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Abstract
Background/ Aims: This study was performed to reveal signaling pathways exploited by 
pigment epithelium-derived factor (PEDF) derived from retinal (glial) Müller cells to protect 
retinal ganglion cells (RGCs) from cell death. Methods: The survival of RGCs was determined 
in the presence of conditioned culture media (MCM) from or in co-cultures with Müller cells. 
The significance of PEDF-induced STAT3 activation was evaluated in viability assays and using 
Western blotting analyses and siRNA-transfected cells. Results: Secreted mediators of Müller 
cells increased survival of RGCs under normoxia or hypoxia to a similar degree as of PEDF- or 
IL-6-exposed cells. PEDF and MCM induced an increased STAT3 activation in RGCs and R28 
cells, and neutralization of PEDF in MCM attenuated STAT3 activation. Inhibition of STAT3 
reduced PEDF-promoted survival of RGCs. Similar to IL-6, PEDF induced STAT3 activation, 
acting in a dose-dependent manner via the PEDF receptor (PEDF-R) encoded by the PNPLA2 
gene. Ablation of PEDF-R attenuated MCM-induced STAT3 activation and compromised the 
viability of PEDF-exposed R28 cells. Conclusions: Müller cells are an important source of 
PEDF, which promotes RGC survival through STAT3 activation and, at least in part, via PEDF-R. 
Enhancing the secretory function of Müller cells may be useful to promote RGC survival in 
retinal neurodegenerative diseases.

Introduction

Pigment epithelium-derived factor (PEDF) is a multifunctional secreted 50-kDa 
glycoprotein with neuroprotective, neurotrophic, angioinhibitory, antioxidant, anti-
inflammatory, antithrombotic and antitumorigenic actions. Numerous studies have revealed 
that under several physiological and pathological conditions PEDF affects important cellular 
processes, regulating survival, proliferation, differentiation and morphogenesis [1]. PEDF-
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mediated neuroprotection and inhibition of angiogenesis are of particular importance for 
integrity and function of the retina (for review, see Ref [2]).

Retinal neurodegenerative diseases are among the leading causes of blindness worldwide 
[3-5]. A common feature of these widespread diseases such as glaucoma, hypertensive 
and ischemic retinopathies is the demise of retinal ganglion cells (RGCs), which underlies 
impaired visual acuity and may ultimately lead to blindness. Recent treatment approaches 
of retinal neurodegenerative diseases have proven hardly effective, and attempts to restore 
the visual function have rarely been successful. Despite the clinical significance and high 
prevalence of neurodegenerative diseases of the retina, cellular and molecular mechanisms 
promoting neuronal cell death loss remain poorly understood. However, understanding the 
role of important mediators of cell-cell communication and their mechanism of action is 
critical for developing novel strategies to treat these serious retinal eye diseases.

A number of mechanisms have been considered to be responsible for neuronal demise 
under sight-threatening conditions. Activation of glutamate receptors, oxidative stress, 
nitric oxide (NO), inflammatory conditions and deprivation of neurotrophic factors are all 
implicated in retinal ganglion cell (RGC) degeneration [6]. We have recently developed a cell 
culture model based on the co-culture of primary RGCs and retinal glial (Müller) cells, taking 
into account that Müller cells are able to respond to various pathological external influences 
and can provide a supportive milieu for the viability of retinal neuronal cells. Noteworthy, 
Müller cells are an important source of neuroprotectants such as brain-derived neurotrophic 
factor, vascular endothelial growth factor-A, leukemia inhibitory factor, ciliary neurotrophic 
factor (CNTF), glial-derived neurotrophic factor (GDNF), basic fibroblast growth factor 
(bFGF), and pigment epithelium-derived factor (PEDF) [7-16].

Its anti-angiogenic and neuroprotective properties make PEDF an ideal candidate 
molecule for the treatment of ischemic retinal diseases. Importantly, neuroprotective 
activities of PEDF have been demonstrated in conditions of ischemia/ reperfusion injury [17, 
18], glutamate excitotoxicity [19], retinal light damage [20], peroxide-mediated oxidative 
stress [21] as well as in models of inherited retinal degeneration [22, 23]. We have previously 
demonstrated that Müller cell-derived PEDF exerts neuroprotective effects on RGCs and that 
the PEDF-promoted increase of RGC survival was, at least partly, due to the activation of the 
NF-κB signaling pathway [14, 24].

Previous studies suggest that PEDF binds to the patatin-phospholipase domain-
containing (PNPLA2) gene-encoded PEDF receptor (PEDF-R), which is also known as human 
transport secretion protein (TTS)-2.2 or Ca2+-independent adiponutrin/ desnutrin/ ATGL-
homologous phospholipase A2ζ [25]. PEDF-R is involved in the neuroprotective actions 
mediated by PEDF [26]. There is a variety of intracellular signaling pathways that may play 
a role in PEDF-mediated pro-survival gene expression during periods of oxidative stress, 
hypoxia or even in response to trophic factor withdrawal from RGCs [27]. A potentially 
important pathway, which promotes RGC survival and may cause a prolonged viability of 
RGCs under unfavourable conditions, is the Janus kinase (JAK) 2/signal transducers and 
activators of transcription (STAT) 3 pathway. There is evidence from animal models to 
suggest that the interleukin (IL)-6 family cytokine, CNTF, exerts survival-promoting effects 
on RGCs [28-30]. For example, CNTF caused a significant protection of RGCs in experimental 
glaucoma, acted as a survival factor in an optic nerve axotomy model or in a model of 
NO-induced cell death [28-30], and it has been suggested that JAK/STAT3 signaling is an 
important pathway involved in the neuroprotective actions of CNTF [30, 31]. Moreover, it has 
been demonstrated that CNTF acts through JAK/STAT3 pathway activation to switch mature 
RGCs to a regenerative state, stimulating axon regeneration and increased survival of RGCs 
under pathologic external influences [32-34].

Given the strong evidence of the importance of STAT3-inducing cytokines for 
neuroprotection the present study was undertaken to explore whether Müller cell-derived 
PEDF promotes increased RGC viability through STAT3 activation. We also examined the 
possibility of a concerted action of PEDF and the prototypic STAT3 signaling inducer, IL-6, 
to promote RGC survival under hypoxia. We propose that the STAT3 pathway is a promising 
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target for an adjuvant therapeutic approach, with STAT3 activation that is induced by Müller 
cell-derived PEDF.

Materials and Methods

Animals and cell cultures
Animals were treated in accordance with the European Union Directive (2010/63/EU) and German 

Law on Protection of Animals. Procedures were approved by local authorities (University of Leipzig Medical 
Faculty; Landesdirektion Sachsen). Cell culture media and supplements were from Invitrogen (Karlsruhe, 
Germany). Primary rat Müller cells and mouse RGCs were isolated and cultured as previously described [14, 
35]. Briefly, retinae from six- to nine-day-old Long-Evans rats were isolated and mechanically dissociated 
by careful homogenization. After digesting the retinal tissue with the bacterial protease nagarse (subtilisin 
A, 1 mg/ml; MP Biomedicals; Eschwege, Germany) and subsequent filtration cells were resuspended and 
cultured in Dulbecco’s minimal essential medium (DMEM)/10% fetal calf serum (FCS). Müller cells were 
routinely evaluated by immunofluorescence staining using a monoclonal antibody against vimentin. RGCs 
were isolated from seven days old mice. In brief, retinae were dissected, digested with papain (160 U/
ml) and DNase (200 U/ml), passed through a 20-µm nylon mesh, and the cell suspension was added to 
immunopanning plates. Contaminating microglial cells were removed by means of a rabbit anti-macrophage 
antibody (WAK Chemie, Steinbach, Germany) by incubating cells on an anti-rabbit IgG-coated petri dish, 
followed by RGC selection on plates sequentially coated with goat anti-mouse IgG and mouse anti-Thy1.2 
(clone F7D5; Serotec, Düsseldorf, Germany). Purified RGCs were then plated on poly-D-lysine (MW 40 kDa; 
5 µg/ml)-coated glass coverslips at 600 cells/mm² and cultured for seven days (37°C, 5% CO2) in complete 
neurobasal medium. Cell viability was routinely verified under a phase contrast microscope. Coverslips 
carrying viable RGCs were only used in case of distinct neurite sprouting, and only cultures of pure RGCs 
showing no trace of glial contamination were selected for further studies. Staining of neurofilament H was 
routinely performed to confirm neuronal identity of cells. Immortalized retinal progenitor cells (R28 cells) 
[36, 37] were a kind gift of Dr Katharina Bell (Department of Ophthalmology, Johannes Gutenberg University 
Mainz, Germany) and routinely maintained in DMEM containing 10% FCS, non-essential amino acids and 
vitamins. R28 cells have long been used for in-vitro studies; they express neuronal markers among them are 
the RGC-specific molecules, CD90/Thy 1.1 and 2G12 [36, 37]. Furthermore, R28 cells express the PNPLA2 
gene-encoded PEDF receptor (PEDF-R [25, 38].

Müller cell-RGC co-culture experiments
Primary rat Müller cells were cultured on coverslips up to 90% of confluence and then briefly washed 

with Hanks´ balanced salt solution. Müller cells (8-10 x 104) grown on two coverslips and one coverslip with 
RGCs (~5 x 104) were co-cultured in a single well of a 6-well plate for 24 h in a minimal neurobasal medium. 
This approach resulted in physical separation of the two cell populations but allowed cells to access media 
in each of the wells [14].

Hypoxia and treatment of cells
Experiments with RGCs, Müller cells and R28 cells were conducted in serum-free and growth factor-

deprived medium (DMEM/1 mg/ml bovine serum albumin [BSA]) for 24 h either under normoxic or hypoxic 
(0.2% O2) conditions (each at 5% CO2). Where indicated, RGCs were cultured in the presence or absence of 
recombinant human PEDF produced by mouse myeloma cells (R&D Systems, Wiesbaden) or mouse IL-6 
(10 ng/ml; R&D Systems). If necessary, R28 cells were preincubated for 1 h with 5 µM 6-nitrobenzo [b]
thiophene-1, 1-dioxide (Stattic), a synthetic blocker acting as an inhibitor of STAT3 (Merck Chemicals, 
Schwalbach, Germany), and subsequently treated with PEDF and/ or IL-6 in the presence of the blocker. 
Cells cultured in the absence of Stattic were treated with vehicle (ethanol). To mimic conditions that develop 
as a result of a milieu containing Müller cell-derived soluble factors, RGCs or R28 cells were exposed to 
Müller cell-conditioned media (MCM), recombinant PEDF (range 50 – 250 ng/ml) and/ or IL-6 (10 ng/ml).

RNA interference
To determine PEDF-induced STAT3 activation in R28 cells and cell viability following PEDF-R ablation, 

cells were transfected in 6-well plates using Lipofectamine® RNAiMAX (Invitrogen) and 60 pmol of siRNA 
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targeting rat PEDF-R (sense: GCG GCA UUU CAG ACA ACU U[dT][dT], antisense: AAG UUG UCU GAA AUG CCG 
C[dT][dT]). Parallel cultures treated with control siRNA (Qiagen, Cat# 1027292 and Santa Cruz, Cat# sc-
37007) were included. Downregulation of PEDF-R mRNA expression levels was controlled using real-time 
PCR. Twenty-four hours after transfection cells were plated in microwell plates, cultured for further 24 h, 
and used in viability assays or stimulated to induce STAT3 activation as indicated below.

Cell viability assays
RGC survival was assessed by a live-dead assay as described earlier [14]. Briefly, RGCs were exposed 

to calcein acetoxymethyl ester (Calcein-AM; Molecular Probes, Inc., Eugene, OR) for 2 h, and labeled live 
cells were counted. The total number of cells was assessed by counter-staining with 4’-6-diamidino-2-
phenylindole (DAPI). To obtain a survival percentage, total numbers of RGCs per visual field were assessed 
by counting DAPI-positive nuclei and compared to numbers of viable cells by counting cell bodies that 
metabolized Calcein-AM. Ten visual fields were inspected on each coverslip at 200 x magnification.

Analysis of STAT3 activation by Western blotting and immunofluorescence staining of cells
R28 cells grown in six-well plates or RGCs plated on glass coverslips were starved in serum-free DMEM 

overnight. Cells were treated with or without recombinant PEDF and/ or IL-6 or incubated with MCM for 
30 min. If indicated, MCM were preincubated with a preservative-free bioactivity-neutralizing antibody 
against PEDF (3 µg/ml; BioProducts Maryland, Middletown, USA). Normal rabbit IgG (3 µg/ml) served as a 
control. R28 cultures were quenched by washing with ice-cold PBS/1 mM sodium orthovanadate, and cells 
were extracted for 30 min in ice-cold lysis buffer (62.5 mM Tris-HCl, pH 7.6, 1 mM EDTA, 150 mM NaCl, 
1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride) supplemented with a phosphatase inhibitor mix 
(Roche Applied Science). Lysates were centrifuged at 10, 000 x g (5 min), and supernatants were subjected 
to SDS-PAGE, with equal amounts of protein that were separated and transferred to PVDF membranes, 
which were subsequently processed for Western Blotting. Immunoblots were blocked with TBS/ 0.05% 
Tween-20, 10% (v/v) Rotiblock (Roth, Karlsruhe, Germany) and probed with rabbit antibodies against 
STAT3 or phosphorylated STAT3, Tyr705 (both purchased from New England Biolabs, Frankfurt/M., 
Germany; diluted in TBS/ 0.05% Tween-20, 5% BSA), followed by incubation with goat anti-rabbit IgG 
conjugated to alkaline phosphatase (Dianova). Bands were developed with nitroblue tetrazolium (0.5 mg/
ml)/ 5-bromo-4-chloro-3-indolyl phosphate (0.25 mg/ml) dissolved in 100 mM Tris-HCl, pH 9.6, 100 mM 
NaCl, 1 mM MgCl2, 1 mM CaCl2. Alternatively, RGCs were were fixed in 4% paraformaldehyde, treated with 
PBS/1% DMSO/0.3% Triton X-100/5% normal goat serum (2 h) and incubated overnight (4°C) with an 
antibody against phosphorylated STAT3 (see above). After washing three times with PBS/2% BSA, cells 
were incubated for 2 h with cyanine (Cy) 3-tagged polyclonal goat anti-mouse IgG (Dianova). Cells were 
washed, counterstained with DAPI and mounted.

RT-PCR and quantitation of PCR products
Total RNA was prepared from cells, treated with DNase I (Life Technologies) and subjected to reverse 

transcription using standard procedures. Complemetary DNA (cDNA) was synthesized from 1 µg total 
RNA in a 20-µl reaction containing 200 U of Superscript II reverse transcriptase (Life Technologies), 500 
µM of dNTPs, 5 mM DTT and 0.5 µg oligo(dT)15 (BioTeZ, Berlin, Germany). Amplification of cDNA was 
carried out using 0.5 U CrimsonTaq DNA polymerase (New England Biolabs, Frankfurt/Main, Germany) 
in a buffer containing 12.5 mM Tricine-HCl, pH 8.5, 42.5 mM KCl, 1.5 mM MgCl2, 6% dextran and 100 
µM dNTPs. Primers (125 nM) used for amplification were the following: 5´-AGAGATGTGCAAACAGGG-3´ 
and 5´-GCACTGGTAGCATGTTGG-3´ (mouse/ rat PNPLA2) or 5`-CATCATAAATCTCAAGAGGACGTG-3´ and 
5´-TGGATCTGGTTAGTGAAGTTTC-3´ (mouse/ rat laminin receptor 1/ RPSA). Real-time PCR was used to 
determine PNPLA2 expression using β-actin transcript levels for normalization. Aliquots of cDNA were 
treated with Maxima SYBR Green mastermix (Thermo Fisher Scientific, Braunschweig, Germany) and 200 
nM of primers specific for segments of mouse/ rat PNPLA2 or rat β-actin (5`-GAAACTACATTCAATTCCATC-3` 
and 5`-GGAGCAATGATCTTGATCTT-3`) cDNA. Samples were denatured at 95°C for 6 min, followed by 45 
cycles of melting at 95°C for 10 s, annealing at 58.5°C for 25 s, and elongation at 72°C for 25 s. Data were 
checked for homogeneity by dissociation curve analysis. Fluorescence changes were monitored after each 
cycle, and Ct (threshold cycle) values for amplification of target genes were determined.
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Analyses of PEDF-R protein expression
PEDF-R protein levels in cell lysates were assessed by Western blotting. Expression of cell surface 

PEDF-R on R28 cells was analyzed by flow cytometry. For Western blotting, cells were extracted on ice and 
lysates were processed as indicated in the penultimate paragraph. Blots were probed with polyclonal anti-
rat PEDF-R/PNPLA2 (R&D Systems) or rabbit anti-β-actin (New England Biolabs) antibodies and further 
developed with appropriate secondary antibodies. For flow cytometry, cells were detached by treatment 
with Hepes (20 mM)-buffered Hank´s balanced salt solution (HBSS), pH 7.4, 2.5 mM EDTA (5 min, 37°C) and 
resuspended in 10 mM Hepes, pH 7.6, HBSS, 1 mM CaCl2, 1 mM MgCl2, 0.05% NaN3, 1% BSA supplemented 
with 5% normal donkey serum. Cells were then incubated with anti-rat PEDF-R/PNPLA2 or non-immune 
IgG overnight at 4°C, washed and exposed to Cy2-conjugated donkey anti-goat IgG (Dianova, Hamburg, 
Germany). After washing, the samples were analyzed with a flow cytometer (FACScan; BD Biosciences, 
Mountain View, CA) using CELLQuest software. Gates were set to exclude nonviable cells, and histograms 
were recorded. Histograms plot the cell number (y-axis) versus fluorescence intensity on a logarithmic scale 
(x-axis).

Data analysis
All data are expressed as means ± SEM. Statistical comparisons were performed using standard one-

way ANOVA, and significance was accepted at P < 0.05.

Results

PEDF and IL-6 stimulation cause a comparable increase in RGC survival rates
We have previously shown that PEDF increases the survival of RGCs in vitro following 

growth factor deprivation and under hypoxic conditions [14, 24]. In the present study we 
have examined the pro-survival effects of PEDF and IL-6 and found that both factors had 
comparable effects on RGCs in 24-h cultures. Compared to factor-free control cultures, the 
number of viable RGCs (means ± SEM; n = 7) increased (P < 0.01) from 58.4 ± 3.0% to 71.5 
± 4.0% and from 42.4 ± 5.3% to 56.1 ± 3.5% after PEDF treatment and to 79.5 ± 6.2% and 
58.2 ± 6.8% after IL-6 exposure, each under normoxia and hypoxia, respectively. However, 
PEDF and IL-6 did not act synergistically on RGC survival, when compared to cultures in the 
presence of either factor alone (Fig. 1).

Fig. 1. PEDF and IL-6 stimulate RGC sur-
vival. RGCs were deprived of trophic fac-
tors and incubated for 24 h in the pres-
ence or absence of PEDF (50 ng/ml) and 
IL-6 (10 ng/ml). Viability of RGCs was 
determined in homotypic RGC cultures 
after adding both mediators, each alone 
or in combination, or in the presence of 
co-cultured Müller cells (MC). A: A bar 
chart demonstrating the summary of sev-
en experiments. Significant differences 
to normoxic (**P<0.01, ***P<0.001) or 
hypoxic (●P<0.05, ●●P<0.01) homotypic 
control cultures are indicated (means ± 
SEM). B: Representative microscopic im-
ages showing viable RGCs (green) in the 
presence or absence of PEDF and/ or IL-6 
as well as in Müller cell-RGC co-cultures. 
The number of DAPI-positive nuclei were 
counted and compared to numbers of vi-
able cells that metabolized Calcein-AM.
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In earlier experiments we demonstrated that PEDF released from Müller cells can 
promote RGC survival. When co-cultured with Müller cells under normoxia or hypoxia, RGCs 
demonstrated an increased survival to a similar degree as in PEDF- and IL-6-stimulated 
cultures (Fig. 1). Culture media of Müller cells contain PEDF [8, 39]. We found that culture 
media of Müller cells conditioned for 24 h under normoxia (NCM) or hypoxia (0.2% O2; 
HCM) stimulated RGC survival (Fig. 2A). Interestingly, these media concomitantly induced 
an increased STAT3 activation in R28 cells, although there was no obvious difference in the 
STAT3 activation state obtained either with NCM or HCM (Fig. 2B). These findings raised the 
question of whether Müller cell-derived PEDF exerts its pro-survival effects by stimulating 
the JAK2/STAT3 signaling pathway.

Müller cell-derived PEDF induces STAT3 activation in R28 cells
Using antibodies to phosphorylated tyrosine (Y705) in STAT3 we found that, compared 

to unstimulated cells, PEDF-treated RGCs displayed weaker cytoplasmic labeling. Instead, 
PEDF-treated RGCs demonstrated a preference of nuclear staining (Fig. 3A, upper panel). 
In further experiments STAT3 activation was analyzed with R28 cells, due to the limited 
availability of primary RGCs and in consideration of a demonstrable sensitivity of R28 cells 
towards the survival-promoting action of PEDF [38, 40]. To determine whether PEDF induces 
signaling through STAT3, we exposed R28 cells to Müller cell-conditioned media (MCM) 
and, comparably, treated the cells with recombinant PEDF. PEDF caused phospho-STAT3 
accumulation in the nucleus of R28 cells indicating PEDF-induced nuclear distribution and 
activation of STAT3 (Fig. 3A, lower panel). A time course analysis revealed an increase in 
STAT3 phosphorylation as early as 10-20 min post-stimulation (Fig. 3B). Furthermore, PEDF 
increased the phosphorylation state of STAT3 in R28 cells in a dose-dependent manner (Fig. 
3C). The degree of STAT3 activation in PEDF-treated cells was comparable to that detected 
in IL-6-exposed cells. However, co-stimulation of R28 cells with both PEDF and IL-6 did 
not induce a stronger activation of STAT3 compared to R28 cells stimulated with PEDF or 
IL-6 alone (Fig. 3D). When assaying the effects of MCM on signaling we took advantage of a 
neutralizing anti-PEDF antibody, which we had successfully used before to neutralize PEDF-
mediated functions in retinal endothelial cells [41]. In the present study this antibody was 
employed to deplete glia-conditioned media from PEDF. These experiments revealed that 
increased STAT3 activation in R28 cells induced by soluble glial-derived mediators in MCM 
was impaired by anti-PEDF treatment (Fig. 3E), irrespective of whether the media were 
conditioned under normoxia or hypoxia (data not shown).

RGCs express PEDF-R encoded by the PNPLA2 gene [24], but not low-density 
lipoprotein receptor-related protein 6 [42], another putative receptor for PEDF (data not 
shown). However, findings from this study suggest that RGCs also express another molecule 
described previously as a PEDF receptor, i.e., the non-integrin 67-kDa laminin receptor, 

Fig. 2. Müller cell-derived soluble mediators 
promote RGC survival and increase STAT3 activa-
tion in R28 cells. Serum-deprived cells were cul-
tured in the absence or presence of culture me-
dia derived from Müller cells conditioned under 
normoxic (NCM) or hypoxic (HCM) conditions. A: 
Survival of RGCs: significant differences to NCM- 
or HCM-free cultures in normoxia (*P<0.05) 
or hypoxia (●●P<0.01) are indicated (means ± 
SEM; n = 6). B: STAT3 activation: R28 cells were 
exposed to basal medium or NCM or HCM, and 
cell extracts were immunoblotted for phospho-
STAT3; immunodetection of total STAT3 was 
used as a loading control. Similar results were 
obtained in 3 independent experiments.
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ribosomal protein SA (RPSA) [43]. Moreover, we detected the expression of PEDF-R and 
RPSA mRNA transcripts in R28 cells (Fig. 4A). PEDF-R was included in further experiments 
aimed to investigate its role in mediating STAT3 activation and promoting RGC survival, 
based on previous findings showing that PEDF-R is expressed in the ganglion cell layer and 
by neuronal cells [25, 44].

To determine whether PEDF-R contributes to MCM-induced STAT3 activation we 
analyzed the degree of STAT3 phosphorylation in PEDF-R-depleted R28 cells following 
transfection with siRNA. RNA interference led to a reduced (~5-fold) PNPLA2 mRNA 
expression level, with concomitantly attenuated expression of total and cell surface PEDF-R 
protein (Fig. 4B). These experiments revealed that increased NCM- or HCM-induced activation 
of STAT3 in R28 cells was attenuated in PEDF-R-ablated cells, strongly suggesting that PEDF 

Fig. 3. PEDF induces STAT3 acti-
vation in RGCs and R28 cells. Se-
rum-deprived cells were treated 
for 30 min with PEDF, NCM and, 
for comparison, IL-6. A: Immu-
nofluorescence labeling of PEDF 
(250 ng/ml)-exposed RGCs (up-
per panel) and R28 cells (lower 
panel) demonstrated preferential 
localization of phosphorylated 
(Tyr 705) STAT3 in the nuclei 
compared to unstimulated cells 
(`−PEDF`). Cells were stained 
with antibodies against phospho-
STAT3 (red). DAPI (blue) was used 
to co-stain the nuclei, merged im-
ages show combined phospho-
STAT3/DAPI staining. B-E: The 
state of PEDF-induced STAT3 
phosphorylation in R28 cells was 
determined by Western blotting; 
representative blots show acti-
vated (phosphorylated) and total 
STAT3. B: PEDF (100 ng/ml) in-
duces rapid STAT3 phosphoryla-
tion. Lysates were prepared from 
cells stimulated for 10, 20, 30 
and 60 min, a single experiment 
is shown. C: STAT3 activation in-
duced by different concentrations 
of PEDF or 10 ng/ml IL-6. D: PEDF 
(100 ng/ml) and IL-6 (10 ng/ml) 
do not synergistically stimulate 
STAT3 activation. E: Neutraliz-
ing the activity of PEDF partially 
reversed the effects of NCM on 
STAT3 activation (Med.: medium 
control). NCM were left untreated 
or preincubated (1 h) with either nonspecific normal rabbit IgG or a neutralizing anti-PEDF antibody (each 
at 1.6 µg/ml) and added to the cells. The histograms to the right in B-E show amounts of phospho-STAT3 
(pSTAT3) normalized to total STAT3 (pSTAT3/STAT3 ratio; *P<0.05, **P<0.01 vs medium control; ●P<0.05, 
vs normal IgG-containing cultures; C: n = 6, D and E: n = 3).
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exerts its pro-survival effect, at least partially, through PEDF-R on retinal neurons (Fig. 4C). 
These findings were consistent with data showing that PEDF-induced STAT3 activation was 
reduced in PEDF-R-depleted R28 cells (Fig. 4D). In contrast to these data we have not found 
evidence for altered PEDF-induced STAT3 activation when R28 cells were transfected with 
RPSA siRNA (data not shown). Together, these results suggest that Müller cell-derived PEDF 
induces STAT3 activation via interaction with PEDF-R and raises the question of whether 
this is an essential pathway to promote the survival of RGCs.

STAT3 signaling is involved in PEDF-promoted RGC survival
We further asked whether PEDF-induced STAT3 activation is involved in the control 

of RGC survival. Shown in Fig. 5A is that the viability of PEDF-exposed R28 cells was 
compromised when PEDF-R was depleted by means of siRNA. Neuronal survival of PNPLA2-
silenced cells exhibited a significant and ~1.65-fold decrease under normoxia, regardless of 
whether the cells were cultured in the presence (P < 0.01) or absence (P < 0.05) of PEDF (n = 
3). However, the survival rate of hypoxia-exposed PEDF-stimulated cells decreased 2.2-fold 
(P < 0.01), indicating that PEDF-promoted survival to a large degree is dependent on PEDF-R 
expression. These results point to an important role for PEDF-R in neuronal survival and 
further suggest that PEDF signaling prolongs the survival of retinal neurons via PEDF-R.

Next, we cultured RGCs in the absence or presence of Stattic, a compound that was 
previously shown to selectively interfere with the STAT3 activation state and to abrogate 
STAT3 signaling [45]. As expected, preincubation with Stattic rendered R28 cells totally 
refractory to PEDF-induced STAT3 phosphorylation (Fig. 5B), and Stattic markedly inhibited 
the survival of IL-6-stimulated RGCs under normoxia and hypoxia (data not shown). 
Interestingly, Stattic also inhibited the survival of PEDF-exposed RGCs under normoxia 

Fig. 4. A: RT-PCR 
experiments demon-
strated the expres-
sion of the PEDF 
receptors RPSA and 
PEDF-R by RGCs and 
R28 cells. B: The ef-
fect of PNPLA2 siR-
NA in R28 cells com-
pared to that of non-
targeting control siR-
NA was determined 
by real-time PCR 
(left panel), Western 
blot analysis (mid-
dle panel) and flow 
cytometry (right 
panel). The results 
revealed reduced 
PNPLA2 mRNA ex-
pression (*P<0.05; 
means ± SEM; n = 
3), decreased total 
PEDF-R protein in R28 cell lysates and decreased number of cell surface PEDF-R-positive cells (in %), re-
spectively. PEDF-R is involved in PEDF-stimulated STAT3 activation in R28 cells induced by (C) secreted 
Müller cell-derived factors (MCM) or (D) PEDF. Transfected R28 cells were exposed to medium (Med.), (C) 
NCM, HCM or (D) PEDF (100 ng/ml; *P<0.05, ●●P<0.01, vs corresponding control siRNA-containing cultures; 
means ± SEM; n = 3).
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and hypoxia (each ~1.4-fold; Fig. 5C). These 
results suggest that STAT3 signaling is an 
important pathway that contributes to PEDF-
mediated RGC survival. Taken our present 
data together, there is strong evidence that 
PEDF prolongs RGC survival through STAT3 
activation.

Discussion

Our findings suggest that Müller cell-derived PEDF promotes RGC survival via 
engagement of PEDF-R and through STAT3 activation. This gives rise to the assumption that 
PEDF plays an important role for the viability of RGCs and of other retinal neuronal cells. 
While the available information as to the combined action of individual survival factors and 
molecular events governing the protection of RGCs is rather fragmentary our data reveals 
that PEDF is an active neuroprotectant secreted by Müller cells. Neuronal cell death may be 
induced by growth factor withdrawal and extracellular death signals, which can be readily 
simulated and studied in cell culture. We have previously shown that cultured purified RGCs 
undergo apoptosis under hypoxia. Consistent with the survival-promoting effect of glial 
soluble mediators, co-cultured Müller cells attenuated the death of RGCs [24].

Soluble mediators produced by Müller cells contribute to tissue homeostasis of the 
developed retina under physiological and pathophysiological conditions [46]. This is 
reminiscent to the survival-promoting effects of the astrocytic glia in the optic nerve such as 
observed in glaucoma [47]. Müller cells provide trophic support for neonatal RGCs [48, 49], 
and neuroprotective factors secreted by activated retinal glial cells support the regeneration 
of injured RGCs [50]. In retinal degenerating diseases Müller cells are largely refractory 
to cell death. This may indicate that these cells are a permanent source of trophic factors 
during the chronic course of the disease, playing a key role in neuroprotection. The panel 
of Müller cell-derived released factors comprises, among others, bFGF, CNTF and GDNF [10, 
15], as well as PEDF, as shown in this and our previous work [14, 24]. The action of PEDF 

Fig. 5. PEDF promotes neuronal survival via PEDF-
R and through STAT3 activation. (A) PEDF-R deple-
tion from R28 cells abrogates the PEDF-mediated 
increase in cellular survival under normoxia and 
hypoxia (PEDF: 250 ng/ml; ●P<0.05, ●●P<0.01, vs 
corresponding control siRNA-containing cultures; 
*P<0.05, vs corresponding normoxic control culture; 
means ± SEM; n = 3). Note that due to the specific 
conditions of transfection PEDF-promoted neuronal 
survival reached statistical significance only under 
hypoxia. Cells cultured without trophic factors were 
exposed to PEDF for 30 min (B) or 24 h (C) and in 
the presence or absence of the STAT3 inhibitor, Stat-
tic (C, 10 µM). Stattic blocks (B) PEDF-induced STAT3 
phosphorylation completely or (C) PEDF-promoted 
RGC survival under normoxia or hypoxia (*P<0.05, 
**P<0.01, vs normoxic control culture; ●P<0.05 vs 
hypoxic control culture; †P<0.05 vs PEDF-exposed 
cultures without inhibitor; means ± SEM; n = 8). The 
Western blot shown in B is representative for five ex-
periments with similar results.
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causing neuroprotection of RGCs is in agreement with previous findings showing that RGCs 
are protected by PEDF from glutamate- or trophic factor withdrawal-mediated cytotoxicity 
[51]. Our findings, using an approach that involves culture of RGCs in the presence of MCM, 
are also consistent with known experimental data demonstrating an increased survival of 
neonatal RGCs in culture in the presence of MCM [49].

An important question is how PEDF transduces survival-promoting signals into neuronal 
cells. The identity and function(s) of receptor(s) for PEDF are not well defined, whereas the 
intracellular signaling pathways that generate pro-survival signals are better understood. 
Critical intracellular molecules accounting for PEDF-regulated survival signals in neuronal 
cells include NF-kB/Rel transcription factors and the cyclic AMP-responsive element binding 
protein (CREB) [2, 52, 53]. Perhaps the best understood PEDF-regulated pro-survival 
signaling pathway involves NF-kB activation, which regulates neuronal survival, as shown 
in both immature and mature cerebellar granule cells [53]. This pathway culminates in 
the transcriptional activation of genes encoding for neuroprotective proteins including 
several cytokines or proteins that counteract apoptosis. Indeed, PEDF was shown to act on 
neuronal cells to induce the expression of NGF, BDNF, GDNF, Bcl-2 and Bcl-xL [2, 53] and a 
downregulation of the activity of apoptosis inducing factor (AIF) [40]. A further recently 
disclosed function of PEDF-mediated NF-κB activation is related to specific prevention 
of transcriptional nuclear receptor co-repressor (N-CoR) binding to Notch-responsive 
promoters, enhancing the transcriptional activity of Notch and thus regulating self-renewal 
of neural stem cells [54].

We show here, for the first time, that PEDF promotes RGC survival via activation of 
STAT3 (Fig. 3A and 5C). Of note, our experiments suggest that glial-derived mediators in 
MCM are capable of inducing STAT3 activation in RGCs. Increased STAT3 activation induced 
by these mediators, however, was substantially impaired in PEDF-R-deficient R28 cells 
suggesting that an important mediator is PEDF to account for this effect (Fig. 4C). However, 
the exact mechanism by which PEDF/ PEDF-R stimulation leads to STAT3 activation in 
neuronal cells remains to be elucidated. We did not determine further signaling molecule(s), 
which may be presumably intercalated between PEDF-R engagement and STAT3 activation; 
this was beyond the scope of this study and will be a subject of future work. A previous 
study with a prostate cancer cell line provided evidence that PEDF, acting in a concentration 
similar to ours, induces STAT3 expression, which was regulated by NF-κB transcriptional 
activity [55]. These findings open up the possibility that PEDF-induced activation of NF-kB/
Rel (see above) may potentially be linked to STAT3 activation. Whether this is a mechanism 
that also applies to RGCs remains to be determined. Another conceivable proximal event 
that couples PEDF-R to STAT3 activation may involve a stimulation of the phospholipase 
A2 activity of PEDF-R to promote the release of arachidonic acid, which may then access 
a hitherto not defined signaling cascade that activates STAT3. However, in view of PEDF-
induced STAT3 phosphorylation, which occurred rapidly upon stimulation (10-20 min; see 
Fig. 3B), we consider it unlikely that an indirect effect based on STAT3-stimulating cytokines, 
for example, IL-6, contributes to PEDF-mediated STAT3 activation.

The JAK/STAT3 signaling pathway has been recognized as important in stimulating the 
expression of a number of genes to control cellular survival and proliferation, thus playing 
a key role for neuronal survival [56]. In the retina, activation of JAK/STAT3 signaling is a 
mechanism that promotes RGC survival in response to stress. STAT3 activation is induced, 
for example, by intraocular pressure elevation or ischemia/reperfusion [57, 58]. In addition, 
stress conditions may cause increasing gene expression of STAT3 in RGCs, as a mechanism 
to influence the balance between pro-survival and pro-apoptotic pathways in glaucomatous 
RGCs [59]. However, the precise mechanism whereby STAT3 signaling controls the survival 
of retinal neuronal cells remains to be elucidated. One mechanism is related to the above-
mentioned possibility that STAT3 signaling may operate by cross-talking with NF-kB signaling 
and/or other signaling cascades, which are stimulated by neuroprotective mediators. Further 
such signaling cascades being of potential importance for RGC survival are the ERK-1/ -2, 
p38 MAP kinase and PI3 kinase/Akt pathways [60-64], the activation of which by several 
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neuroprotectants can protect retinal cells, for example, against hyperglycemia- and oxidative 
stress-induced injury [61-63].

Our data indicate the possibility that Müller cell-derived PEDF induces STAT3 activation 
via engagement of PEDF-R. Indeed, PEDF-R-ablated cells demonstrated reduced STAT3 
activation when exposed to MCM or PEDF (Fig. 4C, D) suggesting that PEDF-R is involved 
in PEDF-induced STAT3 phosphorylation. Therefore we hypothesize that STAT3 activation 
mediated via PEDF-R is a mechanism that regulates PEDF-promoted RGC survival. This 
idea is consistent with our experimental data showing that (i) PEDF-R ablation leads to a 
decreasing viability of PEDF-exposed R28 cells (Fig. 5A), and (ii) pharmacological inhibition 
of STAT3 signaling inhibited the survival of PEDF-exposed RGCs in response to trophic factor 
withdrawal or under hypoxia (Fig. 5C). However, our findings raise the question of why a 
limited survival seems to be inherent to PEDF-R-deficient cells as compared with control 
cells (Fig. 5A). There is evidence to suggest that PEDF-R expression interferes with cell 
viability under stress conditions. Previous findings with retinal pigment epithelial cells 
exposed to oxidative stress suggest that cells displaying comparably low PEDF-R levels 
are less protected from cell death [65]. Regarding the phospholipase A2 activity of PEDF-R 
[25, 26, 65] it is conceivable that an alternative pathway exists for this molecule, which 
promotes neuronal survival independent of PEDF engagement, due either to an intrinsically 
constitutively activity or binding by (a) not yet defined mediator(s). However, this possibility 
remains to be investigated in future work.

We considered it possible that neuroprotective and tissue-regenerating effects are more 
obvious when PEDF acts in a cooperative manner. Since IL-6 is a prototypic JAK/STAT3 
signaling inducer, we have investigated whether PEDF and IL-6 would exert combined 
(additive) neuroprotective effects on RGCs and whether signaling induced by both factors 
converges in the STAT3 pathway. IL-6 is a cytokine that acts to support the survival of 
RGCs [66], and its activity can promote the neurite growth of mature RGCs in a JAK/STAT3-
dependent manner, thereby transforming RGCs into an active regenerative state [32]. 
However, we found that PEDF and IL-6 did not exert an additive effect on RGC survival 
(Fig. 1) and that the concerted action of both factors did not induce a stronger activation 
of STAT3, when compared with cells in the presence of either factor alone (Fig. 3D). These 
findings suggest that each PEDF- or IL-6-mediated STAT3 signaling is sufficient to promote 
RGC survival and that both PEDF-mediated STAT3 and NF-κB pathways control similar 
transcriptional rates of pro-survival genes.

Conclusion

In summary, we show that PEDF protects RGCs against cell death based on a STAT3-
dependent signaling pathway. Our findings strongly suggest that Müller cell-derived PEDF is 
an active neuroprotectant available in the cocktail of soluble factors produced by Müller glial 
cells. In this regard, Müller cells are a promising cellular target to increase neuroprotection 
in the retina, for example, for improving optic nerve regeneration. A conceivable avenue may 
thus comprise supporting or enhancing the secretory function of Müller cells, possibly along 
with preventing glial cell deficiency.
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