal
neovascular disorders. (Invest Ophthalmol Vis Sci. 2002;43:
821–829)

Ocular neovascularization is a visually threatening compli-
cation common to a diverse array of ophthalmic condi-

tions, including diabetic retinopathy, retinal vein occlusion,
retinopathy of prematurity, and neovascular age-related macu-
lar degeneration. VEGF has been demonstrated to play a major
role in ocular neovascularization in ischemic retinopathies.1 It
is known to be an endothelial cell mitogen,2,3 and its expres-
sion is induced by hypoxia in tumors4 and various ocular cell
types in culture.5 VEGF levels have been found to be elevated
in the retina and vitreous of patients with ischemic ocular
neovascular disorders,6–8 as well as in animal models of ocular
neovascularization.9–11 In these animal models, inhibition of
VEGF9,10,12,13 or VEGF receptor14,15 has resulted in a reduction
of ocular neovascularization. Based on these observations, the
inhibition of VEGF action is a viable approach for the preven-
tion of retinal neovascularization.

Although VEGF plays a major role in retinal neovasculariza-
tion, it is likely that other molecules, both angiogenic and
angiostatic, are involved. Indeed, the angiogenic switch has
been postulated to result from an imbalance between angio-
genesis stimulators and inhibitors in a given tissue bed.16 Nu-
merous proangiogenic molecules have been proposed to play
a role in retinal neovascularization, including growth hormone
and the insulin-like growth factors,17,18 basic fibroblast growth
factor,19 and hepatocyte growth factor.20 The role of angiosta-
tic molecules in retinal neovascularization is less well studied.
TGF-� has been proposed as an inhibitor of retinal neovascu-
larization.21 Several systemic inhibitors of angiogenesis have
been characterized, including angiostatin,22 endostatin,23 anti-
thrombin III,24 thrombospondin,25 and platelet factor-4.26

However, the role of these molecules in retinal neovasculariza-
tion is unclear, and their potential clinical usefulness as mod-
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ulators of neovascularization in vivo has yet to be fully ex-
plored.

Recently, pigment epithelium-derived factor (PEDF) has
emerged as a potentially important endogenous inhibitor of
ocular neovascularization. It is a member of the serine protease
inhibitor (serpin) family, although it does not have protease
inhibitory activity.27–29 It was initially purified from the condi-
tioned media of human RPE cells and found to induce neuronal
differentiation of cultured Y79 retinoblastoma cells.30 PEDF
also has neuroprotective activity31–36 and has been demon-
strated to protect photoreceptors from degeneration.37–39 It is
interesting to note that PEDF has been found to inhibit neo-
vascularization in a corneal pocket assay and inhibits migration
of cultured adrenal capillary endothelial cells.40 In addition,
PEDF has been found in the vitreous and cornea,40,41 and it has
been found to be downregulated by hypoxia in cultured
cells.40 Its presence in the vitreous and its antiangiogenic
activity suggest a possible role for PEDF in the regulation of
retinal neovascularization. Indeed, a recent study has demon-
strated that systemic administration of PEDF significantly inhib-
its retinal neovascularization in a mouse model.42

Because systemic administration of antiangiogenic therapies
has a potential for adverse systemic effects,43 the effects of
local administration of PEDF is of interest for the possible
treatment of retinal neovascularization. In this study, we ex-
plored the anti-angiogenic potential of PEDF on retinal neovas-
cularization in a mouse model, using intravitreal administra-
tion. We also analyzed the effect of PEDF on VEGF-induced
growth and migration of cultured retinal microvascular endo-
thelial cells and partially characterized the structural differ-
ences between two different forms of PEDF.

METHODS

Cloning of Human PEDF

An anti-PEDF peptide antibody was generated by immunizing rabbits
with a keyhole limpet hemocyanin-coupled peptide corresponding to
amino acids 327-343 of human PEDF, as described.40 An N-terminal
cysteine was added to facilitate the coupling reaction. Antisera were
affinity purified against the peptide and renatured.

A human PEDF expressed-sequence tag (EST) containing the entire
open reading frame for PEDF (Image clone 235156) was obtained from
Research Genetics (Huntsville, AL). The entire EST was cloned into the
vector pRK KS, downstream of the cytomegalovirus (CMV) promoter.
The resultant construct was cotransfected with pRSV-neomycin into
human embryonic kidney (HEK)293 carcinoma cells (Life Technolo-
gies, Rockville, MD). Stable transfectants were selected using geneticin
(G418; Life Technologies) and screened for PEDF production, using
the rabbit anti-PEDF peptide antibody described earlier. The transfec-
tion with the strongest expression (C7) was used for subsequent
expression and purification of PEDF protein. pRK KS44 and pRSV-
neomycin45 were generous gifts from Jeremy Nathans (Johns Hopkins
University School of Medicine, Baltimore, MD).

Expression and Purification of PEDF

The C7 stable transfectant was grown to confluence and subjected to
24-hour cycles of DMEM with 1� nonessential amino acids, 1� peni-
cillin-streptomycin, and 200 �g/mL geneticin, alternating with the
same medium, supplemented with 10% fetal calf serum. Conditioned
serum-free medium was collected and ammonium sulfate precipitation
(80%) performed to recover protein. The precipitate was resuspended
in 20 mM sodium phosphate (pH 7.4), containing 150 mM NaCl.
Purification of PEDF was performed using a method similar to Stratikos
et al.,46 with slight modification. This preparation was desalted by gel
filtration chromatography (Amersham Pharmacia Biotech, Piscataway,
NJ) and then fractionated by cation exchange FPLC chromatography
(Amersham Pharmacia Biotech), at pH 6.2, using a 50 to 500 mM NaCl

gradient. Two PEDF species were recovered from FPLC that were
electrophoretically homogeneous and migrated in the 46- to 49-kDa
range. The yields of PEDF B and A were approximately 5 and 1.5 mg/L
of media, respectively. Western blot analysis demonstrated positive
reactivity with the rabbit anti-PEDF peptide antibody described earlier.
PEDF concentrations were determined by a protein assay (Bio-Rad,
Hercules, CA).

Patient Vitreous Sample Collection

All research involving human subjects adhered to the tenets of the
Declaration of Helsinki. Institutional review and approval was obtained
from the Johns Hopkins Joint Committee on Clinical Investigation.
Clinical data were obtained from the surgeon before or at the time of
surgery.

At the beginning of vitrectomy, undiluted vitreous samples were
collected in sterile tubes, placed immediately on ice, clarified by
centrifugation, and rapidly frozen at �80°C until analysis by SDS-PAGE
and Western blot analysis. The specimens were classified and labeled
in anonymous fashion.

Endoglycosidase Digestions

PEDF A and B (0.01 �g each) were treated with 10 U of peptide-N-
glycosidase F (PNGase F; Prozyme, San Leandro, CA) for 1 hour at
37°C, according to manufacturer’s instructions.

Electrophoresis and Western Blot Analysis

Protein preparations and vitreous samples were resolved by 10% SDS-
PAGE according to Laemmli.47 After electrophoresis, proteins were
visualized by zinc staining (Bio-Rad). The gel was subsequently trans-
ferred to a nitrocellulose membrane (Hybond ECL; Amersham Pharma-
cia Biotech) for Western blot analysis using as primary antibody either
a rabbit anti-PEDF peptide antibody or a mouse monoclonal anti-PEDF
antibody (Chemicon, Temecula, CA). A donkey anti-rabbit IgG anti-
body and a sheep anti-mouse IgG antibody (Amersham Pharmacia
Biotech) were used as the secondary antibody. Immunoreactivity was
detected by chemiluminescence (Amersham Pharmacia Biotech).

Amino Acid Analysis and Edman Degradation

Phenylthiocarbamyl amino acid analysis was performed using an auto-
mated analysis system (model 420H/130/920; Applied Biosystems, Fos-
ter City, CA).48 N-terminal analysis by Edman degradation of PEDF A
(50 pmol) and B (50 pmol) quantified by amino acid analysis was
performed in the Molecular Biotechnology Core Laboratory, Lerner
Research Institute, Cleveland Clinic Foundation and in the Protein
Sequencing Core Facility at Johns Hopkins University, using a protein
sequencer (Procise Model 492; Applied Biosystems).

Mass Spectrometry

Electrospray mass spectrometry (ESMS) and liquid chromatography
ESMS (LC-ESMS) were performed with a triple quadrupole mass spec-
trometer (Sciex API 3000; PE-Applied Biosystems).49,50 Nitrogen was
used as the nebulizer (at 40 psi) and curtain gas and was supplied by
a nitrogen generator (Whatman model 75-72; Parker Hannifin Corp.,
Cleveland, OH). For LC-ESMS of intact proteins, a scan range of mass-
to-charge ratio (m/z) 700 to 1800 was used with 0.2-atomic-mass-unit
(amu) steps, a scan time of 7.5 seconds, and an orifice potential of 80
and 5000-V ion spray. Reverse phase (RP)-HPLC of intact proteins was
performed at a flow rate of 5 �L/min on a 5-�m C18 capillary column
(0.3 � 150 mm, LC Packing; Vydac, Hesperia, CA) using a commercial
HPLC system (model 140D; PE-Applied Biosystems) and aqueous ace-
tonitrile-trifluoroacetic acid solvents with 100% of eluant going to the
mass spectrometer.

For peptide characterization, purified PEDF A and B (10 �g each)
were reduced with dithiothreitol and digested with trypsin (Promega)
in 2 M urea and 100 mM ammonium bicarbonate (0.2 �g trypsin,
overnight at 37°C). Tryptic peptide mapping was performed with a
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matrix-assisted laser desorption-ionization–time-of-flight (MALDI-TOF)
mass spectrometer (Voyager DE Pro; PE-Applied Biosystems) with
�-cyano-4-hydroxycinnamic acid as the matrix, using methods de-
scribed elsewhere.51 Tryptic peptides were also analyzed by LC tan-
dem mass spectrometry (LC-MS/MS) using a mass spectrometer
equipped with a liquid chromatography system (CapLC; Quadrupole-
Time Of Flight [QTof]; Micromass, Manchester, UK). For LC-MS/MS,
peptide digests were trapped and desalted on a precolumn (0.3 � 5
mm, 5 �m C18, LC Packing) with 0.1% formic acid in 2% acetonitrile
as loading solvent then eluted onto a capillary column (0.075 � 50
mm, 5 �m C18, 15 �m tip internal diameter, PicoFrit; New Objective,
Inc., Woburn, MA). The chromatography was performed at 250 nL/min
aqueous acetonitrile-formic acid solvents with 100% of eluant going to
the mass spectrometer. Nanoelectrospray ionization was performed
with a z-spray source and 3 kV applied to the column. Cone voltage
was 35 V and argon was used as collision gas. Data-dependent survey
scans selected the three most intense precursor ions on each MS scan
for MS/MS data acquisition. MS/MS spectra were collected over the
range m/z 50 to 2000.

For glycopeptide characterization, PEDF A and B tryptic digests
were analyzed by LC-ESMS, using selective ion monitoring with the
triple-quadrupole mass spectrometer (Sciex API 3000; PE-Applied Bio-
systems), the RP-HPLC system described earlier for intact protein
analyses, and previously described methods.50 Glycopeptides were
selectively detected based on diagnostic sugar oxonium ions HexNAc
(produced by GalNAc or GlcNAc, m/z 204) and NeuAc (N-acetylneura-
minic acid, m/z 292). Carbohydrate marker ions at m/z 204 and 292
(dwell time, 200 ms each) were monitored in positive ion mode at high
orifice potential (180 V), whereas full scans at m/z 300 to 2300
(0.2-amu steps, scan time 3.5 seconds) were acquired at a lower orifice
potential (70 V). In this way, both intact parent ions and abundant
marker ions were observed in the same m/z scan.

Mouse Model of Oxygen-Induced
Ischemic Retinopathy

Retinal neovascularization was produced in C57BL/6 mice as de-
scribed.52 At postnatal day (P)7, mice and their mothers were placed in
an incubator and exposed to an atmosphere of 75% � 1% oxygen for
5 days, at a temperature of 23 � 2°C. Oxygen was continuously
monitored with an oxygen controller (PROOX model 110; Reming
Bioinstruments Co., Redfield, NY). Mice were returned to room air at
P12.

At P12 and P14, mice received an intravitreal injection of 1 �L PEDF
(2 �g/�L) in one eye and vehicle (50 mM sodium phosphate [pH 6.2],
250 mM sodium chloride) in the contralateral eye. Intravitreal injec-
tions were performed with a pump microinjection apparatus (Harvard
Apparatus, South Natick, MA) and pulled-glass micropipets. Each mi-
cropipet was calibrated to deliver a 1-�L volume on depression of a
foot switch. The mice were anesthetized, and under a dissecting
microscope, the sharpened tip of the micropipet was passed through
the sclera just posterior to the limbus into the vitreous cavity and the
foot switch depressed. At P17, the mice were killed, and eyes were
rapidly removed and frozen in optimum cutting temperature (OCT)
embedding compound (Miles Diagnostics, Elkhart, IN) to measure the
amount of retinal neovascularization in each eye. The study protocol
adhered to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Quantitation of Retinal Neovascularization

Quantitation of retinal neovascularization was performed as previously
described.15 Ten-micrometer frozen sections of eyes from injected
mice were histochemically stained with biotinylated Griffonia sim-
plicifolia lectin B4 (GSA; Vector Laboratories, Burlingame, CA), which
selectively binds to endothelial cells. Slides were incubated in metha-
nol/H2O2 for 10 minutes at 4°C, washed with 0.05 M Tris-buffered
saline, pH 7.6 (TBS), and incubated for 30 minutes in 10% normal
porcine serum. Slides were incubated for 2 hours at room temperature

with biotinylated GSA and after rinsing with 0.05 M TBS, they were
incubated with avidin coupled to alkaline phosphatase (Vector Labo-
ratories) for 45 minutes at room temperature. After being washed for
10 minutes with 0.05 M TBS, slides were incubated with a red stain
(Histomark Red; Kirkegaard and Perry, Gaithersburg, MD) to give a red
reaction product that is distinguishable from melanin.

To perform quantitative assessments, 10-�m serial sections were
cut through half of each eye, and sections roughly 100 �m apart were
stained with GSA, providing 13 sections per eye for analysis. GSA-
stained sections were examined with a microscope (Axioskop; Carl
Zeiss, Thornwood, NY) and images were digitized using a 3 color
charge-coupled device (CCD) video camera and a frame grabber. A
computer and image-analysis software (Image-Pro Plus software; Media
Cybernetics, Silver Spring, MD) was used to delineate GSA-stained cells
on the surface of the retina, and their area was measured. The mean of
the 13 measurements from each eye was used as a single experimental
value. All measurements were performed in a masked fashion.

Blue Dye Staining

Ten-micometer frozen sections were fixed with 4% paraformaldehyde
for 30 minutes and washed with 0.05 M Tris buffered saline (TBS).
Specimens were stained with blue dye (Contrast Blue; Kirkegaard and
Perry) according to the manufacturer’s instructions. Sections were
then dehydrated and mounted in acrylic resin medium (Cytoseal XYL;
Richard-Allan Scientific, Kalamazoo, MI).

Cell Culture

Primary cultures of bovine retinal microvascular endothelial cells
(BRECs) were isolated by homogenization and a series of filtration
steps, as described previously.53 BRECs were subsequently cultured in
endothelial basal medium (Clonetics, San Diego, CA) with 10% plasma-
derived horse serum, 50 mg/L heparin, and 50 �g/mL endothelial cell
growth factor (ECGF, Roche Molecular Biosciences, Indianapolis, IN)
in fibronectin-coated dishes. The cells were cultured in 5% CO2 at
37°C, and media were changed every 3 days. Endothelial cell homo-
geneity was confirmed by immunoreactivity with anti-factor VIII anti-
body. Cells were plated at a density of 2 � 104 cells/cm2 and passaged
when confluent. The media were changed every 3 days, and BRECs
from passages 4 to 10 were used for experiments. Bovine adrenal gland
capillary microvascular endothelial cells (bAGCECs; Clonetics) were
cultured in endothelial basal medium with 5% fetal bovine serum, 10
�g/mL human recombinant epidermal growth factor, 1.0 mg/mL hy-
drocortisone, 50 mg/mL gentamicin, and 3 mg/mL bovine brain ex-
tract. Cells were plated at a density of 1 � 104 cells/cm2 in culture
flasks and cultured in 5% CO2 at 37°C. The media were changed every
2 days; only cells from passages 1 to 3 were used for experiments.

Growth Assay

BRECs were plated sparsely (�5 � 103 cells/well) into 12-well plates
(Costar, Cambridge, MA) overnight in DMEM containing 10% calf
serum (Gibco, Grand Island, NY). The next day, cells were exposed to
PEDF at the concentration indicated with or without VEGF (25 ng/mL).
After incubation at 37°C for 4 days, the cells were lysed in 0.1% SDS,
and DNA content was measured using Hoechst 33258 dye and a
fluorometer (model TKO-100; Hoefer Scientific Instruments, San Fran-
cisco, CA).

Migration Assay

Migration was performed using modified Boyden chambers containing
polycarbonate membrane (Transwell, 8.0 �m pore size; Costar) with a
slight modification from the previously described method.54 BRECs
were seeded at 1 � 104 cells/well (1 � 105 cells/well for bAGCECs) on
plates (Transwell; Costar) coated with collagen (10 �g/mL) overnight
in DMEM containing 2% calf serum. The next day, media (DMEM/2%
calf serum) containing PEDF with or without VEGF (25 ng/mL) were
added to the lower chamber. After incubation at 37°C for 4 hours, the
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upper surface of the filter was scraped with a cotton-tipped stick to
remove nonmigrated cells, and membranes were fixed with 70% eth-
anol. Migrated cells were counted using automated computer software
(Phase 3 imaging system; Media Cybernetics) under an inverted micro-
scope (AX70TRF; Olympus, Tokyo, Japan) using a �40 objective, after
nuclear staining with green nucleic acid stain (Molecular Probes, Lei-
den, The Netherlands).

RESULTS

Structural Characterization of Expressed
PEDF Protein

HEK293 carcinoma cells were stably transfected with a plasmid
containing the open reading frame for human PEDF under the
direction of the CMV promoter. PEDF protein was purified
from this cell line, by using ammonium sulfate fractionation
and cation exchange chromatography. Two chromatography
peaks were obtained, denoted A and B, that contained electro-
phoretically homogeneous components in the 46- to 49-kDa
range (Fig. 1B). The chromatographic elution profile suggested
that the ratio of PEDF A to PEDF B was approximately 1:3 (Fig.
1A). Furthermore, both showed positive reactivity with a rab-
bit anti-PEDF peptide antibody on Western blot analysis (Fig.
1C).

In a separate experiment, the two species of PEDF were
resolved by SDS-PAGE in conjunction with two human vitreous
samples. Western blot analysis, using a mouse monoclonal
antibody to human PEDF (Chemicon), disclosed a single band
in the human vitreous samples that comigrated with PEDF B
(Fig. 1D).

Edman degradation in two independent laboratories with
up to 50 pmol of each protein revealed blocked N-terminal
sequences for both forms. No contaminating sequences were
detected during Edman analysis. Amino acid analysis demon-
strated similar amino acid compositions for each form that
were within the experimental error of the sequence-deter-
mined composition (Table 1). Peptide mapping by MALDI-TOF
MS and LC-MS/MS identified peptides accounting for approxi-

mately 55% of the protein sequence from each form and
support the structural integrity and similarity of the recombi-
nant preparations.

Consistent with the results reported with PEDF expressed
in infant hamster kidney cells,46 both PEDF A and B were found
to be glycosylated, as indicated by an increase in SDS-PAGE
mobility after PNGase F treatment (Fig. 1E). Analyses of the
intact proteins by LC-ESMS revealed the major molecular
weight species for PEDF A (47,705 � 4) and B (46,757 � 5).
For both intact PEDF forms, minor molecular species were also
apparent by LC-ESMS analyses that differed by mass increments

FIGURE 1. SDS-PAGE characteriza-
tion of purified PEDF. PEDF protein
was purified from the HEK293 cell
line stably transfected with a plasmid
encoding human PEDF downstream
of the CMV promoter. (A) Cation ex-
change chromatography yielded two
peaks, denoted PEDF A and B, in a
molar ratio of approximately 1:3. The
diagonal line indicates the NaCl con-
centration (range shown on y-axis) at
which forms A and B eluted. (B) Each
species (0.5–1.0 �g) was run individ-
ually on 10% SDS-PAGE. After electro-
phoresis, proteins were visualized by
zinc staining. Lane 1: PEDF A; lane
2: PEDF B. (C) The gel was subse-
quently transferred to a nylon mem-
brane for Western blot analysis using
a rabbit anti-PEDF peptide antibody.
Lane 1: PEDF A; lane 2: PEDF B. (D)
In a separate experiment, PEDF A
(lane 1) and B (lane 4) were re-
solved by SDS-PAGE along with two
human vitreous samples (lanes 2 and
3), followed by Western blot analy-
sis, with a mouse monoclonal anti-

PEDF antibody. (E) Western blot analysis (with mouse monoclonal anti-PEDF antibody) of PEDF A, with (lane 2) or without (lane 1) PNGase F
treatment and PEDF B, with (lane 4) or without (lane 3) PNGase F treatment. Arrows: molecular weight markers in kilodaltons.

TABLE 1. Amino Acid Analysis of Human PEDF

Amino
Acid Symbol

Sequence
Composition*

PEDF
A

PEDF
B

Asp/Asn D/N 36 38.7 36.5
Glu/Glu E/Q 40 34.8 38.8
Ser S 36 35.1 43.1
Gly G 21 20.8 21.4
His H 7 5.2 6.3
Arg R 18 14.4 16.9
Thr T 28 24.0 28.8
Ala A 23 22.2 23.9
Pro P 29 31.6 32.0
Tyr Y 10 10.4 10.3
Val V 24 25.0 24.0
Met M 6 5.9 4.3
Ile I 21 21.1 19.2
Leu L 51 54.5 52.4
Phe F 18 18.4 18.1
Lys K 27 27.7 27.4
Amount analyzed (�g) 0.6 0.9
Average compositional error (%) 7 7

* Based on PEDF precursor residues 20 to 418.
Compositions were determined by phenylthiocarbamyl amino

acid analysis of the purified proteins.48 Data (in residues per molecule)
are uncorrected for partial destruction, incomplete hydrolysis, or con-
tamination from solvents. Cys and Trp were not determined.
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that approximated the in-chain chemical average mass of oli-
gosaccharide residues (e.g., Hex, 162; HexNAc, 203; and
NeuAc, 291). To compare further the glycosylation associated
with PEDF A and B, tryptic digests of the each protein were
analyzed by LC-ESMS using stepped collision-energy scanning
to produce carbohydrate-specific marker ions. Overall peptide
similarity between the glycoforms is apparent in the total-ion-
current full-scan profiles (Figs. 2A, 2D). Apparent differences in
tryptic glycopeptides between the two PEDF forms were ob-
served for HexNAc- (Figs. 2B, 2E) and NeuAc-containing gly-
copeptides (Figs. 2C, 2F).

PEDF’s Effect on Retinal Neovascularization

The effect of PEDF protein on retinal neovascularization in vivo
was evaluated using a mouse model of ischemic retinopathy.52

In this model, C57BL/6 mice are exposed to 75% oxygen from
P7 to P12, which results in extensive retinal capillary obliter-
ation. On return of these mice to room air on P12, the inner
retina becomes relatively hypoxic, leading to the formation of
retinal neovascularization in 100% of animals by P17.52

Intravitreal injection of 2 �g PEDF protein in one eye and
vehicle in the contralateral eye was performed at P12 and P14.

FIGURE 2. LC-ESMS of tryptic di-
gests of human recombinant PEDF.
Purified PEDF forms A and B were
digested with trypsin and LC-ESMS
performed with a triple-quadrupole
mass spectrometer, using stepped
collision-energy scanning. (A) LC-
ESMS of PEDF A tryptic digest (�40
pmol). Total ion current (TIC) for the
full scan m/z 300 to 2300 is shown.
Selective ion monitoring for carbohy-
drate marker ions (B) m/z 204 and
(C) m/z 292 for (A). (D) LC-ESMS of
PEDF B tryptic digest (�40 pmol).
TIC for the full scan m/z 300 to 2300
is shown. Selective ion monitoring
for carbohydrate marker ions (E) m/z
204 and (F) m/z 292 for (D).
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In eyes injected with vehicle (Figs. 3A, 3E), there was more
extensive retinal neovascularization than in eyes injected with
either PEDF A (Fig. 3B) or B (Fig. 3F). Quantitation of surface
retinal neovascularization is depicted in Figure 4. In 100% of
the mice studied (N � 13), injection of either PEDF A (Fig. 4A)
or B (Fig. 4B) markedly reduced retinal neovascularization,
compared with control injection in the contralateral eye (P �
0.024 and P � 0.0026, respectively, by paired t-test). The
PEDF-induced inhibition of retinal neovascularization in indi-
vidual mice ranged from 59% to 99% with PEDF A and from
41% to 98% with PEDF B. On average, PEDF A reduced retinal
neovascularization by 83% and PEDF B by 55% across all eyes
tested. It should be noted that more neovascularization was
observed overall in the control eyes of the animals injected
with PEDF B, compared with those injected with PEDF A,
consistent with litter-to-litter variability.

Blue Dye Staining of Retinal Sections

To study the possible toxicity of PEDF protein injection, 10-�m
sections adjacent to those sections used to quantitate retinal
neovascularization were stained with blue dye (Contrast Blue;
Kirkegaard and Perry) and analyzed. Sections obtained from

eyes injected with PEDF A or B (Figs. 3D, 3H, respectively) did
not show significant difference from sections obtained from
contralateral eyes injected with vehicle alone (Figs. 3C, 3G).

PEDF’s Effect on VEGF-Induced Retinal
Endothelial Cell Migration

VEGF induces retinal endothelial cell migration, which is
thought to play an important role in the retinal neovascular
response. To determine whether PEDF would affect VEGF-
induced migration of BRECs in culture, cells were treated with
various concentrations of PEDF or control, and migration was
measured after 4 hours. As shown in Figure 5, neither PEDF A
nor B had an effect on basal endothelial cell migration at a
concentration of 2 nM. VEGF (25 ng/mL) increased endothelial
cell migration by 132% � 38.7% (P � 0.007). Addition of 2 nM
PEDF A or B suppressed VEGF-induced migration by 60.9% �
25.1% (P � 0.034) and 48.8% � 18.1% (P � 0.049), respec-
tively. Addition of 20 nmol/L PEDF A or B resulted in only
slightly more suppression of migration, with inhibition of
86.5% � 16.7% (P � 0.004) and 78.1% � 22.3% (P � 0.008),
respectively. VEGF induced migration in the presence of either
2 or 20 nM PEDF was not statistically different from control
cells not exposed to VEGF.

Similar results were observed with VEGF-induced migration
of bAGCECs, in which 25 ng/mL VEGF increased migration
168% � 7% (P � 0.001) after 4 hours. Addition of 0.02 nM
PEDF decreased VEGF-induced migration by 38%, but this was
not statistically significant. In contrast, 2.0 nM PEDF A and B
suppressed VEGF-induced migration by 102% � 4% (P �
0.001) and 72% � 2% (P � 0.002), respectively (data not
shown).

PEDF’s Effect on VEGF-Induced Retinal
Endothelial Cell Proliferation

VEGF is a retinal endothelial cell mitogen. To determine
whether PEDF could suppress VEGF-induced growth, BRECs
were exposed to 25 ng/mL VEGF for 4 days and DNA content
evaluated. We have previously demonstrated that the total
DNA content of a cell population is an accurate measure of cell
number.55 As demonstrated in Figure 6, 25 ng/mL VEGF in-
creased DNA content 176% � 11% (P � 0.001). Addition of 2
nM PEDF had no significant effect on basal cell growth. In
contrast, 2 nM PEDF A and B suppressed VEGF-induced endo-
thelial cell growth by 47.7% (P � 0.001) and 33.2% (P �
0.009), respectively. Addition of 20 nM PEDF had little addi-
tional effect, with inhibition of 48.8% and 41.4%, respectively
(P � 0.001). Even at maximal PEDF-induced inhibition, VEGF-
induced endothelial cell growth was still significantly higher
than in control cells (P � 0.001).

DISCUSSION

The identification of PEDF in the vitreous and the demonstra-
tion of its inhibition of neovascularization in a corneal pocket
assay40,41 suggest a possible role for PEDF in regulating retinal
neovascularization. To test this hypothesis, we used a highly
reproducible mouse model of ischemia-induced retinal neovas-
cularization.52 In this study, intravitreous injection of either of
two purified forms of recombinant PEDF resulted in marked
inhibition of retinal neovascularization in all animals. These
findings are consistent with a recent study that demonstrated
that daily systemic injections of PEDF inhibit retinal neovascu-
larization in mice with ischemic retinopathy.42 In our study,
the intravitreal mode of delivery of PEDF enabled the use of the
contralateral eye as a control for each animal. In this setting,
the consistent suppression of retinal neovascularization by
PEDF across all animals offers independent confirmation of

FIGURE 3. Inhibition of ischemia-induced retinal neovascularization in
vivo by intravitreous administration of PEDF protein. C57BL/6 mice
were exposed to a retinal neovascularization–inducing protocol. Mice
received intravitreal injection of 2 �g PEDF in one eye and vehicle in
the contralateral eye at P12 and P14. At P17, mice were killed and eyes
enucleated for quantitation of retinal neovascularization. Serial frozen
sections were stained with GSA, which selectively stains vascular cells.
Eyes injected with (B) PEDF A or (F) B exhibited markedly reduced
neovascularization on the retinal surface, compared with contralateral
control eyes injected with vehicle (A, E). Adjacent sections were
stained with blue dye. Retinal sections of eyes injected with PEDF A
(D) and B (H) were similar to sections of contralateral eyes injected
with vehicle (C, G).
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PEDF’s inhibitory action on retinal neovascularization. In addi-
tion, the finding that PEDF given intravitreally is effective may
have important clinical implications, because an intravitreal
mode of treatment may help to minimize any possible side
effects associated with systemic PEDF administration.

We have recently demonstrated that adenovirus (Ad)-based
delivery of PEDF has an inhibitory effect in three mouse models
of ocular neovascularization.56 Although Ad-PEDF caused sig-
nificantly more inhibition than empty Ad virus in each of the
models, in the oxygen-induced ischemic retinopathy model the
vector alone also caused substantial inhibition of neovascular-

ization, compared with untreated eyes. This made it difficult to
assess the impact of PEDF alone on retinal neovascularization.
The present study demonstrates that the effect of PEDF alone
(in the absence of additional factors related to viral infection or
perhaps the immune response) is substantial. Injection of PEDF
protein on postnatal days 12 and 14 was sufficient to reduce
retinal neovascularization by 55% to 83%. This provides impor-
tant evidence suggesting a potential role for local PEDF protein
administration in the treatment of ischemic retinopathies (for
instance, through strategies involving intravitreal injection or
local sustained release of PEDF protein).

FIGURE 4. PEDF suppressed isch-
emia-induced retinal neovasculariza-
tion in vivo (quantitative analysis).
Results of injection of (A) PEDF A
and (B) B are shown. Eyes from the
same animal are connected by solid
lines. Arrows: the mean of each
group.

FIGURE 5. PEDF suppressed VEGF-induced retinal endothelial cell mi-
gration. BRECs were exposed to 25 ng/mL VEGF or vehicle and migra-
tion evaluated after 4 hours’ exposure in the presence of PEDF at the
concentrations indicated. Both the A and B species of isolated PEDF
were evaluated. Asterisks: statistical analysis compared with VEGF-
stimulated cells in the absence of PEDF (fourth bar). All data points
were determined in triplicate and the experiment repeated twice, with
similar results.

FIGURE 6. PEDF partially suppressed VEGF-induced retinal endothe-
lial cell growth. BRECs were exposed to 25 ng/mL VEGF or vehicle for
4 days, after which DNA content was measured. Both the A and B
species of isolated PEDF were evaluated. Horizontal dotted line: ex-
tent of basal cell growth. Results are expressed as the mean � SD of
triplicate determinations. Asterisks: statistical analysis compared with
VEGF-stimulated cells in the absence of PEDF (fourth bar). The exper-
iment was repeated twice, with similar results.
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We obtained two forms of PEDF with similar molecular
weight (denoted A and B) from our purification scheme. PEDF
B appeared to comigrate with PEDF from human vitreous
samples, as demonstrated in Figure 1D, suggesting that this
may be the predominant form in the eye. It is noteworthy that
both PEDF forms appeared to be bioactive in vivo and in vitro,
and it is not clear whether there is a significant functional
difference between these two forms. Results from endoglyco-
sidase F digestion and LC-ESMS analysis of the intact proteins
suggests that the differences observed by FPLC and SDS-PAGE
between PEDF forms A and B are associated with glycosylation.
Proof that PEDF A and B exhibit differences in glycopeptides
containing NeuAc and HexNAc was derived from LC-ESMS
analysis of tryptic peptides. The human PEDF precursor se-
quence contains one motif for N-linked glycosylation at Asn285
(Asn-X-Ser/Thr, where X is any amino acid except Pro) and also
contains a total of 66 Thr and Ser residues where O-linked
glycosylation may occur. The change in electrophoretic mobil-
ity of both PEDF A and B after endoglycosidase F digestion
strongly suggests that both glycoforms contain N-linked oligo-
saccharide. The difference in electrophoretic mobility of PEDF
A and B after endoglycosidase F digestion also suggests that the
protein may contain additional O-linked oligosaccharide. Hu-
man recombinant PEDF appears to be processed differently in
HEK293 cells than in infant hamster kidney cells where it
exhibits a free N terminus, does not have the first 20 residues
of the precursor sequence, and migrates as a single molecular
species in SDS-PAGE.46 It is notable that a single molecular
species has also been reported for recombinant PEDF pro-
duced in HEK293 cells when engineered in the pCEP4 vector
and expressed with a C-terminal histidine tag.42 It is not clear
why multiple forms of PEDF had not been observed previously
in HEK293 cells. Proof of N-linked or O-linked glycosylation in
native human PEDF and characterization of the N terminus of
the recombinant protein expressed in HEK293 cells awaits
further protein chemical analyses.

The mechanism of PEDF inhibition of retinal neovascular-
ization in vivo is unknown. The role, if any, that PEDF glyco-
sylation plays in the mechanism of inhibition remains to be
determined. As mentioned earlier, VEGF has been demon-
strated to play a major role in stimulating retinal neovascular-
ization. We studied the effect of PEDF on VEGF-induced ac-
tions in microvascular endothelial cells that contribute to
neovascularization, mitogenesis, and migration. VEGF has pre-
viously been shown to be mitogenic and motogeneic for en-
dothelial cells2,3—in particular, for retinal endothelial cells.6,57

Our in vitro data demonstrated an inhibitory effect of PEDF on
VEGF-induced adrenal capillary endothelial cell migration, con-
sistent with previous observations.40 In addition, PEDF
strongly inhibited VEGF-induced migration and proliferation of
retinal endothelial cells. These results suggest that PEDF may
regulate retinal neovascularization, at least in part, by suppress-
ing the growth- and migration-promoting activities of VEGF.
Better understanding of the biology and mechanism of action
of PEDF may someday lead to the development of novel and
more effective therapeutic approaches for the treatment of
pathologic neovascular conditions.
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