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Photoreceptor apoptosis is a critical process of retinal
degeneration in retinitis pigmentosa (RP), a group of
retinal degenerative diseases that result from rod and
cone photoreceptor cell death and represent a major
cause of adult blindness. We previously demonstrated
the efficient prevention of photoreceptor apoptosis
by intraocular gene transfer of pigment epithelium-
derived factor (PEDF) in animal models of RP; how-
ever, the underlying mechanism of the neuroprotec-
tive activity of PEDF remains elusive. In this study, we
show that an apoptosis-inducing factor (AIF)-related
pathway is an essential target of PEDF-mediated neu-
roprotection. PEDF rescued serum starvation-induced
apoptosis, which is mediated by AIF but not by
caspases, of R28 cells derived from the rat retina by
preventing translocation of AIF into the nucleus. Nu-
clear translocation of AIF was also observed in the
apoptotic photoreceptors of Royal College of Sur-
geons rats, a well-known animal model of RP that
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carries a mutation of the Mertk gene. Lentivirus-me-
diated retinal gene transfer of PEDF prevented the
nuclear translocation of AIF in vivo, resulting in the
inhibition of the apoptotic loss of their photorecep-
tors in association with up-regulated Bcl-2 expres-
sion, which mediates the mitochondrial release of
ATF. These findings clearly demonstrate that AIF is an
essential executioner of photoreceptor apoptosis in
inherited retinal degeneration and provide a thera-
peutic rationale for PEDF-mediated neuroprotective
gene therapy for individuals with RP. (4m J Pathol
2008, 173:1326-1338; DOI: 10.2353/ajpath.2008.080466)

Retinitis pigmentosa (RP) is a group of retinal degenera-
tive diseases resulting from rod and cone photoreceptor
cell death, and a major cause of blindness in adults. RP is
caused by mutation in various genes expressed in photo-
receptors, the retinal pigment epithelium (RPE) and chorio-
capillaris of the eye'?; on the other hand, photoreceptors
undergo a common mode of cell death, apoptosis.>* De-
spite extensive efforts to better understand and treat RP, the
mechanisms underlying the photoreceptor apoptosis are
still unclear and these diseases remain intractable.
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Pigment epithelium-derived factor (PEDF) is a 50-kDa
secreted glycoprotein that was isolated from the condi-
tioned medium of human RPE,®>® and shows both neuro-
protective and anti-angiogenic properties.”® Vitreous
samples from patients with RP contain significantly lower
levels of PEDF than those from patients with other retinal
conditions.® We previously demonstrated that a lentiviral
vector based on the simian immunodeficiency virus from
African green monkeys (SIVagm) showed sustained
transgene expression in RPE of the rat retina,'® and SIV-
mediated retinal gene transfer of PEDF efficiently pre-
vented photoreceptor apoptosis in Royal College of
Surgeons (RCS) rats, an animal model of retinal degen-
eration caused by a Mertk mutation.”" In addition, these
protective effects of PEDF have also been observed in
rds mice (M. Miyazaki et al, unpublished observations)
and rd1 mice,"? in which the deficits of photoreceptors
are caused by different mutations, suggesting the possi-
bility that PEDF might suppress a common pathway lead-
ing to the photoreceptor apoptosis. Several studies have
demonstrated the direct protective effects on neuronal
cells in culture,™ but the precise mechanism by which
PEDF acts on photoreceptors remains unknown.

The caspase family has emerged as a central regulator
of apoptosis, especially in the developmental stages.
However, recent evidence indicates that apoptosis can
be induced by a caspase-independent pathway in sev-
eral pathological states.' Apoptosis-inducing factor
(AIF), a flavoprotein in the mitochondrial intermembrane
space, has been identified as a caspase-independent
apoptotic inducer,'®'® and plays a prosurvival role
through its redox activity under normal conditions.'”'8
AlF translocates to the nucleus during the apoptotic pro-
cess, and causes peripheral chromatin condensation
and large-scale fragmentation of DNA."®?° The translo-
cation of AIF has been implicated in several types of
neuronal demise, including photoreceptor apoptosis,
and has been shown to contribute significantly to the
apoptotic process.?'2®

In the present study, we investigated the signaling path-
ways related to photoreceptor apoptosis that could be tar-
gets of the neuroprotective activity of PEDF in vitro and in
vivo. We found that the nuclear translocation of AlF occurs in
apoptotic photoreceptors in RCS rats, and that PEDF tar-
gets this process, resulting in the prevention of the
apoptosis.

Materials and Methods
Reagents and SIV Vectors

The recombinant human (rhPEDF) was prepared as pre-
viously described.?* His-tagged rhPEDF cloned into
pCEP4 vector was isolated from medium conditioned by
HEK293 cells. Polyclonal anti-hPEDF antibody was pur-
chased from R&D Systems (Minneapolis, MN). The broad
range caspase inhibitor Z-VAD-fmk was obtained from
Peptide Institute (Osaka, Japan). Staurosporine was from
Alomone Labs (Jerusalem, Israel). To produce third-gen-
eration recombinant SlVagm-based lentiviral vectors,
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HEK293T cells were transfected with the packaging vec-
tor, the gene transfer vectors encoding hPEDF (SIV-hPEDF)
driven by the cytomegalovirus promoter, the Rev expres-
sion vector, and the envelope vector, pVSV-G (Clontech
Laboratories, Inc., Mountain View, CA). The SIV vector lack-
ing a transgene cassette (SIV-Empty) was used as the
control vector. A U3 region in the 3" and 5’ long terminal
repeat of the SIVagm was deleted to induce self-inactiva-
tion. The virus titer was determined by a transduction of the
HEK293T cells as expressed in transducing Us/ml, and
these viruses were kept at —80°C until just before use.

Cell Culture and Viability Assay

R28 cells, an immortalized retinal precursor cell line de-
rived from the rat retina at postnatal day 6, were the kind
gift of Gail M. Seigel (The State University of New York,
Buffalo, NY). R28 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium-high glucose with 10% fetal bovine
serum, 1X minimum essential medium, 1 X 10 mmol/L
nonessential amino acids, 0.37% sodium bicarbonate,
and 10 mg/ml gentamicin (Invitrogen, Carlsbad, CA). To
induce cell death by serum starvation, R28 cells at 50%
confluence were washed with phosphate-buffered saline
(PBS) twice, and the culture medium was replaced with
100 ul of serum-free medium. After 6 hours for synchro-
nization, rhPEDF or PBS was added to each well at the
indicated concentration. After incubation for 48 hours, the
cell viability was assessed by a Cell Counting Kit-8 (Dojindo
Laboratories, Kumamoto, Japan). This assay is based on
the cleavage of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monoso-
dium salt (WST-8) to formazan dye by the mitochondrial
dehydrogenase enzyme. After incubation with WST-8 for
2 hours at 37°C, the absorbance was measured at 450
nm using a microplate leader. The absorbance was di-
rectly proportional to the number of living cells (data not
shown).

Animals

Adult RCS rats and age-matched Wistar rats were main-
tained humanely with proper institutional approval, and in
accordance with the statement of the Association for
Research in Vision and Ophthalmology. All animal exper-
iments were performed under approved protocols and in
accordance with the recommendations for the proper
care and use of laboratory animals by the Committee for
Animals, Recombinant DNA, and Infectious Pathogens
Experiments at Kyushu University and according to The
Law (no.105) and Notification (no.6) of the Japanese
Government.

Gene Transfer Procedures

The subretinal injection of each solution was performed
as previously described.'"?® Briefly, 3-week-old RCS
rats were anesthetized by inhalation ether. A 30-gauge
needle was inserted into the subretinal space of the
peripheral retina in the nasal hemisphere via an external
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transscleral transchoroidal approach. The vector solution
(SIV-hPEDF or SIV-Empty; 2.5 X 107 transducing U/ml X
10 ul) was injected, and excess solution from the injec-
tion site was washed out using PBS. Approximately 3 pul
of solution remained in the subretinal space (data not
shown). The appearance of a dome-shaped retinal de-
tachment confirmed the subretinal delivery. Eyes that
sustained prominent surgical trauma, such as retinal or
subretinal hemorrhage or bacterial infection, were ex-
cluded from this examination.

Histological Examination

At 2 weeks after gene transfer, the eyes of animals were
enucleated and frozen in liquid nitrogen, and 5-um-thick
cryosections were prepared along the horizontal merid-
ian. The sections were stained with hematoxylin and eo-
sin, and the number of photoreceptors was counted per
100 um at 10 points as previously described (A1 to A5:
from the ora serrata to the optic nerve of the nasal hemi-
sphere; A6 to A10: from the optic nerve to the ora serrata
of the temporal hemisphere)."

Immunocytochemistry

R28 cells were fixed in 4% paraformaldehyde for 15
minutes, and then rinsed with PBS at room temperature.
The cells were blocked with 3% nonfat dried milk and
labeled with rabbit anti-AlF antibody (1:100; Cell Signal-
ing Technology, Danvers, MA) at 4°C for 24 hours. After
biotinylated goat anti-rabbit 1IgG (H+L) (1:200; Vector
Laboratories, Burlingame, CA) was used as a secondary
antibody, the cells were incubated with r-phycoerythrin
(PE)-conjugated or fluorescein isothiocyanate-conjugated
streptavidin (1:100; BD Biosciences, San Diego, CA). After
labeling, propidium iodide or 4,6-diamidino-2-phenylindole
(DAPI) was used to counterstain the nuclei. Immunofluores-
cence images were acquired using an Olympus BX51 mi-
croscope with a fluorescent attachment (Tokyo, Japan). For
negative controls, the primary antibody was omitted.

Immunohistochemistry

Rats were sacrificed under deep anesthesia. The eyes
were removed and frozen in OCT compound (Sakura
Finetechnical Co., Tokyo, Japan). Five-um-thick sections
were cut, air-dried, and fixed in cold acetone for 10
minutes. For a primary antibody, rabbit anti-AlF antibody
(1:100; Cell Signaling Technology) was used. The spec-
imens were imaged with a laser-scanning confocal mi-
croscope (LSM-GB200, Olympus).

Terminal dUTP Nick-End Labeling (TUNEL)
Staining

The TUNEL procedure and quantification of TUNEL-positive
cells were performed using an ApopTag fluorescein direct
in situ apoptosis detection kit (Chemicon International, Te-
mecula, CA) for R28 cultures or an Apoptosis Detection

TACS TdT Kit (R&D Systems) for retinal sections according
to the instructions of the manufacturer. The number of
TUNEL-positive cells was counted in a masked manner.

Flow Cytometry Analysis

The population of early apoptotic cells was analyzed
using an Annexin V-PE Apoptosis Detection Kit | (BD
Biosciences). After serum starvation, R28 cells were har-
vested, washed twice with ice-cold PBS, and resus-
pended in 100 wul of calcium-binding buffer (10 mmol/L
Hepes/NaOH, pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L
CaCl,). The cells were double-labeled with Annexin V-PE
(1:20) for the assessment of phosphatidylserine exposure
and 7-amino-actinomycin D (7-AAD) (1:20) for cell viabil-
ity analysis. After 15 minutes of incubation in the dark, the
cells were diluted with 400 ul of binding buffer. Samples
were analyzed in a FACScan flow cytometer (Becton
Dickinson, San Jose, CA) using the program CellQuest
(Becton Dickinson) for subsequent data treatment. A total
of 5000 events per sample were acquired, and Annexin
V-PE-positive and 7-AAD-negative events were defined
as early apoptotic cells.

Western Blotting

Eighty ng of protein was separated on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and trans-
ferred to the membrane. After blocking with 3% nonfat
dried milk, the membrane was reacted with anti-AlF
antibody (Calbiochem, San Diego, CA), anti-cleaved
caspase-3, anti-Bcl-2, or anti-Bax antibody (Cell Signal-
ing Technology). The immunoreactivity was visualized
using the ECL Plus detection reagents (Amersham Bio-
sciences, Buckinghamshire, UK).

Enzyme-Linked Immunosorbent Assay (ELISA)

The protein contents in rat eyes were determined using
an ELISA kit for human PEDF (not available for rat PEDF;
Chemicon International). For ocular tissue preparation,
conjunctival and muscular tissues were removed from
enucleated eyes. The eyes were washed with PBS,
minced with scissors in 500 ul of 1X lysis buffer with a
protease inhibitor cocktail, and centrifuged at 15,000 rpm
for 5 minutes at 4°C. The supernatants were subjected to
ELISA according to the manufacturer’s instructions.

RNAI

AIF siRNA was synthesized with the sequence 5'-
GCAACCUAGUAUACUUCUUTT-3'. The scrambled coun-
terpart, control siRNA, had the sequence 5'-GCAUC-
GAAUAUUCUAC-CUUTT-3". The sequence of Bcl-2 siRNA
was 5'-AUGGAUGUACUUCAUCACGAUCUCC-3’, and
the negative control kit Medium GC was used as a control
(Invitrogen). Transfection of 40 nmol/L siRNA was per-
formed using Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions.



RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (PCR)

The procedures for RNA extraction were described pre-
viously.?® The total RNA was extracted from the R28 cells
or the neural retina by Isogen (Nippon Gene Co., Osaka,
Japan) followed by treatment with RNase-free DNase |.
The RNA was then reverse-transcribed and amplified
with the TagMan EZ RT-PCR kit and a sequence de-
tection system, model 7000 (Applied Biosystems, Fos-
ter City, CA). The PCR primers used in this study were
as follows: rat Bcl-2 forward, 5'-CTGGGATGCCTTTGT-
GGAA-3’; rat Bcl-2 reverse, 5'-CAGAGACAGCCAG-
GAGAAATCA-3’; rat Bcl-2 hybridization probe, 5’-
FAM-ATGGCCCCAGCATGCGACCTC-TAMRA-3'; rat
Bax forward, 5'-CGTGGTTGCCCTCT TCTACTTT-3’,
rat Bax reverse, 5-TGATCAGCTCGGGCACTTTA-3;
rat Bax hybridization probe, 5'-FAM-CTAGCAAACTG-
GTGCTCAAGGCCCTG-TAMRA-3’; rat B-actin forward,
5'-CCCTGGCTCCTAGCACCAT-3'; rat B-actin reverse,
5’-CCTGCTTGC-TGATCCACATCT-3’; and rat p-actin
hybridization probe, 5'-FAM-CCTGGCCTCACTGTC-
CACCTTCCA-TAMRA-3'. The expression level of the tar-
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get gene was normalized by the B-actin level in each
sample.

MitoTracker Staining

R28 cells were incubated with a 50 nmol/L solution of
MitoTracker Orange CMTMRos (Invitrogen), a derivative
of tetramethylrosamine, for 15 minutes at 37°C. The Mi-
toTracker probe passively diffuses across the plasma
membrane and accumulates in active mitochondria,
driven by the mitochondrial inner transmembrane poten-
tial.?7+28 After incubation, the cells were fixed in 4% para-
formaldehyde for 15 minutes, labeled with DAPI, and
observed under a fluorescence microscope.

Statistical Analyses

All values were expressed as the mean = SD. The data
were analyzed by the two-tailed unpaired Student’s t-test.
Numbers per group were as indicated. A P value less
than 0.05 was considered statistically significant.
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Figure 1. PEDF rescues apoptosis induced by serum starvation in R28 cells. A: The effect of PEDF on cell viability. R28 cells were serum-deprived and treated
with PBS or rthPEDF at the indicated doses. After 48 hours of culturing, the cell viability was assessed by WST-8 colorimetric assay (1 = 4 each). The effect of
PEDF was reversed by anti-PEDF antibody but not by nonimmune control antibody. *P < 0.05 and **P < 0.01 versus PBS-treated samples. B and C: TUNEL staining
(B) and quantitative analysis of the TUNEL-positive apoptotic nuclei (C) in serum-starved R28 cells treated with PBS (white bar) or thPEDF (black bar) (n = 5
each). The cells growing in serum-containing medium were used as controls (gray bar). **P < 0.01. D: Flow cytometry analysis of the apoptotic population after
48 hours of serum starvation. Cells were stained with Annexin V and 7-AAD. The percentages of Annexin V-positive and 7-AAD-negative early apoptotic cells were
28.3 = 0.15% in PBS-treated cells and 17.7 = 0.34% in rhPEDF-treated cells (12 = 4 each). Scale bar = 50 pum.
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Results

Effects of PEDF on Serum Starvation-Induced
Apoptosis in R28 Cultures

The R28 cell line was derived from the rat retina on
postnatal day 6 and has been shown to express neuronal
genes.?® To investigate whether PEDF can act as a sur-
vival factor for R28, we first cultured R28 cells under a
serum-starved condition with or without rhPEDF, and as-
sessed the cell viability by WST-8 colorimetric assay after
48 hours of culturing. Treatment with rhPEDF dose de-
pendently rescued serum starvation-induced cell death
and 41.1% of the reduction of cell viability was rescued
by 2500 ng/ml rhPEDF (P < 0.01 versus PBS-treated R28
cells; Figure 1A). The effect of rhPEDF was completely
reversed by treatment with polyclonal anti-hPEDF anti-
bodies (25 ug/ml) (Figure 1A). The vitreous of the human
eye contains 0.5 to 5 ug/ml of hPEDF protein,°2" and
thus the concentrations of rhPEDF used in this experi-
ment were in a physiological range. TUNEL staining re-
vealed that ~10% of cells were TUNEL-positive apoptotic
cells after 48 hours of serum starvation (12.2 = 1.13%);
by contrast, treatment with rhPEDF significantly reduced
the frequency of TUNEL-positive cells (5.1 = 0.26%, P =
0.0002; Figure 1, B and C). Less than 2% of cells were
TUNEL-positive under control conditions. The apoptotic
population was also assessed by fluorescence-activated
cell sorter analysis of Annexin V/7-AAD staining. The
percentages of early apoptotic cells that were defined as
Annexin V-PE-positive and 7-AAD-negative were signifi-
cantly lower in rhPEDF-treated cells (17.7 = 0.34%) than
PBS-treated cells (28.3 = 0.15%, P < 0.0001; Figure 1D).
Together, these results indicate that PEDF inhibits the
apoptosis induced by serum starvation in R28 cells. RT-
PCR analysis revealed that R28 cells strongly expressed
the PEDF receptor, which was identified in a recent study
(data not shown).32

A Minor Role of Caspases in Serum
Starvation-Induced Apoptosis in R28 Cells

To elucidate the molecular events during serum starva-
tion-induced apoptosis, we next examined the involve-
ment of caspases. First, we performed Western blot anal-
ysis of caspase-3, a key effector of caspase-dependent
apoptosis. As shown in Figure 2A, a 17-kDa active form of
caspase-3 was detected at 48 hours after serum starva-
tion. To elucidate the exact contribution of caspases, we
next cultured R28 cells under a serum-starved condition,
in the presence or absence of Z-VAD-fmk, a broad range
caspase inhibitor. Treatment with Z-VAD-fmk (10 wmol/L)
completely abrogated the cleavage of caspase-3 in-
duced by serum starvation (Figure 2A), but this treatment
showed no beneficial effect on the cell viability (Figure
2B). The doses higher than 10 umol/L were cytotoxic,
reducing the levels of cell viability (data not shown).
These results suggest that caspases are not the major
executioners of serum starvation-induced apoptosis. By
contrast, the cell death induced by staurosporine, a po-
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Figure 2. The role of caspases in serum starvation-induced apoptosis. A:
Analysis of activation of caspase-3 after serum starvation. Total proteins were
purified from R28 cells that were serum-deprived for the indicated period of
time with or without Z-VAD-fmk (10 umol/L), and subjected to Western
blotting with an antibody against cleaved caspase-3 (top). Lane-loading
differences were normalized by the level of B-actin (bottom). The panels
show the representative results from three independent experiments. B: The
inhibition of caspases did not rescue serum starvation-induced cell death.
R28 cells were cultured under a serum-starved condition for 48 hours in the
presence or absence of Z-VAD-fmk (10 umol/L) before assessing the cell
viability (77 = 4 each). C: Staurosporine-induced cell death was rescued by
Z-VAD-fmk, but not by PEDF. R28 cells were cultured with 100 nmol/L
staurosporine for 24 hours in the presence of PBS, Z-VAD-fmk (10 wmol/L),
or thPEDF (2500 ng/ml), and the cell viability was assessed (7 = 4 each).
*#P < 0.01. D: The effect of PEDF on caspase-3 activation induced by
staurosporine. Total proteins were purified from R28 cells that were treated
with staurosporine for the indicated period of time with or without thPEDF
(2500 ng/ml). Western blotting showed that the expression level of cleaved
caspase-3 was unchanged by rhPEDF.

tent activator of caspases, was significantly rescued by
treatment with Z-VAD-fmk (10 umol/L) (Figure 2C). Inter-
estingly, rhPEDF had no significant effect on either the
cell viability or the cleavage of caspase-3 after staurospor-
ine treatment (Figure 2, C and D), suggesting that PEDF
might be involved in a caspase-independent pathway.

Role of AIF in Serum Starvation-Induced
Apoptosis and Effects of PEDF on AlF
Relocalization

AIF is a mitochondrial flavoprotein that is released in
response to death stimuli and induces apoptosis inde-
pendently of caspases after nuclear translocation.?° To
examine whether serum starvation-induced apoptosis in-
volved AlF, we next analyzed the changes in subcellular
localization of AIF by immunocytochemistry. In control
R28 cells, AIF was excluded from the nucleus and dis-
played a punctate staining pattern in the cytoplasm. By
contrast, after 48 hours of serum starvation, 17.5 = 4.6%
of the cells showed diffuse staining and nuclear translo-
cation of AlF (Figure 3, A and B). No positive staining was
found by nonimmune IgG (data not shown). Double-la-
beling with TUNEL showed that ~75% of AlF-positive
nuclei were also TUNEL-positive (Figure 3, C and D).
Furthermore, treatment with rhPEDF dramatically pre-
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Figure 3. AIF nuclear translocation during serum starvation-induced apoptosis and effect of PEDF on the AIF release. A: Immunocytochemistry of AIF after serum
starvation. After 48 hours of culturing in serum-starved medium with or without rhPEDF (2500 ng/ml), the R28 cells were stained with an anti-AIF antibody. The
cells growing in serum-containing medium were used as controls. The nuclei were counterstained with propidium iodide. Arrows indicate the translocation of
AIF into the nucleus. B: Quantification of cells showing nuclear translocation of AIF in control (gray bar) or serum-starved R28 cells treated with PBS (white bar)
or thPEDF (black bar) (72 = 5 each). **P < 0.01. C and D: Double-staining for ATF and TUNEL (C) and the quantification of AIF/TUNEL double-positive apoptotic
nuclei (D) after serum starvation (7 = 5 each). The nuclei were counterstained with DAPI. Arrows indicate the co-localization of AIF and TUNEL. **P < 0.01.

Scale bars = 10 wm.

vented the nuclear translocation of AlF after serum star-
vation (5.6 = 0.74%, P = 0.0066 versus PBS-treated
samples; Figure 3, A and B) and reduced the number of
AIF/TUNEL double-positive cells (P < 0.0001 versus
PBS-treated samples; Figure 3, C and D).

To further address the role of AIF in serum starvation-
induced apoptosis, we used RNAIi to knockdown AlF in
R28 cells. siRNA for AIF, but not randomized control
siRNA, showed efficient down-regulation of AIF (Figure
4A). When AIF was down-regulated, 33.1% of the reduc-
tion of cell viability after 48 hours of serum starvation was
rescued (P = 0.0002 versus R28 cells treated with ran-
domized control siRNA; Figure 4B). TUNEL-positive ap-
optotic cells were also significantly reduced in cells
treated with siRNA for AIF (6.6 = 1.30%) compared to
cells treated with randomized control siRNA (13.6 =+
0.76%, P = 0.0031; Figure 4, C and D). In addition,
treatment with rhPEDF showed no significant effect on
the frequency of TUNEL-positive cells in samples with

AIF down-regulation (56.39 = 1.11%, P = 0.53; Figure 4,
C and D). Together, these results indicate that AlF is an
important executioner of serum starvation-induced ap-
optosis, and that PEDF inhibits the apoptosis by pre-
venting the AIF nuclear translocation.

PEDF Prevents AIF Translocation and
Photoreceptor Apoptosis in RCS Rats

To further examine the role of PEDF in vivo, we next
assessed the effect of exogenously overexpressed PEDF
on the degeneration of photoreceptors in RCS rats. P21
RCS rats received subretinal injection of SIV-hPEDF or
SIV-Empty in the nasal peripheral retinas. First, we con-
firmed the efficient gene transfer and expression of
hPEDF after subretinal injection of SIV-hPEDF by ELISA
(Figure 5A). The gene transfer of hPEDF was observed in
the RPE in the vector-injected area as previously de-
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scribed (data not shown)." At 2 weeks after the gene
transfer, the number of photoreceptors was counted per
100 um at 10 points along the horizontal meridian of the
eyes. As shown in Figure 5, B and C, the retinas treated
with SIV-hPEDF demonstrated significant rescue of pho-
toreceptors in the nasal hemisphere, compared to retinas
that were untreated or treated with SIV-Empty (P < 0.05).
The region nearest the vector-injected site (A1 to A3)
showed the greatest prevention of photoreceptor cell
death, and thus we assessed the retinas in areas A1 to
A3 in the following experiments. The percentage of
TUNEL-positive photoreceptor nuclei in the outer nuclear
layer was ~3.5% in the untreated or SIV-Empty-treated
retinas, whereas it was significantly decreased in the
SIV-hPEDF-treated retinas (0.8 = 0.07%, P < 0.01; Figure
5, D and E). Throughout the study period, neither severe
inflammation nor morphological change of RPE was seen
in any of the retinas. Next, we conducted double-staining
of AIF and TUNEL in these retinas. Immunohistochemistry
of control normal retinas showed a positive staining for
AlF in the inner segment (IS) of photoreceptors, which
were a mitochondrion-rich portion of cells. In RCS rats
that were untreated or treated with SIV-Empty, the AIF
distribution in the IS was disrupted and AlF translocation
was observed in most of the TUNEL-positive nuclei (per-
centage of AIF/TUNEL double-positive nuclei: 3.4 =
0.38% and 3.2 = 0.56%, respectively). By contrast, treat-
ment with SIV-hPEDF relatively preserved the distribution
and significantly reduced the AIF translocation into the
nuclei (0.6 = 0.05%, P < 0.01; Figure 6). At 4 weeks after
the gene transfer, the SIV-hPEDF-treated retinas also
showed the reduction of AIF nuclear translocation and
had more than twice the number of photoreceptor nuclei

culturing in serum-free medium for 48 hours
(n = 4 each). *P < 0.01. C and D: TUNEL
staining (C) and quantitative analysis of the
TUNEL-positive cells (D) in serum-starved R28
cells treated with randomized control siRNA
(white bar) or siRNA targeting AIF (black bar)
and the effect of rhPEDF (2500 ng/ml on
these cells (7 = 5 each). *P < 0.01. Scale
bar = 50 wm.

compared to untreated or SIV-Empty-treated retinas.
However, the number of photoreceptors was reduced by
half in comparison with that at 2 weeks after vector injec-
tion, indicating that the retinal degeneration was de-
layed but not completely prevented by the gene trans-
fer of hPEDF (see Supplementary Figure S1 at http.//
ajp.amjpathol.org). These findings were consistent with
the in vitro data, and indicate that PEDF prevents the
translocation of AIF, resulting in a substantial protection
of photoreceptors during retinal degeneration.

PEDF Prevents AIF Translocation through Bcl-2
Up-Regulation

During apoptosis, AlF is released after the loss of mito-
chondrial membrane potential,®® and this release is in-
hibited by overexpression of Bcl-2, which preserves the
mitochondrial integrity.'>** Based on the findings that
PEDF prevents AlF translocation both in vitro and in vivo,
we finally asked whether PEDF affects the mitochondrial
function and the expression of pro- and anti-apoptotic
Bcl-2 family members. To examine the changes in mito-
chondrial membrane potential during serum starvation-
induced apoptosis, R28 cells were co-cultured with a
mitochondrial potential-sensitive dye, MitoTracker CMTMRos.
In control R28 cells, the mitochondria exhibited a punc-
tate staining pattern with MitoTracker CMTMRos. After 48
hours of serum starvation, 16.7 = 2.60% of the cells
showed the loss of MitoTracker staining, indicating the
mitochondrial depolarization. This effect was signifi-
cantly reversed by rhPEDF treatment (4.9 = 1.29%, P =
0.0068; Figure 7A). Next, we assessed the transcriptional
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Figure 5. SIV vector-mediated retinal gene transfer of PEDF prevents photoreceptor apoptosis in RCS rats. A: ELISA to detect hPEDF protein at 2 weeks after
subretinal injection of SIV-hPEDF into the nasal peripheral retinas of RCS rats (12 = 3 to 5). B: Histological findings of the nasal retina of untreated RCS rats, and
RCS rats treated with SIV-Empty or SIV-hPEDF at 2 weeks after injection. The retinas of Wistar rats were used as a control. INL, inner nuclear layer; ONL, outer
nuclear layer. RPE indicates retinal pigment epithelium, which tie at the outer layer of retina. C: Quantitative analysis of photoreceptor nuclei in RCS rats. The
number of photoreceptors per 100 wm was counted at 10 points along the horizontal meridian of the eye (A1 to A10) (7 = 4 to 6). The region Al to A5 corresponds
to the nasal hemisphere of the eye. *P < 0.05 and **P < 0.01. D and E: TUNEL staining (D) and quantitative analysis of the TUNEL-positive photoreceptor nuclei
(B) in RCS rats at 2 weeks after vector injection (72 = 4 to 0). *P < 0.05 and **P < 0.01. Scale bars = 50 um. The arrows indicate the TUNEL-positive photoreceptor nuclei.

changes in Bax and Bcl-2 expression by quantitative
real-time PCR. In R28 cells, treatment with rhPEDF re-
sulted in a 1.7-fold increase of Bcl-2 expression at 6
hours after stimulation (P = 0.0206 versus PBS-treated
samples; Figure 7B). The level of Bax expression was

almost unchanged. In RCS rats, Bcl-2 expression in-
creased twofold in the neural retina treated with SIV-
hPEDF, compared to that in untreated or SIV-Empty-
treated rats (P < 0.03; Figure 7C). Western blot analysis
confirmed that the protein expression of Bcl-2 was up-
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of AIF in the IS of photoreceptors and the arrows indicate the co-localization
of AIF and TUNEL. Scale bar = 10 pum.
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regulated in R28 cells and the eyes of RCS rats by
treatment with PEDF (Figure 7, D and E). To further ex-
amine the role of Bcl-2 in the PEDF-mediated inhibition of
AIF release, we performed knockdown experiments in
R28 cells. siRNA for Bcl-2, but not control siRNA, showed
efficient down-regulation of Bcl-2 (Figure 7F), and atten-
uated the effect of PEDF on AIF nuclear translocation
after serum starvation (Figure 7, G and H). Together,
these data indicate that PEDF prevents the loss of mito-
chondrial membrane potential and inhibits AlF nuclear
translocation by inducing Bcl-2 expression.

Discussion

Molecular genetic analyses of inherited retinal degener-
ation have identified 40 different genetic mutations ac-
counting for only a minority of RP patients [Retinal Infor-
mation Network (RetNet) at http.//www.sph.uth.tmc.edu/
Retnet/]. Despite advances in our understanding of the
genetic heterogeneity of RP, the mechanism by which
photoreceptors execute apoptosis is primarily unknown
and is a matter of continuing debate. In the present study,
we investigated the signaling pathways that are directly
related to the neuroprotective activity of PEDF in retinal
degeneration. The key observations made in this study
are as follows: i) PEDF efficiently rescued apoptosis in-
duced by serum starvation but not by staurosporine in

R28 cells derived from rat retina; ii) AIF but not caspases
was a key effector of the serum starvation-induced apo-
ptosis, and PEDF prevented AIF from translocating into
the nucleus after serum starvation; iii) Nuclear transloca-
tion of AIF was also observed in apoptotic photorecep-
tors of RCS rats, and was significantly inhibited by retinal
gene transfer of PEDF in vivo, resulting in a substantial
delay in retinal degeneration; and iv) PEDF prevented the
AlF release through up-regulation of Bcl-2. These find-
ings clearly demonstrated that the AlF-mediated pathway
is an essential target of PEDF during the photoreceptor
apoptosis in retinal degeneration.

There has been an increasing body of evidence sug-
gesting that caspases are not essential for photoreceptor
apoptosis in animal models of retinal degeneration. In the
mature brain and retina, it has been demonstrated that
caspase-dependent apoptosis is down-regulated be-
cause of a differentiation-associated reduction in apo-
ptosis proteases-activating factor-1 expression and in-
creased efficacy of inhibitors of apoptosis proteins.25-37
Segura and colleagues®® recently reported that the long
form of the Fas apoptotic inhibitory molecule is predom-
inantly expressed in neurons and prevents the activation
of caspase-8 induced by Fas. During photoreceptor ap-
optosis in rd1 mice or light-induced retinal injury,
caspases were not activated and the apoptosis was not
prevented by a broad-range caspase inhibitor or gene
ablation of caspase-3.26%°~*1" We also observed that
treatment with Z-VAD-fmk showed no significant protec-
tive effect on retinal degeneration in RCS rats (see Sup-
plementary Figure S2 at http://ajp.amjpathol.org). These
findings strongly suggest the presence of a caspase-
independent mechanism in retinal degeneration; how-
ever, it has remained unclear which pathways are actu-
ally involved in the apoptotic process. In the present
study, we demonstrated for the first time that nuclear
translocation of AIF was observed in apoptotic photore-
ceptors of RCS rats, which carry a mutation of the recep-
tor tyrosine kinase Mertk (Figure 6). Recently, Sanges
and colleagues®” reported that AIF also significantly con-
tributes to photoreceptor apoptosis in rd1 mice, which is
caused by a mutation in the gene for the B-subunit of rod
photoreceptor cGMP phosphodiesterase PDE6B, and
thus it may be possible that nuclear translocation of AlF is
a common pathway in inherited retinal degeneration irre-
spective of the genetic status. Further studies will be
needed to clarify the role of AlF in other models of retinal
degeneration with different mutations.

In culture, we showed that R28 cell apoptosis induced
by serum starvation could occur independently of
caspase activation. The cell death was not rescued by
the broad range caspase inhibitor Z-VAD-fmk (Figure
2B). It is unlikely that the caspase blockade was insuffi-
cient under this condition, because the activation of
caspase-3 after serum starvation was completely abro-
gated and the cell death induced by staurosporine was
significantly rescued by treatment with Z-VAD-fmk (Fig-
ure 2, A and C). By contrast, many of the apoptotic cells
showed nuclear translocation of AlF, and siRNA-medi-
ated knockdown of AlF resulted in a significant rescue of
the apoptosis (Figures 3 and 4). Consistent with our



PEDF Targets AIF in Retinal Degeneration 1335
AJP November 2008, Vol. 173, No. 5

serum starvation
A control (%)

%

— rthPEDF

- N N
S W wm O W

% MitoTracker (—)cells
)

control PBS rhPEDF

serum starvation

B Bcl-2 Bax C Bcl-2 Bax
T ) s %) 30 p—fem 04
2 2009 [ 2007 3 250 — 250 -
£ 1501 150 1 = 2001 2001
! . o 150 1 150
2 100 100 4+ & .
" (o] 100 s 100 .o
2 504 50 4 g /) /]
2 5 501 / 501 7
X = r.
.. 0 & O reat SIV. SIV 0" antreat SIV- SIV
untrea - - untreal - -
tPEDF - 4+ — 7 Empty hPEDF Empty hPEDF
R28 R28 RCS rat (5w) RCS rat (5w)
Bcl-2 Bax
b R28 Bcl-2 Bax E RCS rat =
) x O ooy T 2o
Bcl-2 = s 2 2004 200 - Bcl-2 [ £ 2504 250+
2 1504 150 § 200+ 2001
-, . S 1504 1504
= 2 100 & 10 o 2 100 Z . 100 .
: E ) 2 /
B-actin e e T 507 50 1 [-actin — se——— T; 504 /% 50 [/
X 0 0 s O 0
thPEDF —  + T e o SIV-hPEDF — — 4+ = = oo owp w i3
SIV-Empty — + — -+ — -+ -
F s Bel2 G serum starvation
0B 1(;8 si control si control + thPEDF si Bel-2 si Bel-2 + thPEDF
z 5
= . 60
2<zt 40
®E 2 =
0 <
si Bel-2 - 4 A

si control + —

o

(%) N.S.
20 * ok

10

10

AIF

% AIF nuclear
translocation

5

0
siBel-2 — - + +
sicontrol  + + s -
rthPEDF — + — +

merge

serum starvation

Figure 7. The effect of PEDF on mitochondrial function and expression of Bcl-2 family members. A: Mitochondrial function was assessed by a mitochondrial
membrane potential-sensitive dye, MitoTracker CMTMRos. MitoTracker intake (MitoTracker in red, DAPI in blue) was lost in pyknotic R28 cells after 48 hours of
serum starvation (arrows), but reversed in cells treated with thPEDF (2500 ng/ml). The right panel shows the quantified results. **2 < 0.01. B and C: Quantitative
real-time PCR analysis for Bel-2 and Bax in PEDF-treated R28 cells (B) and neural retinas of RCS rats (C). B: R28 cells treated with thPEDF or PBS were harvested
and subjected to quantitative real-time PCR analysis at 6 hours after stimulation (12 = 4 each). *P < 0.03. C: At 2 weeks after vector injection, the neural retinas
of untreated RCS rats or RCS rats treated with SIV-Empty or SIV-hPEDF were subjected to quantitative real-time PCR analysis (2 = 5 to 6). *P < 0.03. D and E:
Western blot analysis for Bcl-2 and Bax in R28 cells after 24 hours of rthPEDF treatment (D) and in the eyes of RCS rats at 2 weeks after vector injection (E).
Lane-loading differences were normalized by the level of B-actin. The bar graphs indicate the relative level of Bel-2 or Bax to B-actin by densitometric analysis,
reflecting the results from three independent experiments. *P < 0.05 and **P < 0.01. F: Quantitative real-time PCR analysis for Bcl-2 in R28 cells transfected with
control siRNA or siRNA targeting Bcl-2 (2 = 3 each). **P < 0.01. G and H: Immunocytochemistry of AIF (G) and quantitative analysis of cells showing AIF nuclear
translocation (H). Down-regulation of Bcl-2 in R28 cells attenuated the effect of PEDF on AIF nuclear translocation after serum starvation. Scale bars = 10
pm. The arrows indicate the cells showing AIF nuclear translocation.
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findings, Klein and colleagues'” reported that the pri-
mary granule cells derived from Harlequin (Hq) mutant
mice, in which the AlF expression is reduced to 20% by
proviral insertion, are resistant to cell death induced by
serum starvation but not to cell death induced by stauro-
sporine. These data suggest that AIF plays an essential
role in serum starvation-induced apoptosis. Nuclear
translocation of AIF is induced by several death stimuli
after mitochondrial outer membrane permeability. 334243
Although the mechanism leading to AlF release is still
elusive, recent studies have demonstrated that AIF must
be cleaved to be released from mitochondria, unlike
other toxic proteins in the mitochondrial intermembrane
space.**** |t has been shown that proteases such as
calpains or cathepsins are involved in AlF cleavage and
subsequent neuronal cell death,**~*” and these pro-
teases might play a role in triggering AIF release after
serum starvation.

More interestingly, our data showed that PEDF dramat-
ically prevents the translocation of AIF, resulting in sig-
nificant inhibition of apoptosis in RCS rats and serum-
starved R28 cells. The intracellular signaling pathways by
which PEDF acts on neuronal cells have been explored
mainly in culture, and the participation of NF-kB and
cAMP-responsive element binding protein pathways has
been demonstrated'®“®; however, very little information
is available regarding the downstream target molecules.
An important advance of the current study, therefore, was
that AIF was identified as an essential target molecule
during PEDF-mediated neuroprotection both in vitro and
in vivo. Moreover, we showed that the effect of PEDF on
the AIF nuclear translocation is mediated by up-regulation
of Bcl-2 expression (Figure 7), which directly regulates the
mitochondrial membrane permeability and the AlF re-
lease.™“° However, it is less clear how PEDF up-regulates
Bcl-2 gene expression. Notari and colleagues® recently
determined that adipose triglyceride lipase (ATGL) is a
receptor of PEDF and this interaction stimulates the en-
zymatic phospholipase A, (PLA,) activity of ATGL. Al-
though ATGL plays an essential role for triglyceride ca-
tabolism in adipose tissue, liver, and muscles,®©~°2 its
role in neuronal tissues remains elusive. Because PLA,
generates free fatty acid and lysophospholipids from
membrane phospholipids and modulates neural cell
functions including signal transduction and gene tran-
scription,®® the upstream mechanisms by which PEDF
initiates the signaling cascade should be addressed in
future studies.

The nuclear translocation of AlF has been shown to be
involved in several types of neurodegeneration,*?54:5°
whereas AlF, which is embedded in the inner mitochon-
drial membrane, exerts a vital function in bioenergetic
and redox metabolism in the healthy state.'” 856 The
persistent down-regulation of its expression might not be
feasible for neurons, because Hg mutant mice develop
specific degeneration of neurons in the cerebellum and
retina'” and forebrain-specific AIF-null mice are embry-
onic lethal.?® Therefore, the therapeutic approach using
PEDF, which inhibits the AIF release, may be a reason-
able strategy for retinal degeneration and other central
nervous system diseases. Because the majority of RP

diseases in human patients progress over several de-
cades, the delay of the disease progression by PEDF
may provide sufficient therapeutic benefits for patients
with RP.

In conclusion, we have demonstrated that inhibition of
the nuclear translocation of AlF is essential for the neu-
roprotective activity of PEDF in retinal degeneration.
PEDF inhibits the AIF nuclear translocation via up-regu-
lation of Bcl-2, leading to prevention of the photoreceptor
apoptosis in RCS rats. These findings indicate that AlF is
an essential effector molecule of photoreceptor apopto-
sis in inherited retinal degeneration, and that the block-
ade of the AIF release by PEDF may be a useful thera-
peutic strategy for retinal degenerative diseases such
as RP.
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