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ABSTRACT  
 

The retina is the light-sensitive tissue in the back of the eye comprised of several cell types.  The 

photoreceptor layer of the retina is composed of two cell types: rods, which are responsible for 

night and peripheral vision, and cones which are responsible for central detailed color vision. 

Immediately adjacent to the photoreceptor layer is a monolayer of hexagonal cells that form the 

retinal pigment epithelium (RPE). One of the most important functions of the RPE is the daily 

phagocytosis of photoreceptor outer segments (POS), where POS bind to the RPE cell surface and  

are internalized and degraded in a tightly regulated signaling pathway. The RPE also secretes 

trophic factors towards the RPE to maintain the health of the neural retina. One such factor is 

pigment epithelium-derived factor (PEDF), a 50 kDa secreted glycoprotein. PEDF is a member of 

the serine protease inhibitor superfamily based on sequence identity and homology with other 

serpins. PEDF lacks the ability to inhibit serine proteases, but possesses neurotrophic, anti-

angiogenic, anti-tumorigenic, and anti-inflammatory activities. PEDF-receptor (PEDF-R) is a cell 

surface receptor for PEDF encoded by the gene PNPLA2. Upon binding to PEDF-R, PEDF 

stimulates the enzymatic lipase activity of PEDF-R, leading to cell survival. In the retina, PEDF-

R is present in photoreceptor inner segments and the RPE. In this thesis, the cell specific roles of 

PEDF and PEDF-R in photoreceptors and the RPE are explored. First, the data show that single 

point alterations to the portion of PEDF which binds to PEDF-R lead to both enhanced or abrogated 

binding and subsequent retinoprotective activity in photoreceptors. Building upon our current 
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understanding of PEDF and PEDF-R interactions in photoreceptors, we developed retinal cell-

based high-throughput assays to identify retinoprotective compounds. Second, by examining the 

role of PEDF-R in RPE cells, we found that PEDF-R depletion led to a deficiency in the 

degradation of POS, altered expression of fatty acid metabolism related genes, and an 

accumulation of lipid droplets. The presented work provides insights into the activities of two 

retinoprotective proteins that can be exploited for the purpose of identifying therapeutics to treat 

retinal disorders.  
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CHAPTER 1. INTRODUCTION1 

The Retina 

The human eye is a complex organ which functions to detect and transmit information to 

translate into visual images. In normal visual processes, light that enters the eye is refracted as it 

passes through the cornea, pupil and then refracted by the lens. Together the cornea and lens focus 

an image onto a light sensitive layer of tissue in the back of the eye called the retina. In the retina, 

light is converted into chemical signals that are sent to the brain for visual processing.  

The neural retina is comprised of several cells connected by synapses. The layers of the 

retina from the innermost to outermost portion are the retinal ganglion cell layer (GCL), inner 

plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer 

(ONL), external limiting layer (ELM), photoreceptor layer, and retinal pigment epithelium (RPE) 

(Fig. 1.1) [1]. The interphotoreceptor matrix (IPM) comprises the subretinal space between 

photoreceptor cells and the RPE [2]. The IPM is critical for retinal adhesion to the RPE [3], [4]. 

The IPM transports nutrients to photoreceptor cells, contains receptors for growth factors, and 

plays a role in cytoskeleton arrangement [2], [5]–[7].  Immediately adjacent to the basal side of 

the RPE is the choroid, responsible for the delivery of nutrients and oxygen to support the cells of 

the retina.  

 

 

																																																								
1Portions of the work presented here were published in: Bullock J and Becerra SP. (2015). 
PEDF in the Retina. In M. Geiger (Ed) The Serpin Family: Proteins with Multiple Functions in 
Health and Disease. (pp. 197-121). New York, New York: Springer Publishing.   
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Several specialized neurons are present in the mammalian retina including horizontal cells, 

bipolar cells, amacrine cells, ganglion cells, and photoreceptors [8]. Chemical signals and 

electrical impulses generated by photoreceptors are ultimately delivered by bipolar, horizontal, 

and amacrine cells to ganglion cells, which are then sent to the brain via the optic nerve.   

Photoreceptors 

Photoreceptors are light-sensitive cells that absorb light energy and convert it to chemical 

energy in the retina. Photoreceptor cells are organized into three compartments: the outer segment, 

the inner segment, and the synapse.  Photoreceptor outer segments (POS) are comprised of stacks 

Figure 1.1. Layers of the neural retina. A. Scheme illustrating the layers of the retina composed 
of retinal ganglion cell layer (GCL), inner plexiform layer, inner nuclear layer (INL), outer 
plexiform layer, outer nuclear layer (ONL), photoreceptor layer, retinal pigment epithelium (RPE). 
Labels of cell types correspond to ganglion cell (G), amacrine cell (A), bipolar cell (B), horizontal 
cell (H), Muller cell (M), rod photoreceptor cell (R), and cone photoreceptor cell (C). B. 
Immunohistochemistry of a healthy human retina. Adapted from [1].  

A	 B	
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of discs rich in phospholipids, which contain proteins called opsins, and their main function is to 

absorb light and transduce this signal. The inner segments of photoreceptors, where much of the 

metabolism and regulation of the transduction signal takes place, connects the OS and synapse. 

Photoreceptor inner segments contain a large number of mitochondria, nuclei, and other 

organelles. They provide ATP for the sodium-potassium pump and potassium channels to maintain 

retinal homeostasis.  Membrane components and proteins are synthesized in the inner segments 

and trafficked to the base of the outer segments for continuous renewal of the outer segments. The 

disks towards the tips of outer segments are phagocytized daily by the RPE.  Deficiencies in the 

outer segment renewal and phagocytosis processes result in visual impairment leading to vision 

loss [9].  

There are two different types of photoreceptors: rods and cones. The human retina is 

composed of approximately 120 million rod and 6 million cone photoreceptors [10]. Rod 

photoreceptors are responsible for low light and peripheral vision, with rod cells being 

concentrated in the outer portion of the retina. In rods, the light-sensitive opsin protein of the outer 

segments is rhodopsin. Rhodopsin is a 348-amino acid ~40 kDa G protein coupled receptor 

(GPCR) with seven transmembrane helices with 20 to 33 residues each. A mutation in the gene 

encoding for rhodopsin was identified as the first genetic cause of retinitis pigmentosa (RP) [11],  

a retinal disorders that leads to photoreceptor degeneration starting with rod cell death, and 

eventually leading to the dysfunction and demise of cone cells.  Since then, several mutations in 

rhodopsin have been identified as causes of visual retinal disorders [12]. Mutations in the 

rhodopsin gene result in protein misfolding, impaired protein trafficking, altered post-translational 

modifications, reduced stability, and altered transducing activation [13].  
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Cone photoreceptors are responsible for detailed color vision, with cone cells being 

concentrated in the center of the retina in a region called the macula.  Humans have trichromatic 

vision, meaning human eyes have the ability to perceive and differentiate between colors, mediated 

by three types of cones which differ in sensitivity to wavelengths: red cones, green cones, and blue 

cones [14]. Long wavelength red cones, also known as L cones, are sensitive to wavelengths 

peaking ~560 nm. Medium wavelength sensitive green cones, also known as M cones, peak ~ 530 

nm. Short wavelength blue cones, also known as S cones, peak at 420 nm.  

The chromophore 11-cis-retinal is bound to rhodopsin by a protonated Schiff base linkage 

to a lysine side chain in the 4th cytoplasmic loop [15]–[17]. Visual transduction begins with the 

photo-activation of rhodopsin, where the 11-cis retinal underdoes isomerization to become all-

trans-retinal. Rhodopsin in its activated state is referred to as meta-rhodopsin. Activation of 

rhodopsin leads to the activation of the GPCR transducin. The activation of transducin consists of 

the guanosine diphosphate (GDP) bound to the a-subunit being exchanged for guanosine 

triphosphate (GTP), therefore dissociating the a subunit from the b g subunit [18]. This activation 

by dissociation causes a phosphodiesterase to hydrolyze cyclic guanosine monophosphate 

(cGMP), thus opening cGMP-gated cation channels. Reduced cGMP levels cause the closure of 

cGMP-gated Na+ channels, the hyperpolarization of photoreceptors, and the release of fewer 

glutamate transmitters. This signal is then transferred through the other retinal neurons, eventually 

reaching the ganglion cells [19]. The closing of the Na+ channels prevents the inflow of Na+ and 

Ca2+ ions to photoreceptor cells.  

The decrease in Ca2+ levels leads to the deactivation of rhodopsin. During deactivation, 

meta-rhodopsin is phosphorylated by the G-protein rhodopsin kinase (GRK1). Before rhodopsin 

activation, GRK1 is bound to a complex with Ca2+ and the calcium binding protein recoverin, 
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which prevents GRK1 activity. Low levels of Ca2+ promotes dissociation of the complex, leading 

to the phosphorylation of rhodopsin by GRK1. The GPCR arrestin is then activated, and binds 

meta-rhodopsin, resulting in complete deactivation of phototransduction. Retinal guanylyl cyclase 

transforms GTP to cGMP, replenishing the levels of cGMP, and facilitating the opening of Na+ 

channels to resume the movement of Na+ and Ca2+ ions to photoreceptor cells.   

The Retinal Pigment Epithelium  

Immediately adjacent to the photoreceptors is the RPE. The apical side of RPE cells is  

adjacent to the photoreceptors, while the basolateral side is adjacent to the choroid. The RPE is a 

monolayer of pigmented hexagonal cells that perform several critical functions to maintain the 

health and homeostasis of the retina [20].  

The RPE is responsible for the absorption of scattered light, preventing the highly oxidative 

retina from experiencing effects of high levels of oxidative stress [20]. The RPE contains tight 

junctions and essentially forms the blood retinal barrier, which separates photoreceptors from 

blood flow from the choroid. The transport of nutrients between the choroid and photoreceptors is 

regulated by the RPE. For example, the RPE transports glucose required for energy metabolism  

from the choroid to photoreceptors by way of glucose transporters present in the apical and 

basolateral membrane [21]. Water, ions, and metabolites are also transported from the retina to the 

choroid via the RPE [20], [22]. Metabolic activity from photoreceptors results in a buildup of lactic 

acid in the retina, which is eliminated by the RPE via uptake by the apical mono-carboxylate 

transporter-1 (MCT1) and is released by the basolateral mono-carboxylate transporter 3 (MCT3) 

[23]. The RPE also expresses aquaporine-1 water channels on both the apical and basolateral 

membrane for transport [24], [25].  
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The RPE is also responsible for the regeneration of the rhodopsin chromophore 11-cis 

retinal. When 11-cis retinal is converted to all-trans retinal, the all-trans retinal diffuses to the RPE 

[19]. The all-trans retinal must be re-isomerized to 11-cis retinal to maintain proper visual 

functions. As photoreceptors do not express the enzymes necessary for this reaction, the RPE is 

responsible for the re-isomerization of all-trans retinal, which is referred to as the visual cycle. The 

isomerization occurs in a series of three steps [20]. First, an acyl-group is esterified to the all-trans 

retinal by the enzyme lecithin retinol acyltransferase (LRAT). Next, the product is isomerized to 

11-cis by RPE protein with 65 kDa (RPE65). Finally, the product is oxidized to 11-cis retinol by 

11-cis retinol dehydrogenase (RDH5). The newly isomerized 11-cis retinal is transported back to 

photoreceptors and conjugated to an opsin, forming a newly functional rhodopsin protein [26].  

Phagocytosis 

One of the most important functions of the RPE is the daily phagocytosis of spent 

photoreceptor outer segments (POS) tips. This daily process occurs in the morning and is triggered 

by light [27]–[30]. POS are rich in phospholipids and proteins. Photoreceptors renew the entire 

length of the outer segments approximately every eleven days. As outer segments are eventually 

damaged by oxidizing light and are constantly being renewed at the base of photoreceptors, it is 

critical for RPE cells to phagocytose approximately 10% of the tips of POS each morning. By 

ingesting and digesting a bolus of protein and lipid daily, RPE cells are the most active professional 

phagocytes in the body.  

Phagocytosis of OS tips by the RPE is a tightly regulated process that occurs in distinct 

steps: recognition and binding, engulfment, internalization, phagosome maturation, and 

degradation [31]. The process of phagocytosis begins with the externalization of 

phosphatidylserine (PS) by POS, which is essentially the “eat me” signal displayed by apoptotic 
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cells [32], [33]. Several proteins regulate POS binding.  CD36 is a class B scavenger receptor 

expressed by RPE cells [23], [34]–[36], and binds the externalized PS directly [35]. It was observed 

that inhibition of CD36 results in decreased binding of PS-containing liposomes [35]. The αvβ5 

integrin receptor  is expressed on the apical surface of RPE cells, and loss of expression results in 

a deficiency in phagocytosis [36]. The milk fat globule-EGF8 factor (MFG-E8) is a secreted 

glycoprotein that can bind to apoptotic cells [37]. In the retina, MFG-E8 localizes to the 

interphotoreceptor matrix, and recognizes and binds the PS residues exposed by POS [37], [38]. 

Depletion of MFG-E8 results in impaired phagocytosis [38].   

The receptors and ligands critical for POS binding are also required for engulfment. Once 

POS are bound, an intracellular signaling cascade is triggered that leads to RPE membrane 

reorganization and POS engulfment. Activation of αvβ5 leads to the production of an intracellular 

signaling cascade requiring focal adhesion kinase (FAK) activation. FAK can in turn 

phosphorylate the receptor tyrosine kinase MerTK, which plays a key role for the signaling of POS 

engulfment. RPE cells possess apical microvilli, which express MerTK. The microvilli are 

extended towards photoreceptor cells [39]. MerTK utilizes the bridge molecules Gas6 and Protein 

S to recognize and bind photoreceptors outer segments, and RPE cells lacking MerTK or Protein 

S experience an impairment in phagocytosis [39]–[42]. Activation of MerTK by FAK results in an 

increase of  inositol trisphosphate (InsP3) production during phagocytosis [43], [44]. The increase 

in Ca2+ results in an increase of cyclic adenosine monophosphate (cAMP), a critical step in the 

downstream modulation of the phagocytic engulfment signaling [45], [46].  In response to the 

engulfment signaling cascade triggered by MerTK activation, RPE apical processes extend to 

photoreceptor cells and pinch off the tips, bringing the pinched outer segment discs closer towards 

the RPE cells for internalization  [9], [14]. 
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Once POS are bound and engulfed, they are internalized by the RPE. While studies have 

led to advancements in elucidating the precise mechanism of POS internalization, many of the 

mechanisms remain unknown. Internalization of POS requires cytoskeleton reorganization and 

actin polymerization. Actin filaments and microtubule-dependent motor proteins are involved in 

POS internalization. POS are trafficked through the phagosome, endosome, and lysosomal-

autophagy pathway [31], [47]. Ingested POS are packaged into membrane-bound phagosomes. 

Rab GTPases are thought to be involved in the recruitment of early endosomes and phagosomes. 

Early phagosomes are positive for Rab5, a GTPase that is present on the surface of early 

endosomes and maturing phagosomes [48]. The GTPase Rab7 is associated with late endosomes 

and phagosomes [49]. Rab7 is critical for the fusion of phagosomes and lysosomes to form 

phagolysosomes.  

In the final stage of RPE phagocytosis, phagolysosomes are very acidic, and the high pH 

activates acid hydrolases that degrade POS [50]. The principle enzyme involved in the degradation 

of rhodopsin is Cathepsin D, an aspartic protease  [51], [52]. A protein named bA3/A1-crystallin, 

encoded by the gene CRYBA1, is expressed by the lysosomes of RPE cells and plays a role in 

lysosomal degradation of POS. Deletion of this protein results in the impairment of the degradation 

phase of phagocytosis [53], [54]. Studies to elucidate molecular players in each step of the 

phagocytic process are ongoing.  

Dysfunction in the cells of the retina can lead to a host of retinal diseases and disorders, 

such as age-related macular degeneration (AMD). Millions of people suffer from visual 

impairment due to AMD, as AMD is the leading cause of blindness in adults over the age of 60 

[55]. In addition to age, risk factors include a family history of AMD, smoking and cardiovascular 

diseases. AMD primarily affects cone photoreceptors, and patients with AMD suffer from a loss 
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of central detailed vision. Two forms of AMD exist, wet and dry AMD. In wet AMD, blood vessels 

leak fluid into the macula, causing injury to cone photoreceptors.  Currently, anti-VEGF drugs are 

the only treatment available for the wet form of AMD. Dry AMD is the most common form of 

AMD. Hallmarks of dry AMD include the accumulation of abnormal deposits such as lipofuscin 

and drusen in and around the RPE. As a mix of lipids, proteins, and fluorescent compounds, 

lipofuscin components have been shown to be derived from phagocytized POS [56]. The bis-

retinoid A2E is a component of lipofuscin and is speculated to lead to RPE cell death in AMD. 

Drusen is similar in composition to lipofuscin. There is increasing speculation that a dysfunction 

in RPE phagocytosis could lead to the pathogenesis of AMD. Recently, a deficiency in RPE 

phagocytosis was demonstrated in the eyes of AMD donors [55]. As there are currently no 

therapies to cure retinal degeneration, there is an urgent need to identify therapeutics for retinal 

disorders.  

Pigment Epithelium-derived Factor 

In addition to the functions of the RPE listed above, the cells are also responsible for the 

secretion of trophic factors and signaling molecules to preserve the health of the retina. In the RPE, 

trophic factors and signaling molecules are secreted apically towards the photoreceptors, or basally 

towards the choroid. One neurotrophic factor critical for retinal health that is secreted apically 

towards the photoreceptors is Pigment Epithelium-derived Factor (PEDF).  

PEDF is a multifunctional protective protein of the eye, which is also ubiquitously 

expressed throughout the body. Human Y79 retinoblastoma cells treated with conditioned media 

from RPE cells induced neuronal differentiation, causing the proliferating cells to adopt a neuronal 

non-proliferating phenotype [57]. PEDF was identified as the neurite-promoting factor secreted by 

human RPE cells capable of inducing the neuronal phenotype displayed in Y79 cells [58].  
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 Human PEDF is encoded by the gene SERPINF1, which maps to chromosome 17p13.1-

pter [59]. The gene is clustered near retinal and cancer related genes. The human SERPINF1 gene 

contains 8 exons and 7 introns with a 1.5 kb mRNA transcript [58]. The open reading frame 

encodes for a 418-amino acid polypeptide, which contains a secretion signal peptide spanning the 

first 20 amino acids from its N-terminus. The mature protein product is secreted as a monomeric 

glycoprotein with a glycosylation site at Asn285 with an apparent molecular mass of 50 kDa . Many 

isoforms of PEDF exist, and two distinct isoforms of PEDF are denoted as PEDF-1 and PEDF-2 

[60]. While both isoforms are glycosylated, PEDF-1 has a higher isoelectric point, while PEDF-2 

has a higher molecular mass.   

 Analysis of the amino acid sequence of PEDF indicates that the protein shows strong 

homology to members of the serine protease inhibitor (SERPIN) superfamily [58]. Members of 

the serpin family share between 23-26% amino acid sequence similarities. The conserved tertiary 

structure of serpins consists of several alpha helices, three beta sheets denoted as sheet A, B, and 

C, and a reactive center loop (RCL), which is cleaved upon interaction with the target serine 

protease specific for the serpin (Fig. 1.2). The crystal structure of PEDF reveals a tertiary structure 

which is common among serpins such  as human alpha-1 antitrypsin and alpha-1 antichymotrypsin 

[61] (Fig. 1.3). The tertiary structure reveals a distinctive asymmetric surface charge distribution 

with a concentration of aspartic acid and glutamic acid side chains on one side and opposite of a 

highly basic lysine rich region, a feature unique to PEDF when compared to other serpins.  
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Figure 1.2. Signature SERPIN tertiary structure. Crystal structure of human antitrypsin. The 
three beta sheets are denoted as A (red), B (green) and C (orange). The RCL is highlighted in 
yellow. PDB ID – 1ATU.  
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As a member of the serpin superfamily, PEDF was initially investigated as a serpin using 

functional studies based on common features between serpin family members. For example, 

serpins contain a specific amino acid in the RCL termed P1, which is the peptide bond of the amino 

acid that is cleaved when the serpin interacts with its target protease. The P1-P1’ residue for PEDF 

is the amino acid leucine, which provides specificity for inhibiting leucyl-proteases. Although 

cleaved by serine proteases, PEDF fails to inhibit leucyl-proteases such as chymotrypsin and 

cathepsin G [62]. Another characteristic of inhibitory serpins is the formation of a heat-stable and 

SDS resistant complex with serine proteases, resulting in a stressed-to-relaxed conformational 

Figure 1.3. Amino acid sequence alignment and 3D structure of human PEDF, Alpha 1-
antitrypsin and antichymotrypsin. Human PEDF shares 27 % sequence identity and 42 % 
homology with antitrypsin, and 27 % sequence identity and 44 % homology with 
antichymotrypsin. PEDF PDB ID – 1IMV. Alpha-1 antitrypsin PDB ID – 1ATU. Anti-
chymotrypsin PDB ID – 3DLW. Adapted from [1].  
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change. For example, trypsin cleaves the P1-P1’ amino acid in the RCL of antitrypsin, and then 

the RCL of the cleaved serpin is inserted into its beta sheet A. The serpin is then transported from 

the RCL and through the serpin, and an extra bstrand is formed in sheet C (Fig. 1.4). PEDF does 

not form inhibitory complexes with serine proteases, nor does PEDF undergo the characteristic 

stressed-to-relaxed conformational change of inhibitory serpins [62].  

 

 

 

  

With the discovery that PEDF does not behave like an inhibitory serpin, PEDF was thus 

placed into a subgroup of non-inhibitory serpins that also lack the characteristics of serpins such 

Figure 1.4. Mechanism of action of a SERPIN. Crystal structure of human trypsin (gold) 
detailing the serine protease inhibitory activity of human antitrypsin. Interaction between trypsin 
and antitrypsin results in a conformational change, leading to the cleavage of the RCL (yellow) 
and the passage of trypsin from the top of antitrypsin to the bottom, while the RCL is inserted into 
beta sheet A (red) as an extra strand (purple). PDB ID - 1EZX. 



 14	

as ovalbumin, angiotensinogen [63] and maspin [64], which behave as substrates of serine 

proteases rather than inhibitors. The members of the non-inhibitory serpin subgroup which possess 

a leucine residue in the P1 site have unfavorable amino acid residues on the N-terminal side of the 

P1 leucine for insertion into sheet A. This characteristic may explain the lack of the stressed-to-

relaxed conformational change possessed by non-inhibitory serpins such as PEDF. The 

neurotrophic activity of PEDF is independent of its RCL, as cleaved PEDF retains neurite 

outgrowth activity in Y79 cells [62]. It is hypothesized that during evolution, PEDF lost its 

inhibitory function and gained neurotrophic, anti-angiogenic, and anti-inflammatory activities 

necessary for cell health and maintenance.  

Mutations in the SERPINF1 gene has been implicated in Osteogenesis Imperfecta (OI) 

Type VI, a connective tissue disorder, which causes bone fragility [65]–[67]. Patients with OI Type 

VI  have thin  bones that are easily broken shortly after birth [66], [68]. The PEDF null mouse 

exhibits reduced trabecular bone volume, an accumulation of unmineralized bone matrix, and 

brittle bones which makes the mouse a useful model for studying OI Type VI [69]. Mutations in 

SERPINF1 have also been identified to cause otosclerosis, characterized by abnormal bone growth 

in the ear, leading to hearing loss [70]. Patients with choroidal neovascularization due to AMD 

have lower levels of PEDF [71]. Additionally, a PEDF Met72Thr allele was identified as a possible 

risk factor for neovascular AMD [72].  

 Given that the SERPINF1 gene is expressed in fetal and adult human RPE cells as early as 

17 weeks of gestation, it is proposed that it plays a role in retinal development [73]. PEDF is 

detected throughout the human retina beginning at gestation and beyond [74]. PEDF is present in 

horizontal cells in the outer portion of the inner nuclear layer at 18 weeks of gestation, and in 

cytoplasmic granules in the RPE at 21.5 weeks [74]. PEDF protein is detected in the human RPE 
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and interphotoreceptor matrix, as well as photoreceptors and inner retinal cells [74]. The transcript 

for PEDF is highly expressed in monkey RPE [75] and in the ganglion cell layer [76]. Cultured 

monkey RPE cells preferentially secrete PEDF apically, while in the native eye PEDF is secreted 

apically into the interphotoreceptor matrix where it acts on photoreceptor cell survival [75]. In the 

developing mouse eye, PEDF is detected at embryonic day 14.5 in the RPE and inner plexiform 

layer, and in the ganglion cell layer, inner nuclear layer, ciliary body, and choroid at embryonic 

day 18.5 [77]. In the rat eye, Serpinf1 transcript has been detected in several ocular cells including 

the RPE, retinal ganglion cells, and cells of the inner nuclear layer, while PEDF protein is present 

in RPE cells, corneal epithelia, the nerve fiber layer, ganglion cell layer, and the inner and outer 

plexiform layer [78].  There is a marked decrease in expression of PEDF in RPE cell cultures in 

an age-dependent manner [73].  

PEDF is regarded as an ocular guardian for retinal cells, possessing anti-angiogenic, anti-

tumorigenic, and anti-inflammatory activities [79]–[81]. Several studies have highlighted the 

biological effects of PEDF in the retina (Table 1.1). In addition to promoting neurite outgrowth in 

human retinoblastoma Y79 and Weri cells [82], PEDF promotes  the increase and maturation of 

pigment granules in neonatal rat pigment epithelial cells [83], [84]. PEDF also possesses anti-

apoptotic and prosurvival effects in retinal cells in vitro and in vivo. For example, PEDF protects 

retinal neurons in culture against serum starvation and hydrogen peroxide-induced apoptotic cell 

death [85]–[87]. PEDF also protects cultured cone photoreceptors from light damage-induced cell 

death in vivo [88]. The rd1/rd1 mouse model is an autosomal-recessive mutant possessing a 

nonsense mutation in the rod photoreceptor specific b-phosphodiesterase gene, leading to 

pronounced photoreceptor degeneration. The rds mouse model contains a mutation in the 
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peripherin gene, which causes a loss of photoreceptors. PEDF intravitreal injection protects rd1 

and rds mice from photoreceptor degeneration [89].  

 

Table 1.1. PEDF biological activities in the retina 

PEDF Biological Activity Target 

Neurotrophic Retinoblastoma cells, Muller cells, retinal 
neurons 

Prosurvival, anti-apoptotic  Photoreceptors, retinal ganglion cells, retinal 
progenitor cells 

Anti-angiogenic Ocular endothelial cells  

Anti-inflammatory Muller cells and retinal ganglion cells 

Stem cells, self-renewal  Retinal stem cells and human embryonic stem 
cells  

 

 

 Structure function studies have identified several regions of PEDF that confer biological 

activity (Fig. 1.5). A 34 amino acid region termed 34-mer exhibits anti-angiogenic activity [90]–

[92], while a 44 amino acid region termed 44-mer exhibits neurotrophic activity [93]–[97]. Amino 

acids of PEDF which bind to the glycosaminoglycans heparin, collagen, and hyaluronan have also 

been identified [98]–[100]. Many of the biological effects of PEDF are mediated through the 

interaction with other binding partners.  Evidence for a cell surface receptor for PEDF was first 

reported in retinoblastoma cells and cerebellar granule neurons [82].  Following this study, binding 

partners for PEDF were identified with a variety of biological activities [98]–[106]. The binding 

partners identified for PEDF to date are listed in Table 1.2. 

 



 17	

                                 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Ribbon crystal structure of PEDF with highlighted biologically active regions. 
PDB ID 1IMV: neurotrophic region (red), anti-angiogenic region (orange), collagen-binding 
region (pink), heparin-binding region (blue), HA-binding region (gray)  
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Table 1.2. Binding partners of PEDF 

Binding 
Partner  
(UNIPROT ID) 

Subcellular 
location 

Binding assay Structure 
(PDB ID) 

Mapped 
site on 
PEDF 

Mapped site on 
binding partner 

Heparin ECM Complex 
formation 

N/A R146, 
K147, 
R149 

Unknown 

Collagen ECM Complex 
formation 

N/A D256, 
D258, 
D300 

human 
α1(I)(929-938) 
(IKGHRGFSGL) 

Hyaluronan  ECM Complex 
formation 

N/A K189, 
K191, 
K197 

Unknown 

PEDF-R 
(Q96AD5) 

Plasma 
membrane; 
lipid droplets 

Yeast 2 hybrid N/A V78-
T121 

T210-L232 

Laminin 
(P11047) 

basement 
membrane 

Yeast 2 hybrid 3BCH D44-N77 Unknown 

ATP Synthase 
P25705 (alpha 
subunit) P06567 
(beta subunit) 

Mitochondrion 
inner 
membrane; 
plasma 
membrane 

Complex 
formation 

1ABV D44-N77 Beta subunit 

LRP6 (O75581) Cell 
membrane 

Binding to live 
cells;  
Coprecipitation 

3S94 Unknown E1-E2 domain 
AA 26-320 

Caveolin-1 
(Q03135) 

Golgi 
apparatus; 
plasma 
membrane; 
caveola 

Surface 
plasmon 
resonance 

N/A Unknown Unknown 

PLXDC1 
(Q8IUK5) 
PLXDC2 
(Q6UX71) 

cell membrane Binding to live 
cells 

N/A Unknown Unknown 

VEGF-R1 
(P17948)  
VEGF-R2 
(P35968) 

Cell 
membrane; 
endosome; ER 

Enzyme-linked 
immunosorbent 
assay (ELISA) 

4Cl7, 
3VNT 

Unknown Unknown 
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Pigment Epithelium-derived Factor Receptor 

 Pigment epithelium-derived factor receptor (PEDF-R), encoded by the gene PNPLA2, was 

the first cell surface receptor identified for PEDF. PEDF-R is also known as TTS-2.2/iPLA2ζ, 

adipose triglyceride lipase (ATGL), and desnutrin in mice [107]–[109]. For simplification, the 

protein is referred to as PEDF-R throughout this thesis.  

The human PNPLA2 gene contains ten exons and nine introns with a 2.1 kb mature mRNA 

transcript, and maps to chromosome 11p15.5. The open reading frame encodes a polypeptide with 

an expected molecular mass of 55 kDa containing 504 amino acids. Topology studies suggest that 

PEDF-R is a transmembrane protein with two extracellular loops and one intracellular loop. The 

RPE, photoreceptor inner segments, and retinal ganglion cells express PEDF-R [110]. Extraocular 

tissues also express PEDF-R. Adipose tissue has the highest expression of this gene, followed by 

the liver, heart, testes, lung, pancreas, ovaries, and small intestine [109], [111]–[116]. Sequence 

alignment reveals that PEDF-R contains a patatin phospholipase-like region with a catalytic site 

consisting of a serine and aspartic acid residue, similar to catalytic domains of other PNPLA 

proteins [117].   

The PNPLA family has multiple members with diverse functions. Keratinocytes express 

PNPLA1, which plays a crucial role in skin barrier formation and ichthyosis development [118]. 

Adipocytes express PNPLA3, whose alternative name is adiponutrin. The protein possesses 

triglyceride lipase, transacylase, and phospholipase activities [107], [119], [120]. Keratinocytes 

and adipocytes express PNPLA4, also known as gene sequence-2 (GS2) [120], [121]. PNPLA4 

possesses acylglycerol transacylase, triglyceride lipase, and phospholipase activities [70], [107]. 

PNPLA5 is also known by the name GS2-like. Brain and adipose tissue express PNPLA5 [120], 

[122] and the protein possesses triglyceride lipase activities [120]. Similar to PEDF-R, ocular 



 20	

tissues express PNPLA6 [123], [124]. Mutations in PNPLA6 result in photoreceptor degeneration 

and childhood blindness [108]. Brain tissue expresses PNPLA6, and the protein’s 

lysophospholipase activity is essential to hydrolyze lysophospholipids in the brain [125], as 

PNPLA6 depletion in mice is embryonically lethal [126]. Closely related to PNPLA6, PNPLA7 is 

an insulin-regulated lysophospholipase [127] expressed in pancreas, prostate, and adipose tissue 

[122]. Cardiomyocytes highly express PNPLA8, a phospholipase that is critical for mitochondrial 

function [128], [129], as depletion of PNPLA8 results in impaired mitochondrial function and 

increased mortality from cardiac stress [129]. Multiple tissues express PNPLA9, a phospholipase 

implicated in neurological diseases [122].  Mutations in human PNPLA9 results in two childhood 

disorders: infantile neuroaxonal dystrophy (INAD) and idiopathic neurodegeneration with brain 

iron accumulation (NBIA) [130]. PNPLA proteins play fundamental roles in lipid metabolism in 

various cell types.  

PEDF-R possess phospholipase A2 (PLA2), triglyceride lipase and acylglycerol 

transacylase activities [107], [109], [110]. While the acylglycerol transacylase activity of PEDF-

R is less characterized, the adipose triglyceride lipase activity of PEDF-R has been well defined. 

Triglycerides are neutral lipids containing a glycerol and three saturated or unsaturated fatty acids. 

Elevated levels of free fatty acids can cause lipotoxicity, prompting cells to store them as neutral 

lipids such as triglycerides and cholesterol esters in organelles called lipid droplets. The lipid 

droplets are composed of a phospholipid monolayer and a neutral lipid core consisting of 

triglycerides and cholesterol esters [131]. Comparative gene identification-58 (CGI-58), also 

known by its gene name α/β hydrolase domain containing 5, (ABHD5) is a regulator of PEDF-R, 

as binding of CGI-58 to PEDF-R leads to the stimulation of its triglyceride lipase activity. PEDF 

binds to PEDF-R in hepatocytes and also localizes to lipid droplets [132]. The PEDF null mouse 
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displays hepatic steatosis, which is ameliorated by the restoration of PEDF [132]. Additionally, 

PEDF stimulates the triglyceride lipase activity of PEDF-R in adipocytes [133]. PEDF alters fatty 

acid metabolism by promoting lipolysis and reducing fatty acid oxidation in skeletal muscle [133].  

Two inhibitors of PEDF-R activity have also been identified: G0/G1 switch gene 2 (G0S2) 

and hypoxia-inducible LD-associated protein (HILPDA) [134], [135]. G0S2 directly interacts with 

PEDF-R, and this interaction requires the hydrophobic domain of G0S2 and the patatin-like 

domain of PEDF-R [136], [137]. G0S2 is highly expressed in differentiated adipocytes, as well as 

in bone marrow, liver, and skeletal muscle. When lipid droplet formation is induced by the addition 

of oleic acid and G0S2 is overexpressed, the protein localizes to lipid droplets and prevents 

degradation. Activation of lipolysis is caused by beta-adrenergic stimulation, and prolonged beta-

adrenergic stimulation results in the downregulation of G0S2. Similar to G0S2, HILPDA is a lipid 

droplet associated protein that is also regulated by peroxisome proliferator-activated receptor 

(PPAR) beta-adrenergic stimulation [134], [138], [139]. The N-terminal hydrophobic region of 

HILPDA directly binds to the patatin domain of PEDF-R. 

The PEDF-R null mouse is characterized by the accumulation of lipids, which leads to 

premature death due to a massive buildup of fat in cardiomyocytes [140]. In the global PEDF-R 

knockout mouse, insulin signaling is altered in adipose tissue, liver, and skeletal muscle [141]. 

Depletion of PEDF-R in the liver leads to hepatic steatosis [142]. In humans, mutations in PNPLA2 

lead to the development of a disorder named neutral lipid storage disease with myopathy 

(NLSDM). To date, several mutations in PNPLA2 have been identified that cause the accumulation 

of lipids in several organs [143]–[146]. The consequences of PNPLA2 deletion in the eye are  

unknown.  
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PEDF stimulates the PLA2 activity of PEDF-R upon binding in a dose dependent manner 

in vitro and in vivo in the eye. In addition to the retina, the cornea also expresses PEDF-R [147]. 

Treatment of both PEDF and its neurotrophic 44-mer derived peptide in combination with 

docosahexaenoic acid (DHA) enhances corneal regeneration following injury [147]–[149]. PEDF 

treatment activates the PLA2 activity of PEDF-R leading to DHA release, which induces 

docosanoid synthesis and upregulates the secretion of neurotrophic factors, all of which are 

blocked by the specific PEDF-R inhibitor atglistatin [149].  

The retina contains phospholipids that are enriched in W-3 fatty acids such as DHA. These 

fatty acids and their derivatives, such as neuroprotectin D1 and synaptimide, have demonstrable 

neuroprotective, neurite outgrowth, and anti-inflammatory properties [150], [151]. The plasma 

membrane of retinal cells contains PEDF-R, which binds PEDF, resulting in neuroprotective 

effects [87]. The binding site for PEDF on human PEDF-R was mapped to the HIS203-LEU232 

within an extracellular ectodomain [87]. Two peptides designed from this region, E5b (residues 

ILE193-LEU 232) and P1 (residues THR210-LEU249), bind PEDF [64]. The minimal binding 

region of PEDF which binds to PEDF-R has been identified as a 17 amino acid region within the 

neurotrophic 44-mer amino acid region of PEDF [94]. An 17mer[H105A] peptide results in 

enhanced binding and biological activity, while an 17mer[R99A] peptide results in abrogated 

binding and biological activity [94]. The effects of these point mutations on the full-length protein 

are explored in this thesis. 

 It is hypothesized that the binding of PEDF to PEDF-R leads to a liberation of fatty acids 

from the cell membrane, producing lysophospholipids and free W-3 fatty acids such as DHA. As 

a result, calcium is decreased through the plasma membrane Ca2+ ATP-ase pumps. This decrease 

is associated with an inactivation of cathepsin D and calpain. Mitochondrial translocation of Bax 
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and nuclear translocation of AIF is blocked, and there is an upregulation of the anti-apoptotic Bcl-

2 gene, ultimately leading to retinal cell survival (Fig. 1.6) [87], [152]. Genetic silencing of 

PNPLA2, pharmacological inhibition of PEDF-R enzyme, and using synthetic peptides to block 

the binding of PEDF to PEDF-R attenuates PEDF-mediated survival activity [87]. 
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Figure 1.6. Proposed mechanism of PEDF/PEDF-R interactions in photoreceptors. PEDF 
binds to an extracellular ectodomain of PEDF-R, liberating W-3 fatty acids such as DHA from the 
plasma membrane. DHA decreases calcium through the activity of plasma membrane Ca2+ ATP-
ase pumps (PMCA) which results in the activation of calpain and cathepsin D and a blockage of 
mitochondrial translocation of BAX and nuclear translocation of AIF, leading to an increase in 
BCL2 levels and cell survival. Adapted from [152].  
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Further exploration into the nature of the interaction between PEDF and PEDF-R as well 

as their cell specific roles is likely to lead to information that may be used to identify novel 

therapeutics for retinal disorders. The work of this thesis aims to provide additional insights into 

the neurotrophic role of PEDF and PEDF-R in photoreceptor cells as well as identify novel roles 

for PEDF-R in the RPE.  
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Hypothesis and Specific Aims 
 
I propose that mutations in the full-length PEDF cDNA sequence modify receptor affinity and 

result in enhanced neuroprotection. Building upon the idea that PEDF-R is a neurotrophic receptor, 

I hypothesize that molecules that bind to and stimulate the phospholipase A2 activity of PEDF-R 

limit retinal cell death and in turn have therapeutic value against retinal degeneration. I also 

propose that PEDF-R possesses distinct roles specific for photoreceptors and for RPE cells, i.e., 

neurotrophic capabilities in photoreceptors, and lipid metabolism regulation in the RPE.  

Aim 1: 

To investigate whether single point mutations in full-length PEDF modify receptor affinity and 

neuroprotection. 

Aim 2: 

To develop high-throughput screens for use in the identification of novel retinal therapeutics. 

Aim 3: 

To characterize the role of PEDF-R in RPE biology.  
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CHAPTER 2. PEDF ALTERATIONS MODIFY RECEPTOR AFFINITY AND 

NEUROPROTECTIVE ACTIVITY2 

Introduction 

 We have previously identified that PEDF binds to an extracellular ectodomain on PEDF-

R, leading to the prevention of cell death [87]. Molecular docking studies suggest that the 

neurotrophic 44-mer amino acid region binds to the ligand binding domain of PEDF-R, which was 

confirmed by binding assays [94]. A 17-amino acid region located in the PEDF neurotrophic 

region spanning amino acids 98-114 is the minimal binding region that binds to the P1 region of 

PEDF-R. Single amino acid substitutions for alanine in the 17-amino acid region were used to 

assay for binding and neurotrophic activity to determine which amino acids were crucial 

PEDF/PEDF-R interactions. Interestingly, altered 17-mer[R99A] does not bind to the P1 peptide, 

a peptide derived from the LBD of PEDF-R. The R99A alteration also fails to protect serum-

starved cultured retinal cells and photoreceptors in the rd1 mouse model of photoreceptor 

degeneration. Conversely, 17-mer[H105A] has higher affinity for the P1 peptide when compared 

to the 17-mer[WT].  The H105A alteration also exhibits enhanced cytoprotective effects in serum-

starved cultured retinal cells and photoreceptors in the rd1 mouse. In the present study, I analyzed 

the effects of the single point alterations R99A and H105A modifications in the full-length PEDF 

sequence on receptor binding and cytoprotective effects. The results show that the single point 

alterations in full length PEDF recapitulate the binding and cytoprotective effects as seen in the 

																																																								
2Portions of the work presented here were published in: Kenealey J., Subramanian P., Comitato 
A., Bullock J., Keehan L., Polato F., Hoover D., Marigo V., Becerra S.P. (2015). Small 
retinoprotective peptides reveal a receptor-binding region on pigment epithelium-derived 
factor. J. Biol. Chem. 290:25241-25253.  
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17-mer amino acid peptides. Characterization of the nature of the interaction between PEDF and 

PEDF-R will provide insights into the molecular mechanism of action between the two proteins 

that lead to neuroprotection. The information can be exploited for the purpose of developing 

therapeutics for retinal disorders, leading to the possibility for second generation PEDF peptides 

and proteins that could prove useful for therapeutics for retinal disorder.  

Methods 

Expression Vector Preparation 

Recombinant PEDF[R99A] and PEDF[H105A] were prepared using the full-length human gene 

SERPINF1. Mutant SERPINF1[R99A] and SERPINF1[H105A] were generated by targeting WT 

SERPINF1 cDNA using site-directed mutagenesis. The mutations were confirmed by DNA 

sequencing. The WT and mutant cDNA were cloned into the p3XFLAG-CMVTM-9 expression 

vector (Sigma) with an N-terminal 3X-flag tag under the control of the CMV promoter. The 

expression vectors were then transfected into baby hamster kidney (BHK) cells using 

Lipofectamine 2000 (Thermo Fisher). Stable cells were selected using 0.4 mg/ml neomycin.  

Recombinant PEDF without an N-terminal 3X-flag tag was also prepared. The cDNA sequences 

included SERPINF1[R99A] and SERPINF1[H105A], as well as SERPINF1[D156A, D258A, 

D300A] and SERPINF1[K146A, K147A, R149A], two PEDF variants in which alterations result 

in altered collagen and heparin binding, respectively. The cDNA of SERPINF1 versions were 

previously cloned into the pBK-CMV vector. To remove the SERPINF1 inserts from the donor 

vectors, 5 µg of each of the pBK-PEDF constructs were linearized for 3 h at 37°C with 5 units of 

EcoRI (New England BioLabs) in buffer 3.1. The pBK-PEDF/EcoRI linearized vectors were 

blunted with blunting enzyme (New England BioLabs) for 20 min at room temperature, and then 

incubated at 70°C for 10 min to denature the blunting enzyme. The SERPINF1 inserts were 
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removed from the pBK-PEDF/EcoRI-blunt vectors by digestion with 40 units of HindIII (New 

England BioLabs) for 3 h at 37°C. The total volumes of each of the reactions were loaded onto an 

0.8% agarose gel for purification. The 1.5-kb bands of PEDF cDNAs were excised from the gel 

and purified using the QIAquick gel extraction kit (Qiagen) using the minelute columns (Qiagen) 

and eluted in 15 µl of elution buffer.  

To prepare the pCEP4  receiving vectors (Thermo Fisher), 5 µg of the pCEP4 vector was linearized 

for 3 h at 37°C with 5 units of KpnI (New England BioLabs) in buffer surecut4. The pCEP4-KpnI 

linearized vector was blunted with blunting enzyme for 20 min at room temperature, and then 

incubated at 70°C for 10 min to denature the blunting enzyme. The pCEP4-KpnI was purified by 

the PCR purification kit (Qiagen) and eluted in 40 µl. The pCEP4/KpnI-blunt vector was digested 

with 20 units of HindIII for 2 h at 37°C in buffer 2, then 10 units of alkaline phosphatase, calf 

intestinal (CIP) was added for 1 h at 37°C. The total volume of the reaction was loaded onto an 

0.8% agarose gel for purification. The 10-kb band of pCEP4 was excised from the gel and purified 

using the QIAquick gel extraction kit (Qiagen) and eluted in 35 µl of elution buffer.  

A ligation reaction between the purified insert and receiving vector was carried out with a 1:10 

molar ratio using 64 ng of pCEP4 and 96 ng of the insert. The ligation reaction proceeded in the 

ligation buffer (New England BioLabs) with 400 units of T4 ligase (New England BioLabs) 

overnight at 16°C. A total of 10 µl of the ligation reaction was used to transform 50 µl of One Shot 

TOP10 competent E.coli cells (Thermo Fisher). Cells were thawed on ice and 10 µl of the ligation 

reaction was added directly into the vial. The vial was incubated on ice for 30 min, and then the 

cells were transformed by heat shock for 45 s at 42°C and placed on ice. Next, 250 µl of SOC 

media was added to the transformation reaction and incubated at 37°C in a shaking incubator set 
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at 225 rpm for 1 h. A total of 200 µl was plated and spread onto LB agar plates, inverted, and 

incubated overnight at 37°C.  

Colonies were selected to be tested for successful ligation. Single colonies were picked and 

inoculated in LB supplemented  with 100 µg /ml of ampicillin overnight. Cultures were harvested 

and DNA was purified using the Plasmid Midi Kit (Qiagen) according to manufacturer’s 

instructions. The nucleotide sequence alterations were confirmed by DNA sequencing of the 

purified plasmid DNA.  

HEK.Ebna cells (ATCC Cat. # CRL-10852) were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Gibco) supplemented with 10% FBS (Gibco), 1% pen/strep (Gibco) and 0.25 

mg/ml G418 (Gibco) in a 5% CO2 humidified incubator at 37°C. For transfection, 3 x 105 cells 

were plated in one well of a 6-well plate overnight. The next day, 3.5 µg of the DNA of each PEDF 

variant in 175 µl of optimum was mixed with 7 µl of Lipofectamine 2000 (Thermo Fisher) in 175 

µl of Optimem (Gibco) and incubated for 5 min at room temperature A total of 250 µl of the 

mixture was added to one well of a 6-well plate for a final DNA concentration of 2.5 µg and 5 µl 

of lipofectamine per well. The cells were incubated for 3 days. The media was then replaced with 

the selection media containing DMEM with 10% FBS, 1% pen/strep, 0.25 mg/ml G418, and 200 

µg/ml hygromycin B (Thermo Fisher). The selection media was added to the control cells and 

replaced every 2-3 days until all of the control cells died.  

Protein Preparation 

Stably transfected BHK and HEK.Ebna cells were cultured in complete media consisting of 

DMEM with 10% FBS and 1% penicillin/streptomycin at 37 °C and 5% CO2. Cells were grown 

to confluence in culturing vessels at 37°C.  Cells were cycled between serum-containing and 

serum-free media every 24 h for 5-10 cycles. Conditioned serum-free media containing the 
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recombinant proteins were collected and filtered. The media was pooled and precipitated with 80% 

ammonium sulfate. The precipitate was resuspended in PBS and dialyzed against Buffer S (50 mM 

Na-phosphate buffer 6.4, 50 mM NaCl, 1mM DTT, and 10% glycerol). The filtrate was purified 

by cation-exchange chromatography using a MonoS column pre-equilibrated with Buffer S by 

elution with a 50-500 mM NaCl gradient. Fractions containing PEDF were identified by PEDF 

immunoblot, pooled, and dialyzed against Buffer Q. PEDF was further purified by anion-exchange 

chromatography using a MonoQ column pre-equilibrated with Buffer Q by elution with a 0-1000 

mM NaCl gradient. PEDF-containing fractions were identified by PEDF immunoblot, pooled, and 

concentrated by centrifugation. PEDF was dialyzed against PBS and stored at -80°C  until use.  

Circular Dichroism (CD)  

Purified proteins were diluted in a buffer containing 10 mM sodium phosphate pH 7.4, 50 mM 

sodium fluoride, and 0.05% Tween to a protein concentration of 0.1 mg/ml. The CD spectrum was 

scanned from 190 to 260 nm at room temperature.  

Cell Culture 

For functional studies, the R28 neonatal rat retina precursor cell line was used (Kerafast). The R28 

cell line was originally derived from the immortalization of postnatal day 6 rat neuroretinal tissue 

using the psi2 replication incompetent retroviral vector through three rounds of limiting dilution 

[153]. The cells were cultured in DMEM with 10% FBS and 1% penicillin/streptomycin at 37 °C 

and 5% CO2. Cell passages 50-58 were used in experiments in this study.  

Peptide Affinity Chromatography Binding Assay 

Binding of full-length PEDF variants to the ligand binding domain of PEDF-R was determined by 

peptide affinity chromatography. The assay buffer contained 50 mM Tris pH 7.5, 300 mM NaCl, 

and 0.05% Tween 20. P1 and E5b, two synthesized peptides spanning the ligand binding region 
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of PEDF-R, were conjugated to agarose beads (Bio Synthesis) and used for the binding assay. A 

total of 50 µl of the suspension of affinity resin was equilibrated with the assay buffer. Next, 50 

ng of PEDF variants in 50 µl of assay buffer was added to the resin with gentle agitation and 

incubated on ice for 1 h. The reaction mixture was then sedimented by centrifugation at 800 x g 

for 5 min at 4°C. The unbound supernatant was collected, and the resin was washed three times 

with 500 µl of assay buffer to further remove unbound material. The bound material was released 

from the resin by the addition of 50 µl of 1X NuPAGE LDS sample buffer (Thermo Fisher; 141 

mm Tris base, 2% LDS, 10% glycerol, 0.51 mm EDTA, 0.22 mm SERVA Blue G, 0.175 mm 

Phenol Red, pH 8.5) containing 1.25 mM DTT followed by heating at 95°C for 5 min. The input, 

unbound material, and bound material were analyzed by western blot.  

Western Blot 

Samples for western blotting were subjected to separation by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The samples were loaded onto a NuPAGE 

Novex 10% Bis-Tris 10-well protein gel (Thermo Fisher) and electrophoresed at 170 V for 1 h in 

NuPAGE MOPS SDS running buffer. The proteins were transferred to a nitrocellulose membrane. 

For PEDF immunodetection, membranes were blocked with 1% bovine serum albumin (BSA) in 

Tris-buffered saline containing 150 mM NaCl and 0.05% Tween 20 (TBS-T) for 1 h at room 

temperature with gentle rocking, and probed with a primary antibody against human PEDF (Bio 

Products) diluted 1:100,000 overnight at 4°C. The blot was washed 3 times for 5 min each with 

TBS-T. The blot was then probed with HRP-conjugated goat anti-rabbit (KPL) diluted 1:200,000 

for 30 min at room temperature with gentle rocking and washed 3 times for 5 min each with TBS-

T. The blot was developed using chemiluminescence.  
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R28 Retinoprotection Assay 

R28 cells were plated in an 8-well Nunc chamber slides at 50% confluence for 16 h in 5% FBS. 

The cells were washed with PBS and serum-free media containing 10 nM PEDF variants were 

added and incubated at 37 °C for 48 h. Media was removed and cell apoptosis was determined by 

performing  TUNEL assays using an ApopTag fluorescein in situ apoptosis detection kit 

(Chemicon International) following the manufacturer’s instructions. The nuclei were 

counterstained with Hoechst, and images were captured using fluorescence microscopy. Two 

biological replicates were used, and a minimum of five fields were imaged per treatment in each 

experiment. Cells were counted using the ImageJ cell counter plugin.  

In Vivo Retina Protection Assay 

All procedures on mice were approved by the Ethical Committee of University of Modena and 

Reggio Emilia (Protocol number 106 22/11/2012) and by the Italian Ministero della Salute and 

were in accordance with the Association of Research in Vision and Ophthalmology Statement for 

the Use of Animals in Ophthalmic and Vision Research. Experiments were conducted at the Centro 

Servizi Stabulario Interdipartimentale by Antonella Comitato and Valeria Marigo. C3H/HeN (rd1) 

mice were purchased from Harlan Italy. Mice were maintained in 12-hour light/dark cycles. For 

intravitreal injection, post-natal day 11 (PN11) rd1 mice were anaesthetized with an intraperitoneal 

injection of 2 ml/100 g of body weight of avertin (1.25% (w/v) 2,2,2-tribromoethanol and 2.5% 

(v/v) 2-methyl-2-butanol; (Sigma)). Then 0.5 µl of PEDF variants were delivered intravitreously 

via a trans-scleral transchoroidal method. Control eyes received PBS. Mice were sacrificed post 

injection at PN12. Eyes were enucleated, fixed, embedded in paraffin, and sectioned. DNA 

fragmentation in dying cells was detected by TUNEL (fluorescein; Roche) according to 

manufacturer’s instructions. Nuclei were counterstained with DAPI. The slides were mounted with 
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mowiol 4-88 (Sigma) and analyzed at an Axioskop 40 fluorescence microscope (Zeiss). TUNEL-

positive cells were counted in sections passing through the optic nerve and were expressed as 

percentages of the total number of photoreceptors per section analyzed. A minimum of three 

untreated and treated rd1 retinas were compared using paired Student’s t test.  

Results 

Expression and Purification of PEDF Variants  

To investigate the effects of the single point alterations in the full length PEDF cDNA sequence, 

single point mutations were made to alter R99 and H105 to alanine. Fig. 2.1 shows the schematic 

representation of the single point mutations in the full-length protein sequence. The resulting 

cDNAs were inserted into an expression vector with a 3X-FLAG tag at the amino terminus (Fig. 

2.2A). DNA sequencing confirmed the mutations. Stably transfected BHK cells secreted the PEDF 

variants into serum-free media, while the untransfected BHK cells did not (Fig. 2.2B). Conditioned  

serum-free media was concentrated by ammonium sulfate precipitation and purified by cation-

exchange chromatography followed by anion-exchange chromatography. Highly pure protein was 

obtained following the two-step purification as assayed by Coomassie blue staining (Fig. 2.2C). 

The total amount of purified protein obtained was 4 milligrams per liter of culture. To assess the 

effects of the R99A and H105A mutations on the secondary structure of full length PEDF, CD 

spectra was performed, and displayed that the proteins shared similar folding patterns (Fig. 2.2D). 

The results show that the full-length proteins were expressed and purified, and that the single point 

substitutions did not significantly affect the overall secondary structure of the proteins.  
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17mer[H105A] 

Figure 2.1. Schematic representation of PEDF amino acid substitutions. 3D crystal structure 
(PDB ID 1IMV) and linear representation highlighting neurotrophic 44mer amino acid region 
(orange) and minimal binding region, which binds to PEDF-R (blue). 17mer sequences for each 
mutant are listed with the single point amino acid substitutions denoted in red.  
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Binding of Full-Length PEDF Variants to the Ligand Binding Domain of PEDF-R 

Alterations R99A and H105A on the 17 amino acid peptide region abrogated and enhanced the 

binding affinity to the ligand binding domain of PEDF-R, respectively [94]. Peptide affinity 

chromatography was used to examine the binding of the full-length PEDF variants with the single 
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Figure 2.2. Expression and purification of PEDF variants. (A) Single point alterations were 
made in the cDNA sequences of full-length PEDF and the resulting cDNA were cloned into the 
p3XFLAG-CMV-9 expression vector. Sequencing confirmed the mutations. (B) Immunoblot 
showing PEDF secretion by stably transfection BHK cells into serum-free media. Cell cultures 
were cycled with and without serum every 24 h, and serum-free media was collected for PEDF 
purification. (C) Coomassie blue stained gel of pooled PEDF fractions following cation (C) and 
anion (A) exchange chromatography. (D) The CD spectrum of purified PEDF variants indicating 
helical structure.  
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point substitutions to two peptides derived from the ligand binding domain of PEDF-R, P1 and 

E5B3. Binding assays demonstrated that the PEDF[R99A] variant resulted in a loss of binding, 

while the PEDF[H105A] variant retained binding capacity (Fig. 2.3). The results show that the 

binding of the single point substitutions in the full-length proteins are reflective of the results with 

the synthetic 17 amino acid peptides.  

 

                                    

 

 

Protective Effects of Full-Length PEDF Variants on Cultured Retinal Precursor Cells 

R28 precursor cells express PEDF-R, and the protective effects of PEDF on R28 cells are mediated 

through interaction with PEDF-R when cell death is induced by serum starvation [86], [87]. The 

17-mer[R99A] was not sufficient to protect R28 cells from cell death induced by serum-starvation, 

while the 17-mer[H105A] variant had enhanced protective effects on cultured R28 cells [94]. To 

Figure 2.3. Binding of PEDF variants to PEDF-R peptides derived from the ligand binding 
domain. Peptide affinity chromatography assays were performed using PEDF variants and two 
peptides derived from the ligand binding domain of PEDF-R termed P1 and E5B conjugated to 
agarose resin. The input (I), unbound (U), and bound (B) material were resolved by SDS-PAGE 
and western blots were performed using a PEDF antibody. The assay buffer for binding reactions 
was 50 mM Tris, pH 7.5, 300 mM NaCl, 0.05% Tween 20.  
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investigate the protective effects of the PEDF variants on cell death induced by serum starvation, 

R28 cells were treated with the PEDF variants and subjected to 48 hours of serum starvation. 

Treatments of serum-starved R28 cells with PEDF[WT] and PEDF[H105A] significantly 

decreased the number of TUNEL-positive cells, with PEDF[H105A] exhibiting higher protection 

than PEDF[WT] (Fig. 2.4). PEDF[R99A] did not significantly reduce the number of TUNEL 

positive cells. Together, the results show that the H105A amino acid substitution enhanced PEDF-

mediated protection, while the R99A substitution abolished the protective effects of PEDF in 

cultured retinal precursor cells, similar to the synthetic PEDF peptides. 

 

      

 

 

 

None R99A 

H105A WT 

Figure 2.4. Protective effects of PEDF variants in cultured retinal cells. PEDF variants were 
assayed for cytoprotective effects by quantifying the number of TUNEL positive nuclei in serum 
starved R28 cells relative to the total number of cells counted. Nuclei were stained with Hoechst.  
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Photoreceptor-protective Effects of PEDF Variants in Vivo 

The rd1 mouse is a well characterized animal model of photoreceptor degeneration that possesses 

a nonsense mutation in the gene encoding the rod photoreceptor cGMP phosphodiesterase b-

subunit [154]. The mutation causes a lack of phosphodiesterase activity, affecting 

phototransduction and resulting in photoreceptor degeneration peaking at PN11 [155]. The 17-

mer[H105A] peptide decreased the number of TUNEL positive cells in the rd1 mouse model, 

while the 17mer[R99A] was ineffective [94]. To assess the protective effects of the full-length 

PEDF variants in vivo, purified PEDF[WT] and PEDF[H105A] were injected into the vitreous of 

rd1 mice at PN11 and cell death was analyzed 16 h later by TUNEL staining. The H105A variant 

was more effective in protecting photoreceptors from cell death when compared to wild type PEDF 

(Fig. 2.5). The results demonstrate that like the 17-mer peptides, PEDF[H105A] displayed 

enhanced protective effects in the rd1 mouse model.  
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Expression of PEDF Variants Without an Epitope Tag 

BHK cells stably transfected with the p3X-FLAG-CMV9 vector containing PEDF cDNA 

produced ~4 milligrams per liter of culture. To produce larger amounts of PEDF variants without 

an epitope tag, the cDNA of PEDF variants were cloned into the pCEP4 expression vector. The 

PEDF variants are summarized in Table 2.1.  The expression vectors were confirmed by DNA 

sequencing. Stably transfected HEK.Ebna cells secreted the PEDF variants into serum-free media, 

while untransfected HEK.Ebna cells did secrete PEDF (Fig. 2.6A). HEK.Ebna cells were cycled 

between serum and serum-free media for a total of 5 cycles, and cells in culture secreted increasing 

amounts of PEDF with each cycle (Fig. 2.6B). Analysis of the conditioned serum-free media from 

HEK.Ebna cells by Coomassie blue staining demonstrated that the PEDF variants were estimated 

Figure 2.5. Protective effects of PEDF variants in vivo. PEDF versions were assayed for 
retinoprotective effects by intravitreal injection into the rd1 mouse model of retinal degeneration 
at PN11. Photoreceptor survival was assessed the following day. Plotted is the percentage of cells 
TUNEL positive nuclei/total number of cells. ** p < 0.01 
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to be between 50-75% of the total protein (Fig. 2.6C). The average concentration of protein 

obtained from conditioned serum-free media was between 20-25 mg/ml of the PEDF variants. In 

order to establish a purification protocol for the expressed PEDF variants, conditioned serum-free 

media from stably transfected HEK.Ebna cells secreting PEDF[H105A] was concentrated by 

ammonium sulfate precipitation and purified by cation-exchange chromatography followed by 

anion-exchange chromatography. Highly pure protein was obtained following the two-step 

purification as assayed by Coomassie blue staining and western blot (Fig. 2.6D). The protein yields 

from each step in the purification protocol are summarized in (Table 2.2).  

 

Table 2.1. Characteristics of PEDF variants 

PEDF Variants Alterations Resulting activity 
PEDF None None 
PEDF[R99A] R99A Loss of binding to PEDF-R 
PEDF[H105A] H105A Enhanced binding to PEDF-R 
PEDF[Collagen] D256A, D258A, D300A Altered collagen binding 
PEDF[Heparin] K146A, K147A, R149 Altered heparin binding 
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Figure 2.6. Expression of PEDF variants without an epitope tag. The PEDF encoding cDNA 
was cloned into the pCEP4 vector between KpnI and HindIII restriction sites under the control of 
the CMV promoter. (A) HEK.Ebna cells transfected with pCEP4 plasmids containing PEDF cDNA 
were cultured in complete media. The media was removed, and the cells were incubated with 
serum-free media for 24 h. A total of 20 µl of the conditioned media was analyzed by western blot 
versus ab-PEDF. (B) Stably transfected HEK.Ebna cells were cycled between serum containing 
and serum-free media for five cycles. A total of 20 µl of conditioned serum-free media was analyzed 
for PEDF secretion by western blot. (C) One milliliter of conditioned media from stably transfected 
HEK.Ebna cells was concentrated by centrifugation, separated in a 10% Bis-Tris gel and stained 
by Coomassie Blue. (D) Purified PEDF[H105A] following a two-step purification was analyzed 
by SDS-PAGE and western blot versus ab-PEDF. PEDF variant abbreviations: W – Wild type; R – 
PEDF[R99A]; H – PEDF[H105A]; C – PEDF[Collagen]; HA – PEDF[Heparin]; U – untransfected  
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Table 2.2. PEDF[H105A] purification table with expected yields 

Sample Concentration (mg/ml) Estimated purity (%) 
Media 25 40-50 
Ammonium Sulfate 
Precipitation & Dialysis 

6.7 50-60 

S-Sepharose 1.9 95 
Q-Sepharose 0.48-1 99 

 

Discussion 

In this study, we show that single point mutations introduced into the cDNA sequence of 

full-length PEDF corresponding to the minimal binding region for its receptor result in altered 

binding and retinoprotective activity. An R99A mutation led to a loss of PEDF binding and 

protective activity, while an H105A alteration led to enhanced retinoprotective activity. The 

alterations in the full-length PEDF sequence reflect the results observed with the 17-mer[R99A] 

and 17-mer[H105A] peptides [94]. The results further confirm that R99A is critical for PEDF 

binding and is necessary for PEDF-mediated protective effects.  

Full length-PEDF with an N-terminal 3X-flag tag retained the ability to bind to PEDF (Fig. 

2.3) and neither the 3X-flag tag nor the single point amino acid substitutions affected the overall 

secondary structure of the protein (Fig. 2.2D). Molecular docking suggests that the PEDF[44-mer], 

which contains Arg99 in an exposed portion of the protein, is predicted to be in close proximity to 

the P1 region of PEDF-R region previously shown to be the ligand binding region for PEDF [87]. 

In the P1 peptide region, Glu230 and Glu236 are proximal to the 17-mer peptide region during 

docking, and therefore these glutamic acid residues may be critical for an ionic interaction with 

Arg99 upon PEDF binding. The initial binding of PEDF and PEDF-R is hypothesized to begin with 

an ionic interaction between Arg99 and a glutamic acid in the P1 region, and is stabilized by 

hydrophobic interactions. Therefore, a replacement of His105 to alanine could explain the enhanced 
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binding, as the removal of the bulky and positively charged side chain and substitution with a small 

hydrophobic amino acid would favor the hydrophobic interaction necessary to stabilize the binding 

between PEDF and PEDF-R.  

The potential therapeutic value of PEDF has been further strengthened by this study. PEDF 

is an attractive therapeutic candidate due to the protein being a naturally occurring molecule with 

low chances of rejection by the immune system as with other foreign molecules. In this study, 

purified PEDF proteins with an N-terminal 3X flag tag were used for all binding and cytoprotection 

assays and displayed expected binding (Fig. 2.3) and retinoprotective activities (Fig. 2.4 and 2.5). 

We observed that while the proteins reflected the effects of the untagged 17-mer peptides, the 

efficacy in the assays was slightly lower in proteins containing the epitope tag than normally seen 

in experiments with untagged protein. Therefore, the epitope tag may interfere with the biological 

functions of PEDF and affect the full protective capacity of the protein. For future studies of PEDF 

as a neurotrophic factor and therapeutic candidate, it is recommended that PEDF be expressed and 

purified free of epitope tags to maximize the biological activity of the protein. To obtain large 

amounts of PEDF free of epitope tags, we stably transfected HEK.Ebna cells with pCEP4 plasmids 

containing the cDNA for several PEDF variants and calculated protein yields (Fig. 2.6).  Using 

HEK.Ebna cells stably transfected with pCEP4 expression plasmids, high yields of protein were 

obtained, with an estimated 20-25 mg/ml of PEDF variants secreted by the cells (Table 2.2). This 

is a significant advantage over the protein yields obtained from the conditioned media of BHK 

cells stably transfected with the p3X-FLAG-CMV-9 expression plasmids containing PEDF cDNA. 

A two-step purification protocol demonstrates that conditioned media from HEK.Ebna cells 

secreting PEDF variants can yield highly pure protein (Fig. 2.6D). An added advantage is that the 
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PEDF variants are free of epitope tags, thereby reducing the possibility of interference in 

experiments.   

The opportunity exists to alter the PEDF 17-mer sequence to design peptides with higher 

affinity for PEDF-R. Alterations in peptides 17-mer[R106A] and 17-mer[S115A] resulted in a 

modest increase in binding to PEDF [94]. Information obtained from molecular docking 

experiments using the desired mutations as well as structural studies to elucidate the precise nature 

of the interaction between the binding regions of PEDF and PEDF-R could lead to the design of 

second generation PEDF molecules that provide enhanced therapeutic effects in vitro and in vivo, 

leading to the identification of useful therapeutics for retinal disorders.  

It is advantageous that treatment with full-length PEDF has the ability to treat hallmarks 

of retinal disorders including neovascularization, apoptosis, and inflammation. The advantage of 

short peptides derived from a distinct region of PEDF to target a specific biological function, 

however, are also advantageous for targeted treatment without interference from other properties 

of the full-length protein. Additionally, synthesis of peptides is simple and peptides are more 

stable. Benefits exist for studies of both second generation full-length proteins as well as PEDF-

based peptides to be used as retinal therapeutics.  

With the ability to modify receptor affinity for enhanced binding capabilities, the question 

arises as to whether any compound that binds PEDF-R and stimulates the phospholipase activity 

will serve as a novel neurotrophic factor for retinal degeneration. The next chapter aims to utilize 

the current understanding of the nature of the interaction between PEDF and PEDF-R to discover 

potential activators of phospholipase A2 activity and identify novel therapeutics for retinal 

disorders.  
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CHAPTER 3. TOWARDS THE DEVELOPMENT OF A HIGH-THROUGHPUT 

SCREEN TO EVALUATE STIMULATORS OF LIPASE ACTIVITY3  

Introduction  

Millions of people suffer from vision impairment caused by retinal degeneration disorders 

such as AMD and retinitis pigmentosa [156], [157]. Dysfunctional and dying photoreceptors can 

lead to central and peripheral vision loss, and eventually irreversible blindness [158], for which 

there is currently no cure. Reliable assay to screen prospective treatments are needed to identify 

novel therapeutics for retinal disorders. Retinal cell-based assays capable of screening a large 

number of potential drugs in vitro is an approach we propose towards identifying novel drugs for 

retinal survival, with the intent of use promising candidates for testing in advanced animal models 

of retinal degeneration.  

The protective effects of PEDF are mediated by interaction with PEDF-R and stimulation 

of its PLA2 activity. Phospholipase A2 enzymes belong to a superfamily of enzymes which catalyze 

the hydrolysis of fatty acids from the sn-2 position of phospholipids. Fatty acids released from 

phospholipids can be transported to the mitochondria for oxidation to produce energy. Hydrolyzed 

fatty acids can also function as second messengers and precursors for eicosanoids such as 

prostaglandins and leukotrienes [159], [160]. Fatty acids released from phospholipids yield 

bioactive lysophospholipids such as lysophosphatidylcholine (LPC). Molecules of LPC can be 

further converted to lysophosphatidic acid (LPA), which is catalyzed by an enzyme with 

lysophospholipase D activity named autotaxin [161]. Genetic ablation of PEDF-R, 

pharmacological inhibition of the enzymatic activity of PEDF-R, and the introduction of soluble 

																																																								
3Portions of the work presented here were published in: Bullock J., Pagan-Mercado G., and 
Becerra SP. (2020). Cell-based assays to identify novel retinoprotective agents. MethodsX.  
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peptides to block PEDF binding result in a loss of PEDF-mediated protective activity in cultured 

retinal cells [87].  

In the previous chapter, we determined that modification of PEDF led to enhanced PEDF-

R binding and retinoprotective activity. I hypothesized that molecules capable of stimulating the 

phospholipase activity of PEDF-R can serve as neuroprotective agents for the retina. Using the 

current understanding of the mechanism of action between PEDF and PEDF-R, the aim of the 

present study was to develop quantitative high-throughput screens to test novel compounds that 

stimulate the phospholipase activity of PEDF-R, as well as provide enhanced neuroprotection of 

retinal cells.  

Methods 

Expression of Recombinant Proteins  

pEXP1-DEST vectors (Invitrogen) with an N-terminal His6-Xpress tag under the T7 promoter 

containing the cDNA for PNPLA2 versions were used as previously described [87], [110]. The 

PEDF-R variants are listed in Table 3.1. A total of 10 ng of expression plasmids were transformed 

into Escherichia coli (E.coli) BL21 Star (DE3) pLysS One ShotTM chemically competent cells 

(Invitrogen). A single colony was picked to generate an overnight culture. Next, the overnight 

culture was diluted 1:10 in LB Broth (Gibco), cultured at 37°C to an optical density of 0.6 at 600 

nm, and induced with 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG) (Sigma) for 3 h. Cells 

were harvested and sonicated with buffer P (1X PBS and protease inhibitors (Roche)). The soluble 

and insoluble fractions were separated and analyzed for overexpression of the gene. 

Overexpression of PNPLA2 in E.coli cells at 37°C resulted in the aggregation of the expressed 

protein into insoluble  aggregates called inclusion bodies. To isolate inclusion bodies, E.coli cells 

were harvested and sonicated with buffer P. The supernatant was discarded, and the pellets were 
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sonicated in 8 M urea with 1 mM DTT (Sigma). Solubilized inclusion bodies were diluted in DOC 

buffer (50 mM Tris pH 7.5, 100 mM NaCl, and 3mM deoxycholate) and the buffer was exchanged 

by centrifugation 3 times using amicon centrifugal filters (Millipore) to refold by rapid dilution.  

SDS-PAGE and Western Blot 

Samples were diluted to 1X with 4X NuPAGE LDS sample buffer (Thermo Fisher) containing 1 

mM DTT (Roche) and heated at 95°C for 5 min. The samples were subjected to sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) by loading onto a NuPAGE Novex 12% 

Bis-Tris protein 12-well gel (Thermo Fisher) and electrophoresed at 170 V for 1 h in NuPAGE 

MOPS SDS running buffer. Coomassie gels were stained with the Colloidal Blue Staining Kit 

(Thermo Fisher). For western blots, gels were transferred to a nitrocellulose membrane (Thermo 

Fisher). Membranes were blocked with 1% BSA in TBS-T for 1 h at room temperature, and probed 

with primary antibodies against human PEDF-R (Sigma) diluted 1:250 or Xpress (Invitrogen) 

diluted 1:100,000 overnight at 4°C with gentle rocking. The blots were washed 3 times for 5 min 

each with TBS-T. The blots were then probed with HRP-conjugated goat anti-rabbit (PEDF-R) 

(KPL) diluted 1:10,000 or HRP-conjugated goat anti-mouse (Xpress) diluted 1:200,000 for 30 min 

at room temperature with gentle rocking. The blots were washed 3 times for 5 min each with TBS-

T. Blots were developed using ECL.  

Recombinant PEDF was produced in BHK cells stably transfected with expression vectors 

containing human SERPINF1 cDNA under the control of the CMV promoter. Stably transfected 

cells were cultured in complete media consisting of DMEM with 10% FBS and 1% 

penicillin/streptomycin at 37 °C and 5% CO2. Cells were grown to confluence in 1-liter roller 

bottles at 37°C.  Cells were cycled between serum-containing and serum-free media every 24 h 

for 5-10 cycles. Conditioned serum-free media containing the recombinant proteins were collected 
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and filtered. The media was pooled and precipitated with 80% ammonium sulfate. The precipitate 

was resuspended in PBS and dialyzed against Buffer S (50 mM Na-phosphate buffer 6.4, 50 mM 

NaCl, 1mM DTT, and 10% glycerol). The filtrate was purified by cation-exchange 

chromatography using a MonoS column pre-equilibrated with Buffer S by elution with a 50-500 

mM NaCl gradient. Fractions containing PEDF were identified by PEDF immunoblot, pooled, and 

dialyzed against Buffer Q. PEDF was further purified by anion-exchange chromatography using a 

MonoQ column pre-equilibrated with Buffer Q by elution with a 0-1000 mM NaCl gradient. 

PEDF-containing fractions were identified by PEDF immunoblot, pooled, and concentrated by 

centrifugation. PEDF was dialyzed against PBS and stored at -80°C  until use. Highly purified 

recombinant PEDF was chemically coupled with fluorescein-5-EX succinimidyl ester (Molecular 

Probes, Eugene, OR) according to manufacturer’s instructions and as previously described[162]. 

The final Fl-PEDF sample contained an average of two fluorescein molecules per PEDF molecule.  

His-Tag Pulldown Assay 

Binding of PEDF-R was assayed by His-Tag pulldown of protein complexes using Ni-NTA resin. 

A total of 1 µg of PEDF-R with an N-terminal His6 tag was incubated with 200 ng of Fl-PEDF in 

binding buffer (50 mM Tris pH 7.5, 100 mM NaCl, 3 mM deoxycholate) to a total volume of 50 

µl, and incubated on ice for 1 h to allow complex formation. A total of 25 µl of Ni-NTA beads 

were washed and equilibrated with the binding buffer. The protein mixture was applied to the Ni-

NTA beads and incubated on ice for 1 h with gentle agitation. The beads were sedimented by 

centrifugation at 800 x g. The unbound supernatant was collected. A total of 50 µl of load and 

unbound materials was added to a 96-well black plate with clear bottom (Corning). Fluorescence 

was measured by Spectramax at excitation 485 nm and emission 510 nm. Percentage of binding = 

L – UB/L *100. L (load) UB (unbound)  
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Lipase Activity Assays 

The PLA2 activity was measured using a spectrophotometric assay as previously described [110]. 

The phospholipid substrate used was 1,2-dilinoleoyl-phosphatidylcholine (Sigma). The enzyme 

cleaves linoleic acid from the phospholipid. A coupling enzyme, lipoxygenase (Sigma), oxidizes 

the released fatty acid to form a hydroperoxide. The formation of the linoleic hydroperoxide is 

measured spectrophotometrically by measuring the increase of absorbance at 234 nm caused by 

the formation of the oxidized product. One pmol of PEDF-R prepared in the assay buffer (50 mM 

Tris pH 7.4 and 3 mM DOC), 0.26 mM of the substrate, and 6000 units/ml of lipoxygenase were 

mixed in 1 ml in a cuvette. The absorbance was measured every min for a total of 10 min. The rate 

of the change of the absorbance was determined using a Beckman DU 640 spectrophotometer 

(Beckman coulter).  

For the triglyceride lipase assay, the EnzChek lipase substrate (Invitrogen) was used. Assays were 

performed in a 96-well black plate with clear bottom. The EnzChek lipase substrate was diluted to 

20 µM. Each well contained 5 µl of EnzChek working solution and 1 pmol of PEDF-R variants in 

100 µl total. The plate was incubated at 37°C for 1 h. Fluorescence was measured by Spectramax 

at excitation 485 nm and emission 510 nm. Activity was calculated by subtracting background 

activity from wells containing no enzyme.  

Cell Culture 

R28 cells (Kerafast) were cultured in DMEM with 10% FBS and 1% penicillin/streptomycin at 

37°C with 5% CO2. 661W cells, a mouse cell line derived from a retinal tumor, were a kind gift 

from Muayyad R. Al-Ubaidi. Cells were cultured in DMEM with 10% FBS and 1% 

penicillin/streptomycin at 37 °C with 5% CO2. The medium for 661W cells was supplemented 
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with 4.3 µg/ml hydrocortisone, 0.04 µg/ml progesterone, 32 µg/ml putrescine, and 4 % β-

mercaptoethanol.  

R28 Serum-Starvation Assay 

For R28 cell assays, cell viability was assessed by measurement of cell confluence by the IncuCyte 

Zoom Live Cell Analysis System (Essen BioScience). R28 cells were plated in clear 96-well plates 

in media with 5% FBS to achieve 50% confluence. After 16 h, medium was replaced with serum-

free medium alone or containing 5 nM PEDF or 1 nM PEDF[17mer]. Phase images were acquired 

by the IncuCyte every 4 h for a total of 48 h. The IncuCyte software calculated the phase object 

confluence, defined as the percentage of the image area occupied by cells. The software averaged 

four readings from each well. The data were extracted and plotted in Excel.   

Quantification of LPC and LPA 

R28 cells were plated in 24-well plates in complete media with 5% FBS to achieve 50% confluence 

in 16 h. Then the medium was replaced with serum-free medium containing the indicated 

concentrations of PEDF. After 48 h, the medium were collected. For measurements using cell 

lysates, cells were washed with PBS, detached with trypsin, and harvested by centrifugation. Cells 

were then resuspended in RIPA buffer and sonicated for 20 s with a 50% pulse (Fischer Scientific 

Sonic Dismembrator Model 100). Lysates were centrifuged at 20,800 x g for 10 min at 4°C to 

remove cell debris. To quantify LPC and LPA, 50 µl of conditioned media and cell lysates were 

used for competitive ELISA arrays with kits (Cloud-Clone Corp.) specific for LPC and LPA, 

following the manufacturer’s instructions.  

Light Damage Cell Death Assays 

For 661W cell viability assays, 30,000 cells were plated per well of a 96-well tissue culture plate 

in complete culture medium for 16 h. The medium was replaced with assay medium containing 
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DMEM with 1% BSA (Sigma) containing 1% antibiotic-antimycotic (Gibco) alone, or containing 

10 nM PEDF, 10 nM 44-mer, or 100 nM 44-mer and incubated at 37 °C for 4 h of pretreatment. 

Then, the plate was placed in a custom light box exposing ~ 20,000 lux at 37 °C for 2 h. For cell 

viability measured by ATP, the medium was removed, and cells were washed with PBS. A total 

of 100 µl of PBS and 100 µl of CellTiter-Glo (Promega) were added to each well and incubated 

for 10 min with gentle shaking. The mixture was transferred to a 96-well black plate. The 

luminescence was measured using the Envision automated plate reader (Perkin Elmer).  

RNA Extraction, cDNA Synthesis, and Quantitative RT-PCR 

RNA was purified using the RNeasy minikit (Qiagen) according to manufacturer’s instructions. 

Aliquots of 200 ng of total RNA were used for reverse transcription using the SuperScript III first 

strand synthesis system (Thermo Fisher) to produce cDNA. RNA was incubated with 1 µl each of 

dNTPs and hexamers, and the RNA/primer mix was incubated at 65 °C for 5 min, then on ice for 

1 min. Next, 2 µl 10X RT buffer, 4 µl 25 mM MgCl2, 2 µl 0.1 M DTT, 1 µl of 40 U/µl RnaseOUT, 

and 2 µl Superscript RT III was added to the reaction. The reaction was incubated at room 

temperature for 10 min, then 50 °C for 50 min, and the reaction was terminated at 85 °C for 5 min. 

One microliter of RnaseH was added and the mixture was incubated at 37 °C for 20 min. The 

cDNA was stored at -20 °C  until use. qRT-PCR was performed on the cDNA using the QuantiTect 

SYBR Green PCR kit (Qiagen) in the ViiA 7 Real-Time PCR System (Thermo Fisher). Relative 

gene expression was calculated by normalizing the expression of Pnpla2 to the reference gene 18S. 

Primers for Pnpla2 and 18S were purchased from Thermo Fisher. The primers used were as 

follows: mouse PNPLA2 forward primer – 5’-TGTGGCCTCATTCCTCCTACC-3’, reverse 

primer – 5’TGAGAATGGCGACACTGTGA-3’; 18S forward primer – 5’-

GGTTGATCCTGCCAGTAG-3’, reverse primer – 5’GCGACCAAAGGAACCATAAC3’.  
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661W Cell Lysates and Western Blot 

661W cells were washed twice with ice cold PBS. A total of 120 µl of cold RIPA Lysis and 

Extraction Buffer (Thermo Fisher) with protease inhibitors (Roche, added as per manufacturer’s 

instructions) were added to each well and the plate was incubated on ice for 10 min. Cell lysates 

were collected and sonicated for 20 s with a 50% pulse. Sonicated samples were centrifuged at 

20,800 x g at 4°C for 10 min to remove cell debris. Protein concentration was determined using 

the Pierce BCA Protein Assay Kit (Invitrogen). Proteins were resolved by SDS-PAGE and 

transferred to nitrocellulose membranes. For PEDF-R immunodetection, membranes were blocked 

with 1% BSA for 1 h at room temperature with gentle rocking, and probed with a primary antibody 

against human PEDF-R (Millipore Sigma) diluted 1:1000 overnight at 4°C. Blots were washed 3 

times for 5 min each with TBS-T, then probed with HRP-conjugated goat anti-rabbit (KPL) diluted 

1:10,000 for 30 min at room temperature with gentle rocking, washed 3 times for 5 min each with 

TBS-T, and developed using chemiluminescence. For GAPDH loading control, the antibodies 

were removed using stripping buffer (Thermo Fisher), blocked with 1% BSA in TBS-T, probed 

with a primary antibody against GAPDH (Genetex; diluted 1:10,000) overnight, washed for 30 

min in TBS-T, probed with anti-mouse-HRP (KPL) diluted 1:100,000 for 30 min at room 

temperature, and washed 3 times for 5 min each with TBS-T. The blot was developed using ECL.   

 
Table 3.1. Amino acid residues of PEDF-R variants 
 
Polypeptide Amino acid residues 
PEDF-R M1-L504 
PEDF-R(D166A) M1-L504(D166A) 
PEDF-RΔ203-232 M1-L504ΔH203-L232 
PEDF-R4 M1-L232 
PEDF-R4Δ203-232 M1-I202 
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Results  

Overexpression of PEDF-R Variants in E. coli 

PEDF-R variants were overexpressed in E. coli cells to produce active recombinant proteins. All 

PEDF-R proteins were found in the particulate material and expressed as insoluble inclusion 

bodies. The PEDF-R proteins from the E.coli lysates migrated at the expected molecular mass 

when analyzed by reducing SDS-PAGE and western blots against anti-Xpress and anti-PEDF-R 

(Fig. 3.1A-C). Overexpression yielded several milligrams of PEDF-R proteins per liter of culture 

(Fig. 3.1D). To denature and solubilize the recombinant protein, the particulate material was 

incubated in solutions with increasing concentrations of urea.  The optimal concentration for 

solubilization of the protein was 8 M urea (Fig. 3.2). For subsequent assays, proteins were refolded 

by rapid dilution into DOC buffer.   
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Figure 3.1. Overexpression of PEDF-R in E. coli cells. pEXP1-DEST vectors containing the 
cDNA were transformed into E. coli cells and PEDF-R proteins were expressed as insoluble 
inclusion bodies. E. coli cells were lysed by sonication and the soluble and insoluble portions were 
separated by centrifugation. (A) Proteins were resolved by SDS-PAGE and analyzed by Coomassie 
blue staining. Western blot analysis was performed with (B) anti-PEDF-R and (C) anti-Xpress. (D) 
Protein yield estimations of PEDF-R proteins were calculated using the SDS-PAGE Coomassie 
stained gel in (A).  
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Functional Activity of Recombinant PEDF-R Proteins 
 
We next investigated whether overexpressed recombinant PEDF-R variants retained the ability to 

bind PEDF. Of the five PEDF-R proteins, PEDF-RΔ203–232 and PEDF-R4Δ203–232 lack the 

PEDF binding site and do not bind PEDF. To determine the binding of PEDF to the PEDF-R 

variants, Fl-PEDF was mixed with the PEDF-R variants and His-tag pulldown assays were 

performed. PEDF-R, PEDF-R[D166A], and PEDF-R4 exhibited PEDF binding as expected, while 

PEDF-RΔ203–232 and PEDF-R4Δ203–232 failed to bind PEDF (Fig. 3.3) indicating that the 

recombinant proteins retain binding properties of the native proteins.  

 

 

Figure 3.2. Solubilization of PEDF-R in E.coli cells. Inclusion bodies were resuspended in urea 
to determine the minimal concentration required for solubilization. Proteins were resolved by SDS-
PAGE and transferred to a nitrocellulose membrane. Ponceau red staining (top) and 
immunostaining vs. Ab-Xpress (bottom). Red hash marks indicate position of molecular weights 
with respect to MW protein standard.  Sn  - soluble; pp – particulate material.   
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PEDF-R exhibits phospholipase activity [110], which is stimulated upon PEDF binding [87]. 

PEDF-R[D166A] contains a substitution of aspartic acid 166 to alanine in the catalytic dyad, 

resulting in a loss of phospholipase activity, while all other PEDF-R variants retain phospholipase 

activity [87]. Using honey bee venom PLA2 as a positive control, we demonstrated that 

recombinant unmodified PEDF-R exhibited phospholipase activity, while recombinant D166A did 

not exhibit phospholipase activity as expected (Fig. 3.4A). PEDF-R also possesses triglyceride 

lipase activity, and the enzymatic activity requires the same catalytic dyad as the PLA activity 

[163]. Recombinant PEDF-R and PEDF-R4 also exhibited triglyceride lipase activity, while the 

observed D166A triglyceride lipase activity was very low (Fig. 3.4B). The results demonstrate that 

recombinant PEDF-R variants retain expected enzymatic activities. The recombinant enzymes can 

Figure 3.3. Binding of Fl-PEDF to recombinant PEDF-R. A total of 200 ng of Fl-PEDF was 
incubated with 1 µg of each PEDF-R version. Complexes were subjected to His-tag pulldown in 
assay buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 3 mM deoxycholate. Input and 
unbound material were collected and fluorescence was measured by the Spectramax plate reader. 
% Bound = L-UB/L*100. L – Load. UB – Unbound.   
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be used to test whether proteins, peptides, and compounds can stimulate the enzymatic activities 

of PEDF-R. 

 

 

 

Cell-based Assays for PEDF Neuroprotection in Retinal Precursor Cells 

Cell-based high-throughput screens using two well characterized immortalized cell lines were 

envisioned. PEDF protects the retinal rat R28 cell line using a serum-starvation assay to inhibit 

cell growth and induce cell death [87]. We analyzed the protective effects of PEDF and the 17-

mer derived from the neurotrophic region of PEDF on R28 cells using the IncuCyte Zoom Live 

Cell Analysis System. The IncuCyte software measures confluency of cells in each well every 4 h 

Figure 3.4. Lipase activity of recombinant PEDF-R. The reaction buffers for lipase assays 
contained 50 mM Tris, pH 7.5 and 3 mM deoxycholate. (A) Phospholipase activity assays were 
performed with the substrate 1,2-dilinoleoyl-phosphatidylcholine, 1 pmol of PEDF-R or 1 unit of 
honey bee venom, and lipoxygenase as the coupling enzyme. The formation of the coupled 
reaction product linoleoyl hydroperoxide was measured spectrophotometrically by increased 
absorbance at 234 nm/min for a total of 10 min. (B) Triglyceride lipase assays were performed by 
incubating the EnzChek lipase substrate and 1 pmol of each PEDF-R variant at 37°C. The 
fluorescence was measured by the Spectramax plate reader at excitation 485 nm and emission 510 
nm. Activity was calculated by subtracting background activity from wells containing no enzyme.  
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for a total of 48 h. PEDF treated cells showed increased cell viability following 48 h of serum 

starvation compared to non-treated cells (Fig. 3.5). The protective effects were also seen with the 

17-mer peptide, the minimal binding region of PEDF which binds to PEDF-R, suggesting that the 

protective effects are mediated through interaction with PEDF-R. These results imply that using 

live cell imaging to monitor R28 cell viability is a useful assay to test compounds for protective 

effects.  

 

 

Figure 3.5. Live cell analysis of PEDF-treated R28 cells. Cell viability effects of PEDF and a 
peptide derived from the neurotrophic region in serum starved R28 cells using a live cell analysis 
system. R28 cells were seeded in 96-well plates for 16 h in 5% serum, then media were replaced 
with serum-free media containing no treatment, 5 nM PEDF, or 1 nM 17-mer. (A) Representative 
images of cells prior to serum starvation and treatments (Time 12 h) and 48 h after treatment 
(Time 64 h) are shown. (B) The phase object confluence was calculated by averaging the cell 
confluence of four reading per well every 4 h for 64 h. The phase object confluence is indicated 
in the Y-axis and the time is indicated in the X-axis. Data were plotted with cell confluency +/- 
S.D. Each condition was assayed with 4 replicates.  
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The PLA2 activity of PEDF-R is critical for PEDF mediated protective effects. Phospholipases A2 

enzymes hydrolyze the acyl bond between the fatty acid esterified in the sn-2 position of 

phospholipids and the glycerol molecule, resulting in free fatty acids and lysophospholipids. 

Phosphatidylcholine (PC) is the most abundant phospholipid in the retina. I hypothesized that 

PEDF treatment of serum-starved R28 cells would yield measurable amounts of LPC secreted into 

the media. Surprisingly, PEDF-treated cells secreted lower amounts of LPC following 48 h of 

serum starvation compared to non-treated cells, and similar to control cells incubated with 5% 

serum (FBS) (Fig. 3.6A). The decrease in LPC was paralleled by an increase in the total number 

of cells as assayed by cell viability (Fig. 3.6B). To investigate whether LPC levels varied at time 

points of treatment, we treated serum-starved R28 cells at earlier time points up to 24 hours and 

found no significant difference in LPC levels (Fig. 3.6C).  
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In addition to being metabolized by lysophospholipases and LPC-acyltransferases, LPC can 

further be converted into LPA by the enzyme autotaxin, which is expressed in the retina [164], 

[165]. I hypothesized that the LPC secreted by R28 cells would be quickly converted into LPA 

and I set to measure LPA levels in the media of PEDF-treated cells. Interestingly, a decrease in 

LPA levels was also observed following 48 h of PEDF treatment when compared to non-treated 

cells and similar to FBS-treated cells. (Fig. 3.7A). LPA levels varied at earlier time points in a 

Figure 3.6. Effects of PEDF on secreted LPC levels by serum-starved R28 cells. (A) R28 cells 
were plated for 16 h in 5% serum, then cell death was induced by serum starvation for 48 h. 
Following treatment with PEDF or media with 5% FBS, media was analyzed for LPC levels by 
competitive ELISA. (B) At the end point, cells from (A) were analyzed for cell viability by 
measuring intracellular ATP. (C) R28 cells were plated for 16 h in 5% serum, then media was 
replaced with serum-free media with and without PEDF for the indicated time points. LPC levels 
were measured by competitive ELISA. * p < 0.05 
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similar fashion to LPC levels (Fig. 3.7B). Intracellular levels of LPA in PEDF-treated cells versus 

non-treated cells were determined. PEDF treated cells, which secreted lower levels of LPA (Fig. 

3.7C), showed no significant differences in intracellular LPA levels when compared to control 

cells (Fig. 3.7D). Altogether, the results demonstrate that PEDF-treated R28 cells undergoing 

serum starvation-induced cell death secrete lower levels of LPC and LPA at the time points 

assayed.  

 

Figure 3.7. Effects of PEDF on secreted LPA levels by serum-starved R28 cells. (A) R28 cells 
were plated for 16 h in 5% serum, then cell death was induced by serum starvation for 48 h. 
Following treatment, media were analyzed for LPA levels by competitive ELISA. (B) R28 cells 
were plated for 16 h in 5% serum, then media was replaced with serum free media with and without 
PEDF for the indicated time points. LPA levels were measured by competitive ELISA. (C) R28 
cells were analyzed for secreted LPA levels in the media and (D) intracellular LPA levels by 
competitive ELISA following 48 h of treatment. * p < 0.05  
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Cell-based Assay for Neuroprotection in Cultured Cone-like Photoreceptor Cells 

Given that PEDF protects the mouse 661W photoreceptor cell line from damaging light-induced 

cell death, and that these cells express PEDF-R [88], the development of a cell-based assay for 

661W cells was also proposed.  Cultured 661W cells plated at a density of 30,000 cells per well 

were incubated in serum-free media for 4 h at 37°C prior to placement in a light box exposing 

20,000 lux of damaging light to sensitize cells to cell death. The cell viability of light-damaged 

661W cells decreased over time after exposure to damaging light (Fig. 3.8A). Incubation for 2 h 

consistently resulted in 30-40% of cell viability, which was an ideal time point to study protective 

effects and was used in subsequent experiments. Damaging light increased both mRNA (Fig. 3.8B) 

and protein levels (Fig. 3.8C) of PEDF-R. Pretreatment with PEDF during the 4-hour period 

rescued cells from light-induced cell death, and this pretreatment was necessary for PEDF to 

provide protection (Fig. 3.9A). A dose curve of PEDF treatment revealed that each concentration 

of PEDF between 0.001 and 20 nM PEDF significantly increased cell viability of 661W cells  with 

the exception of 1 nM PEDF (Fig. 3.9B). In addition to the full-length PEDF, the neurotrophic 44-

mer peptide derived from PEDF also provided protection of light-damaged 661W cells (Fig. 3.9C). 

These results demonstrate that the 661W light damage assay can also be used as a high-throughput 

screen to test novel compounds for therapeutic potential for retinal disorders.  
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Figure 3.8. PNPLA2 levels in light-damaged 661W cells.  661W cells were plated for 16 h. The 
media was removed and replaced with serum-free media for 4 h to sensitize cells to cell death, and 
then cells were exposed to damaging light. (A) Cell viability was assessed by measuring intracellular 
ATP following damaging light. Each point is the average of four replicated wells. (B) Following 2 h 
of exposure to damaging light, RNA was extracted from cells and rt-PCR was performed to analyze 
for mRNA levels of Pnpla2 expression. (C) Western blots with three independent samples of total 
lysates following 2 h of damaging light with an antibody to PEDF-R. GAPDH was used as a loading 
control. *** p < 0.001 
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Figure 3.9. Effects of PEDF on light damaged 661W cells. 661W cells were plated for 16 h. The 
medium were removed and replaced with serum-free media for 4 h to sensitize cells to cell death, and 
then cells were exposed to damaging light for 2 h. Cells were assayed for cell viability by measuring 
intracellular ATP. Treatments were compared to cells in 96-well plate wrapped in foil (control).  (A) 
PEDF was added at different points: no addition (light), added at the beginning of the 4-hour 
pretreatment period and again immediately  before exposure to damaging light (dark and light), added 
at the beginning of the 4-hour pretreatment only (dark only), or added immediately before light 
exposure (light only). (B) Dose response of PEDF treatment in 661W cells exposed to damaging light. 
(C) 661W cells were pretreated with 44-mer, a peptide derived from the neurotrophic region of PEDF. 
Each point is the average of four replicated wells. * p < 0.05, ** p < 0.01**** p < 0.0001  
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Discussion 

High-throughput assays are a useful tool to screen many potential drugs. I have expressed 

and refolded a recombinant enzyme that can be used for high-throughput testing of the stimulation 

of lipase activity, as well as developed two high-throughput cell-based assays. The assays are 

easily adaptable for scaling up to 384-well plates. Therapeutic agents identified from using these 

assays can be used in animal models of retinal degeneration, ultimately leading to the discovery of 

novel retinal therapeutics.   

 PEDF-R synthesized by E.coli lysates using a cell-free in vitro protein translation system 

yields active recombinant PEDF-R enzymes with phospholipase activity [87]. The results show 

that the transformation of expression vectors into intact E. coli cells produce large amounts of 

recombinant proteins (Fig. 3.1). The recombinant proteins retain the ability to bind PEDF (Fig. 

3.3) and possess enzymatic activity (Fig. 3.4). The catalytic sites for both enzymatic activities are 

overlapping. In addition to PEDF, two binding partners and regulators of the triglyceride lipase 

activity of PEDF-R have been reported: an activator CGI-58 [163] and an inhibitor G0S2 [135]. It 

is not known whether CGI-58 and G0S2 share an overlapping binding site with PEDF or each 

other, and whether these two proteins also function to regulate the phospholipase and acylglycerol 

transacylase activity of PEDF-R. To date, there are no published studies elucidating a role for CGI-

58 or G0S2 as regulators of phospholipase activity, nor as neuroprotection factors for the retina. 

Preliminary data from a pilot experiment performed once suggests that cell lysates in which  CGI-

58 had been overexpressed in COS-7 cells (Fig. S3.1A) could protect serum-starved R28 retinal 

cells (Fig. S3.1B) similar to PEDF [87], [94].  Continued studies elucidating the role of CGI-58 

could prove useful in identifying the protein as a novel neurotrophic factor in the retina.  
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Investigations to determine whether G0S2 can inhibit the phospholipase activity of PEDF-

R would also be of interest. Currently two inhibitors of PEDF-R are used as a negative control for 

experiments. Bromoenol lactone (BEL) is a phospholipase inhibitor, however BEL inhibits many 

phospholipases and is therefore not specific for PEDF-R. BEL also inhibits the activity of other 

enzymes including phosphatidic acid phosphohydrolase [166]. Atglistatin is a specific and 

competitive inhibitor of PEDF-R [167]. While atglistatin inhibits mouse and rat PEDF-R, the small 

molecule is not as effective in the inhibition of human PEDF-R [168]. Therefore, the investigation 

of G0S2 as an inhibitor of phospholipase activity could provide an additional negative control for 

experiments in which the activation of the phospholipase activity of human PEDF-R is studied. 

Using recombinant proteins to assay for the ability to stimulate the lipase activity is ideal 

for identifying enzyme activators. The isolated experimental conditions ensure low interference 

that might affect results. Cell-based systems contain multiple enzymes, which can further 

derivatize products of PEDF-R activity. Using recombinant PEDF-R proteins provides an isolated 

study of only the initial reaction of the liberation of fatty acids from phospholipids. In order to be 

used as a reliable enzyme to support a high-throughput screen, the enzyme should be easy to 

produce, remain stable for the given assay length, and consistently provide similar results between 

assays. Future work towards refining the lipase activity assays for PEDF-R as well as optimizing 

the protein preparation conditions are required in order to continue to use recombinant PEDF-R 

protein in high-throughput assays to identify stimulators the lipase activity.  

The protective effects of PEDF have been well characterized in a variety of cell lines, 

including retinal cell lines. This makes cell-based assays using PEDF as a positive control a useful 

tool to identify novel retinal therapeutics. Genetic silencing, pharmacological enzymatic 

inhibition, and blocking peptides for ligand/receptor interactions  abolish PEDF action to protect 



 67	

retinal R28 cells from serum-starvation induced cell death [87]. Because the phospholipase activity 

of PEDF-R is required to protect R28 cells from death, they are useful in screening for activators 

of phospholipase activity. The R28 cell-based assay described here details a method in which 

potential neurotrophic factors can be evaluated for the ability to prevent cell death and promote 

cell viability. We observed an increase of cell viability in cells treated with PEDF and analyzed 

for cell viability by live cell imaging (Fig. 3.5) and ATP (Fig. 3.6B). This corroborates previous 

reports of the ability for PEDF to increase cell viability in R28 cells [87]. We show for the first 

time that peptides derived from the neurotrophic region of PEDF retain the ability to increase cell 

viability in R28 cells  using cell confluence and intracellular ATP as endpoint assays (Fig. 3.5). 

While the current high-throughput screen protocol focuses on R28 cell viability, the IncuCyte 

zoom software allows the analysis of multiple cell health parameters within the same experiment. 

Therefore, there is potential to obtain information on multiple cell health parameters for 

compounds tested using the software. The results strengthen the feasibility of the high-throughput 

screen and demonstrate that full length proteins as well as peptides are suitable for use in cell-

based assays for the identification of retinal therapeutics.  

Given that phospholipase A2 activity results in the liberation of fatty acids from 

phospholipids to yield free fatty acids and lysophospholipids, enzymatic products  as outcome 

measurement for the PEDF effects on retinal cells were investigated. I hypothesized that PEDF 

treatment would result in quantifiable amounts of lysophospholipids LPC and LPA in the media 

of treated cells. Surprisingly, PEDF treatment decreased LPC levels in the media of R28 cells (Fig. 

3.6A), while increasing cell viability (Fig. 3.6B). I hypothesized that LPC could be quickly 

converted into LPA and measured secreted levels, however LPA levels were also decreased in 

PEDF treated cells (Fig. 3.7A). LPA elicits a mitogenic type of response in cells [169]–[171]. To 
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date, this phenomenon has not been shown in cultured retinal cells. I therefore hypothesize that 

LPA generated from phospholipase activity stimulated by PEDF could bind to LPA receptors and 

promote cell survival and cell proliferation. Interestingly, serum-starvation resulted in higher 

levels of  LPC and LPA in non-treated cells (Fig. 3.6A and 3.7A). There could be several reasons 

for the observed increase, one of which I reason is a compensatory response of the cells  induced 

by serum starvation. LPC is converted to LPA by the enzyme autotaxin, which exhibits 

lysophospholipase D activity [161]. Without the activity of a phospholipase D, LPA can also be 

produced from phosphatidic acid [172], [173]. Retinal cells express autotaxin, and LPA levels are 

elevated in patients with retinal vein occlusion (RVO), which is a disorder caused by the blockage 

of veins that carry blood away from the retina. LPA levels were positively correlated with 

proinflammatory cytokines [164]. Elevated LPA and autotaxin levels were also directly correlated 

with VEGF, which is a proangiogenic antagonist of PEDF. Even though I hypothesized that PEDF 

treatment would result in increased LPA levels, it is possible that high levels of LPA are harmful 

for retinal cells and thus any LPA generated as a result of phospholipase activity will be used by 

the cell for a positive effect. The serum-starvation R28 cell assay is based on the survival of neural 

retinal cells, however it is possible that the results of lower LPA levels could have applications for 

disorders that result in higher levels of LPA such as RVO. The high-throughput screen could prove 

useful for screening compounds that have the ability to reduce levels of LPA in retinal cells and 

other cell types where high levels of LPA are hallmarks of deleterious disorders.  

The 661W cell-based assay details a method for evaluating potential drugs that protect 

them against light-induced cell death. 661W cells express PEDF-R in the plasma membrane and 

are protected by AKT signaling triggered by PEDF [88]. Here, the 661W light damage assay is 

adaptable for high-throughput screening to assay the ability to protect cells exposed to damaging 
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light with proteins and peptides (Fig. 3.9). Previous studies using light damage to induce cell death 

in 661W cells have required the use of 9-cis retinal, a chromophore converted to the toxic product 

all-trans retinal upon light exposure [88], [174], [175]. We did not find the use of 9-cis necessary 

in our assays. The protective effects of PEDF on 661W cells have been reported, but little is known 

about the precise mechanisms as in R28 cells. The limited information currently available suggests 

that PEDF-R is involved. AKT signaling is a downstream regulator of neuronal survival [176]. 

DHA is a fatty acid found in phospholipids in the retina and is thought to be a preferred fatty acid 

in phospholipid substrates to which PEDF-R acts. DHA also promotes cell survival through the 

activation of AKT. It is therefore plausible that liberation of DHA from the Sn-2 position of 

phospholipids by PEDF-R is a mechanism involved in the PEDF-mediated prosurvival effects in 

the retina. Characterization of the mechanism of cell survival provided by PEDF will also give 

information as to how additional activators of PEDF-R can protect cultured and native retinal cells.  

There are advantages and limitations in using retinal cell lines for high-throughput screens 

to identify novel neurotrophic factors. Both the rat R28 and mouse 661W lines are immortalized 

and can be scaled up to large cultures. They are also compatible with animal models of their 

respective species. The R28 cell line is a well characterized cell line which has resulted in several 

publications detailing useful applications in retinal cellular biology. The cell line is heterogeneous 

in nature and is comprised of a mixed population of retinal cells. The immortalization affects gene 

expression and typical morphology. The 661W cell line is also a well characterized cell line and 

expresses many cone markers [177]. While the cells are “cone-like”, the cells are not true cone 

photoreceptors. It is therefore crucial to validate neurotrophic factors identified by the high-

throughput screens listed here in primary cells and animal models that better represent in vivo 
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conditions. The success of the high-throughput screens listed here will be extremely helpful in 

identifying leads for preclinical studies for retinal disorders.  

These studies and many others have provided insights into the protective function of PEDF-

R in photoreceptors, however the function of PEDF-R in RPE biology remains unknown. The next 

chapter focuses on identifying a role for PEDF-R in lipid metabolism in the RPE.  

 

  

Figure S3.1. Protective effects of CGI-58 in cultured retinal cells. (A) COS-7 cell lysates and cells 
transfected with an expression vector to overexpress CGI-58 were evaluated for expression by 
ponceau red (left) and western blot versus ab-CGI-58 (right). (B) R28 cells were seeded in TUNEL 
plates in media containing 5% serum, incubated for 16 h, and then replaced with serum-free media 
containing no effector (SFM), 10 µg control cell lysates, or 10 µg cell lysates containing 
overexpressed CGI-58. After 48 h, media was removed, cells were fixed, and TUNEL staining was 
performed to determine the number of TUNEL positive nuclei. PC – positive control 
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CHAPTER 4. THE ROLE OF PEDF-R IN RPE PHAGOCYTOSIS  

Introduction 

As one of the most active phagocytes in the body, RPE cells maintain retinal metabolic 

homeostasis by the daily ingestion of POS tips following light onset [20], [29], [178]. Phagocytosis 

is a tightly regulated pathway that involves recognition and binding, engulfment, and phagosomal 

degradation of the components of POS, which are mainly phospholipids and proteins. The bovine 

neural retina contains 85% phospholipids, with 60% phosphatidylcholine and 40% 

phosphatidylethanolamine [179]. POS serve as an abundant source of lipids, which the retina uses 

to support the energy demands of the RPE. The fatty acids liberated from phagocytized POS are 

used as essential precursors for lipid and membrane synthesis, become available as mediators in 

cell signaling processes, or undergo fatty acid oxidation to produce mitochondrial acetyl-CoA, 

leading to the production of ATP. Defects in POS phagocytosis can lead to the accumulation of 

fatty acids and neutral lipids, resulting in oxidative stress, mitochondrial dysfunction, and 

subsequent photoreceptor degeneration, all of which are hallmarks of AMD. Given that RPE cells 

ingest and digest a substantial amount of lipids and proteins daily, the cells are likely to be sensitive 

to defects in lipid and protein degradation. Currently there are no reports of defects in lipases 

described for phagocytic deficiencies in the RPE.  

The addition of POS in cultured RPE cells induces changes in the expression of several 

regulators of phagocytosis. Plasminogen activator inhibitor-1 (PAI-1) is a serine protease inhibitor 

secreted by RPE cells. PAI-1 plays a role in POS uptake and integrin regulation [180], [181]. POS 

increases secretion of PAI-1 protein into the culturing medium of the human ARPE-19 cell line 

over time. Peroxisome proliferator-activated receptor coactivator-1a (PGC1a) is a regulator of 

transcription factors for mitochondrial biogenesis and fatty acid oxidation [182], [183]. POS 
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addition upregulates PGC1a mRNA and PGC1a protein in ARPE-19 cells [184]. The effects of 

POS challenge on PEDF-R levels are unknown.  

Given that phospholipids are the major component of POS, and a PLA2 enzymatic inhibitor 

blocks RPE phagocytosis [185], I hypothesize that the PLA2 activity of PEDF-R is involved in the 

degradation of POS in RPE phagocytosis. The purpose of this study is to examine the effects of 

PEDF-R decrease in RPE phagocytosis.  

Methods 
 
Cell Culture 

Human ARPE-19 cells (American Type Culture Collection, Manassas, VA, USA) were cultured 

in DMEM/F12 media (Gibco) supplemented with 10% FBS (Gibco) and 1% 

penicillin/streptomycin (Gibco) at 37°C with 5% CO2.  For assays performed on porous 

membranes, cells were maintained in DMEM/F12 with 1% FBS and 1% antibiotic-antimycotic 

(Gibco) in 12-well Transwell inserts with microporous polycarbonate membranes of 0.4 µm pore 

size (Corning). A total of 1.6 x 105 cells were seeded onto the membrane with 0.5 ml of media in 

the apical chamber while 1.5 ml of media was added to the basal chamber. The medium was 

replaced twice a week and cells were cultured for a minimum of 3 weeks. For assays performed in 

24-well plates, cells were maintained in DMEM/F12 with 10% FBS and 1% Pen/strep. A total of 

1 x 105 in 0.5 ml were plated per well and incubated for 3 days. ARPE-19 cells in passage numbers 

27-32 were used for our experiments. ARPE-19 cells were validated by Bio-Synthesis (Lewisville, 

Texas).  

Silencing of PNPLA2 in ARPE-19 Cells Using siRNA   

Silencing siRNA oligo duplexes, one scrambled siRNA as well as six unique 27-mer Dicer-

Substrate duplexes for human PNPLA2 (OriGene), were tested for silencing efficiency. The 
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sequences of the siRNA duplexes are listed in Table 4.1. From the six duplexes, the siRNA C, D, 

and E consistently provided the highest silencing efficiency, and therefore they were used for all 

silencing experiments and referred to as siPNPLA2. ARPE-19 cells were transfected by reverse 

transfection in 24-well tissue culture plates as follows: siRNA duplex (6 pmol) was diluted in 100 

µl of Optimem (Gibco) per well, and 1 µl of Lipofectamine RNAiMAX Transfection Reagent 

(Thermo Fisher) was added to each well as recommended by manufacturer. The mixture was 

incubated at room temperature for 10 min. A total of 1.3 x 105 cells in 500 µl antibiotic-free 

DMEM/F12 media containing 10% FBS was added to each well and the plate was swirled gently 

to mix. Experiments were performed 72 h post-transfection.  

 
Table 4.1. List of siRNA duplex sequences  
 
siRNA 
Duplex  

Identifier Duplex sequences 

SR311349A A rCrGrCrCrArArArGrCrArCrArUrGrUrArArUrArArArUrGCT 
SR311349B B rGrGrCrArCrArUrArUrArGrArArCrGrUrArCrUrGrCrArUrUCC 
SR311349C C rGrCrCrUrGrArGrArCrGrCrCrUrCrCrArUrUrArCrCrArCTG 
SR324651A  D rCrCrArArGrUrUrCrArUrUrGrArGrGrUrArUrCrUrArArAGA  
SR324651B  E rCrUrGrCrCrArCrUrCrUrArUrGrArGrCrUrUrArArGrArACA  
SR324651C  F rCrUrUrGrGrUrArArArUrArArArArArCrGrArArArArUrGTT  

 
 

Generation of shPNPLA2 Stable Cell Lines  

Silencing vectors for PNPLA2 were constructed following the pSUPER RNAi System™ 

purchased from OligoEngine as previously described [166]. Oligonucleotides against human 

PNPLA2 were designed beginning at nucleotide 508 in the nucleotide sequence. A BgIII site was 

introduced into the 5’ end and a HindIII site was introduced into the 3’ shRNA sequence. Oligos 

were annealed and cloned into the pSuper.eno vector. ARPE-19 cells were plated to achieve 70% 

confluency on the day of transfection in a 24-well plate and transfected by calcium phosphate as 



 74	

follows: 1 h prior to transfection, the medium was removed and replaced with fresh complete 

medium. For each well, a solution of 2.5 M CaCl2 and 0.5 µg DNA was mixed with an equal 

volume of 2X HEBS (HEPES buffered saline) solution (140 mM NaCl, 1.5 mM Na2HPO3, 11 mM 

glucose, 50 mM HEPES pH 7.05). The two solutions were mixed quickly for 1 min and added to 

each well. The plate was swirled gently to mix and incubated for 16 h. The medium was then 

removed and replaced with complete medium for 24 h.  Stable cells from single cell colonies were 

selected using limiting dilutions of transfected cells in 96-well plates in the presence of 500 µg/ml 

of G418. Wells that had less than 2 isolated colonies were selected and expanded. Specificity of 

the silencing effect of shPNPLA2 on the cells were confirmed by qRT-PCR and western blot. 

Isolation of Bovine POS 

POS were isolated as previously described with modifications [187]. Seventy fresh cow eyes were 

obtained from J.W. Treuth & Sons. Retinae were isolated from the bovine eyes. Crude POS were 

obtained by homogenizing retinas in 100 ml sucrose-containing buffer A (45% sucrose in buffer 

A: 100 mM potassium phosphate, pH 7.0 containing 1 mM MgCl2, 0.5mM DTT, and 0.1 mM 

ethylenediaminetetraacetic acid (EDTA)). Homogenized retinas were subjected to centrifugation 

in an SS-34 fixed angle rotor at 4°C for 5 min at 3000 x g (Sorvall RC 5C Plus). The supernatant 

containing the POS was filtered through gauze and diluted 1:1 with buffer A and subjected to 

centrifugation in an SS-34 fixed angle rotor at 4°C for 7 min at 4400 x g. The supernatant was 

discarded and the pellet containing the POS was resuspended in sucrose-buffer A. Purified POS 

were obtained by sucrose density gradient centrifugation.  Sucrose gradients were prepared in 13 

ml tubes by overlaying 6.1 ml sucrose-buffer (d 1.135) with 5.8 ml sucrose-buffer (d 1.115) and 

333 µl of POS suspension. The sucrose gradients containing POS were subjected to centrifugation 

in an SW 41 Ti swinging bucket rotor at 4°C for 1 h at 27,000 x g (Beckman) and the rotor was 
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allowed to decelerate with no brake. The POS band at the 1.115-1.135 interface was collected 

using a Pasteur pipette.  The POS were diluted 1:1 with buffer A and harvested by centrifugation 

in a TLA-120.2 fixed angle rotor at 4°C for 30 min at 39,000 x g. The supernatant was discarded 

and the pellets were stored at -80°C until use. Purified POS were counted using trypan blue. POS 

pellets were resuspended in 1 ml of PBS. A total of 10 µl of resuspended POS was mixed with 10 

µl of 0.4% trypan blue dye (Thermo Fisher). Ten microliters of the mixture were added to a 

hemocytometer, and POS particles were counted manually.  

Phagocytosis Assay 

The phagocytosis assays were performed as previously described [188] with modifications. Fresh 

Ringer’s solution was prepared before each assay and contained 120.6 mM NaCl, 14.3 mM 

NaHCO3, 4.2 mM KCl, 0.3 mM MgCl2, 1.1 mM CaCl2, with 15 mM HEPES dissolved separately 

and adjusted to pH 7.4 with N-methyl-D-glucamine. Prior to use, L-carnitine was added to the 

Ringer’s solution to achieve a 1 mM final concentration of L-carnitine. Purified POS were diluted 

to a concentration of 1 x 107 POS/ml in Ringer’s solution containing freshly prepared 5mM 

glucose. Experiments were performed with either Ringer’s solution or Ringer’s solution containing 

POS and 5 mM glucose. The combination of Ringer’s solution and glucose has minimal effects of 

experimental results [188]. Cells in transwells were incubated with 500 µl of Ringer’s solution 

alone or Ringer’s solution containing POS and 5mM glucose added to the apical chamber only. 

The media in the basal chamber was not changed. In the 24-well plates, 500 µl of Ringer’s alone 

or Ringers containing POS and 5mM glucose were added to each well. For BEL experiments, cells 

were pretreated with 25 µM BEL or the vehicle DMSO in Ringer’s solution for 1 h prior to POS 

treatment.   
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Cell Viability by Crystal Violet Staining 

ARPE-19 cells were seeded in a 96-well plate at a density of 20,000 cells per well. The cells were 

incubated for 3 d at 37°C. The medium was removed and replaced with various concentrations of 

BEL in Ringer’s solution for 3.5 h. The medium was removed and replaced with complete media 

for 16 h. Next, the cells were washed twice with dH20. After washing, the plate was inverted and 

tapped gently to remove excess liquid. Next, 50 µl of a 0.1% crystal violet staining solution 

containing 25% methanol was added to each well and incubated for 30 min at room temperature 

on a bench rocker with a frequency of 20 oscillations per min. The plate was briefly washed with 

dH20, inverted, and placed on a paper towel to air dry without a lid for 10 min. For dye 

solubilization, 200 µl of methanol was added to each well and the plate was incubated with a lid 

for 20 min at room temperature on a bench rocker at 20 oscillations per min. The absorbance of 

the plate was measured at 570 nm using a Spectramax plate reader.  

ARPE-19 Conditioned Media and Cell Lysates 

Conditioned medium was collected from each well and subjected to centrifugation at 20,800 x g 

at 4°C for 10 min to separate clear POS debris (Eppendorf 5430 R). Conditioned media free of 

POS were stored at -80°C until use.  

ARPE-19 cells were washed twice with ice-cold DPBS (137 mM NaCl, 8 mM Na2HPO4-7H20, 

1.47 mM KH2PO4, 2.6 mM KCl, 490 µM MgCl2-6H20, 900 µM CaCl2, pH 7.2). A total of 120 µl 

of cold RIPA lysis and extraction buffer (Thermo Fisher) with protease inhibitors (Roche, added 

as per manufacturer’s instructions) were added to each well and the plate was incubated on ice for 

10 min. Cell lysates were collected and sonicated for 20 s with a 50% pulse (Fischer Scientific 

Sonic Dismembrator Model 100) in an ice bath. Sonicated samples were centrifuged at 20,800 x g 

at 4°C for 10 min to remove the cell debris (pellet) from the lysates (supernatant). Protein 
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concentration in the lysates was determined using the Pierce BCA Protein Assay Kit (Invitrogen) 

and cell lysates were stored at -20°C until use.  

Western Blot 

A total of 20 µl of conditioned medium from cells incubated with POS were resolved by SDS-

PAGE using a NuPAGE 10% Bis Tris gel (Life Technologies) and transferred to nitrocellulose 

membranes (Life technologies). Then, membranes were blocked with 1% BSA in TBS-T 

(BSA/TBS-T) for 1 h at room temperature with gentle rocking, and probed with primary antibody 

against human PAI-1 (Molecular Innovations, cat. # ASHPAI-GF) diluted 1:5000 in BSA/TBS-T. 

The blot was washed for 30 min at room temperature and then probed with anti-rabbit-HRP 

(Kindlebio) for 30 min at room temperature with gentle rocking. The membrane was washed for 

30 min in TBS-T and developed using chemiluminescence.  

For cell lysates, 10 µg of total protein was resolved by SDS-PAGE and transferred to nitrocellulose 

membranes. For PEDF-R immunodetection, membranes were blocked with 1% BSA in TBS-T  

for 1 h at room temperature with gentle rocking, and probed with a primary antibody against human 

PEDF-R (Sigma, cat. # ABD66) diluted 1:1000 in 1% BSA/TBS-T overnight at 4°C. The blot was 

washed for 30 min with TBS-T and then probed with anti-rabbit-HRP (Kindlebio) diluted 1:1000 

for 30 min at room temperature with gentle rocking. The membrane was washed for 30 min in 

TBS-T and developed using chemiluminescence. For rhodopsin immunodetection, membranes 

were blocked with 5% dry milk in PBS plus 0.1% Tween 20 (137 mM NaCl, 2.7 mM KCl, 10 mM 

NA2HPO4, 2 mM KH2PO4, pH 7.4) (PBS-T) for 1 h at room temperature with gentle rocking and 

incubated with a primary antibody against human rhodopsin (Novus Biologicals cat. # NBP2-

25159) diluted 1:5000 overnight at 4°C. The membrane was washed for 30 min in PBS-T and 

incubated with anti-mouse-HRP (Kindlebio) diluted 1:1000 for 30 min at room temperature with 
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gentle rocking. The membrane was washed for 30 min in PBS-T and visualized using the 

KwikQuant imaging system (Kindlebio).  For GAPDH protein loading control, membranes were 

stripped with western blot stripping buffer (Thermo Fisher) and blocked with 1% BSA/TBS-T, 

probed with a primary antibody against GAPDH (Genetex, cat. # GTX627408) diluted 1:10,000, 

washed for 30 min in TBS-T, and probed with anti-mouse-HRP diluted 1:1000. All western blots 

were visualized using the KwikQuant imaging system (Kindlebio). Antibodies used in this study 

are listed in Table 4.2.  

 

Table 4.2. Antibodies used for western blot and immunofluorescence   

Antibody Type & 
host 

Application Buffer Dilution Company Catalog 
number 

GAPDH Monoclonal 
mouse 

WB 1% BSA 1:10,000 GeneTex GT239 

PEDF-R Polyclonal 
rabbit 

WB 
 

1% BSA 
 

1:1000 
1:250 

Protein 
Tech 

55190-1-
AP 
 

PAI-1 Polyclonal 
rabbit 

WB 1% BSA 1:5000 Molecular 
Innovations 

ASHPAI-
GF-104 

Rhodopsin Monoclonal 
mouse 

WB 
IF 

5% milk 
1% 
saponin 

1:5000 
1:800 

Novus 
Biologicals  

NBP2-
25159 

 
 

β-hydroxybutyrate Quantification Assay 

Conditioned media from ARPE-19 cells treated with Ringer’s solution or Ringer’s solution 

containing glucose and POS were collected and analyzed for β-hydroxybutyrate (β-HB) following 

the manufacturer’s instructions for the β-hydroxybutyrate LiquiColor kit (Stanbio). A total of 100 

µl of sample was added to one well of a 96-well plate. Reagent A and reagent B were mixed at a 

6:1 ratio, and 150 µl of the mixture was added to each well. The plate was incubated in the dark at 

37°C for 1 h, and absorbance was measured at 492 nm. The total number of nmol of β-HB was 
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determined by extrapolating the concentration from the absorbance values using the standard 

curve, correlating 492 nm absorbance with the concentrations of β-HB standards.  

Free Fatty Acid Quantification Assay 

A total of 50 µl of conditioned media from ARPE-19 cells treated with Ringer’s or glucose and 

POS were collected at the indicated times. Free fatty acids were determined using the Free Fatty 

Acid Quantification Assay Kit (Colorimetric) (Abcam cat. # ab65341) following manufacturer’s 

instructions.  

RNA Extraction, cDNA Synthesis, and Quantitative RT-PCR 

Total RNA was purified using the RneasyTM minikit (Qiagen) according to manufacturer’s 

instructions. Between 100-500 ng of total RNA was used for reverse transcription using the 

SuperScript III first strand synthesis system (Thermo Fisher). RNA was incubated with 1 µl each 

of dNTPs and hexamers, and the RNA/primer mix was incubated at 65 °C for 5 min, then on ice 

for 1 min. Next, 2 µl 10X RT buffer, 4 µl 25 mM MgCl2, 2 µl 0.1 M DTT, 1 µl of 40 U/µl 

RnaseOUT, and 2 µl Superscript RT III was added to the reaction. The reaction incubated at room 

temperature for 10 min, 50 °C for 50 min, and the reaction was terminated at 85 °C for 5 min. One 

microliter of RNaseH was added at the mixture was incubated at 37 °C for 20 min. The cDNA was 

stored at -20 °C  until use. qRT-PCR was performed with the cDNA using the QuantiTect SYBR 

Green PCR kit (Qiagen) in the ViiA 7 Real-Time PCR System (Thermo Fisher) according to 

manufacturer’s instructions. Relative gene expression was calculated by normalizing the 

expression of PNPLA2 to the reference gene 18S. The primer sequences used for each gene in this 

study are listed in Table 4.3.  
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Table 4.3. Primer sequences for rt-PCR 
 
Gene 
(Human) 

Forward Primer Reverse Primer 

PNPLA2 5’-AGCTCATCCAGGCCAATGTCT-
3’ 

5’-TGTCTGAAATGCCACCATCCA-3’ 

PGC1α 5’-GTGAAGACCAGCCTCTTTGC-3’ 5’-TCACTGCACCACTTGAGTCC-3’ 
18S  5’-GGTTGATCCTGCCAGTAG-3’ 5’-GCGACCAAAGGAACCATAAC-3’ 

 

Immunofluorescence  

Media was removed from cells cultured in 24-well plates on glass coverslips, and cells were 

washed twice with PBS. Cells were fixed with 4% paraformaldehyde at room temperature for 30 

min. Fixed cells were incubated with PBS containing 1% donkey serum (Sigma), 0.1% saponin 

(Sigma), and 100 µM glycine (Sigma) for 2 h at room temperature. Then cells were incubated with 

anti-rhodopsin (1:800) in PBS containing 0.1% BSA and 1% saponin overnight at 4°C. Cells were 

washed three times with PBS and incubated with donkey anti-mouse 555 (Invitrogen) (1:500) for 

1 h at room temperature. Following three washes with PBS for 5 min each, cells were stained with 

1 µg/ml BODIPY (Sigma) and counterstained with Hoechst (1:1500) for 15 min at room 

temperature. Cover-slips were mounted onto glass slides using ProLong Gold antifade reagent 

with DAPI (Molecular Probes).  

Fatty Acid Metabolism RT2 Profiler PCR Array 

Total RNA was purified using the Rneasy minikit (Qiagen) according to manufacturer’s 

instructions. Total RNA (0.5 µg) was reverse transcribed using the RT2 First Strand Kit (Qiagen) 

following manufacturer’s instructions. The resulting cDNA was mixed with RT2 SYBR Green 

Mastermix and RNase free water, and 25 µl of this mixture was added to each well of the PCR 

array plate. Real-time PCR was performed using the RT2 SYBR Green Mastermix in the Applied 
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Biosystems model ViiATM7 machine. The mRNA expression was normalized to the expression 

of GAPDH.  

Statistical Analyses 

Data are shown as the mean +/- standard deviation (SD). The data were analyzed with the two-

tailed unpaired Student t test. p values less than 0.05 were considered statistically significant.  

Results 
 
PNPLA2 Levels in RPE Cells Following POS Addition 

Approximately 85% of the total protein in isolated bovine POS is rhodopsin. ARPE-19 cells 

internalize bovine POS [189] and do not express rhodopsin. Rhodopsin is the most abundant 

protein in POS, therefore the amount of rhodopsin in cells challenged with POS is directly 

proportional to the phagocytic activity. To establish a functional assay to study RPE phagocytosis, 

ARPE-19 cells were cultured on permeable membranes for 3 weeks. After 3 weeks, the cells were 

incubated with Ringer’s solution alone or Ringer’s solution containing 5mM glucose and 1x107 

POS/ml. Rhodopsin was detected in lysates of cells incubated with POS in as early as 30 min, and 

the amount of rhodopsin increased over time of POS incubation (Fig. 4.1A). POS are rich in 

phospholipids with esterified fatty acids that undergo degradation during the last step of 

phagocytosis. Given that RPE cells can oxidize fatty acids [190] and utilize fatty acids from 

phagocytized POS to produce the ketone body β-HB [188], the levels of β-HB secreted by the cells 

following POS addition were determined. POS induced the release of β-HB into the media of the 

apical chamber after 30 min of incubation and tripled after 2.5 h of incubation, while β-HB levels 

from cells incubated with Ringer’s solution alone did not increase (Fig. 4.1B). Genes involved in 

phagocytosis are often upregulated at the peak of phagocytosis in vivo or during POS addition in 

vitro. To test the effect of POS incubation on PNPLA2 expression, RNA was extracted from 
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ARPE-19 cells incubated with POS for 2.5 h and PNPLA2 mRNA levels were determined. POS 

incubation induced PNPLA2 mRNA by 1.5-fold when compared to cells incubated with Ringer’s 

solution alone (Fig. 4.1C).  
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Figure 4.1. Phagocytosis and PNPLA2 in ARPE-19 cells. ARPE-19 cells were plated on 
transwell inserts and cultured in media containing 1% FBS for 3 weeks. Media was removed and 
cells were challenged with 1 x 107 POS/ml for the indicated times. (A) Representative 
immunoblot showing rhodopsin internalization from total cell lysates of ARPE-19 cells following 
30, 60, and 150 min of POS incubation. Cell extracts were resolved by SDS-PAGE followed by 
immunoblotting with anti-rhodopsin. The blot was stripped and reprobed with anti-GAPDH as a 
loading control. (B) Levels of B-HB secreted towards the apical membrane of ARPE-19 cells into 
the media following POS incubation for 30, 60, and 150 min. (C) Real time reverse transcription-
PCR to measure mRNA levels of PNPLA2 in ARPE-19 cells. Values are relative to 18S mRNA. 
Data are presented as means ± S.D.  **** p < 0.0001 
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Phagocytosis in PNPLA2-deficient ARPE-19 Cells 

Given that PEDF-R possesses phospholipase activity and is present on the surface of ARPE-19 

cells [110], we hypothesized that PEDF-R is required for phagocytosis of POS by RPE cells. To 

evaluate our hypothesis, stable transfected ARPE-19 cells with shRNA were generated to 

downregulate PNPLA2 expression. Stably-transfected cells showed a 50% decrease in PNPLA2 

expression compared to wild type cells and cells stably transfected with a control vector (Fig. 

4.2A). PEDF-R protein levels in cell lysates decreased in shPNPLA2 cells compared to cells 

transfected with the control vector (Fig. 4.2B), indicating that the PNPLA2 gene and PEDF-R 

protein product were downregulated in ARPE-19 cells.  

 

 

   

Figure 4.2. Silencing of PNPLA2 in ARPE-19 cells by shRNA. ARPE-19 cells were stably 
transfected with control and PNPLA2 shRNA. (A) Real time reverse transcription-PCR to 
measure PNPLA2 mRNA levels in ARPE-19 cells stably transfected with control shRNA and 
shRNA targeting PNPLA2 (B). Protein from cells transfected with control shRNA and 
shPNPLA2. Samples were resolved by SDS-PAGE followed by immunoblotting with anti-
PNPLA2 and GAPDH as a loading control. **** p < 0.0001 
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To determine the efficiency of phagocytosis of POS in PNPLA2 deficient cells, cells were 

incubated with POS for various time points and the levels of β-HB secreted into the media were 

quantified. In shPNPLA2 cells, although the levels of β-HB released into the media increased from 

30 min to 90 min, secreted levels of β-HB in the media of cells transfected with the control vector 

were twice as high as compared to shPNPLA2 cells (Fig. 4.3).  

 

                                                       

 

Phagocytosis induces changes in the expression of several genes and proteins, such as PAI-1 and 

PGC1a. PAI-1 protein increases in RPE cells following POS addition [180]. We analyzed the 

conditioned media of control and shPNPLA2 cells treated with POS for up to 6 h for PAI-1 

secretion.  The secretion of PAI-1 protein from cells transfected with the control vector increased 

with incubation time, while this increase was absent in shPNPLA2 cells (Fig. 4.4A). PGC1a 

mRNA and PGC1a protein levels are upregulated by POS [184]. PGC1a mRNA levels in ARPE-
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Figure 4.3. Ketone body secretion in shPNPLA2 cells. Stably transfected ARPE-19 cells were 
challenged with 1 x 107 POS/ml for the indicated times. The levels of B-HB secreted towards the 
apical membrane of stably transfected ARPE-19 cells were quantified. * p < 0.05, ** p < 0.01  
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19 cells transfected with the control vector increased 33% following 2.5 h of POS incubation when 

compared to cells incubated with Ringer’s alone, while an increase was not observed in shPNPLA2 

cells (Fig. 4.4B). Taken together, these results imply a deficiency in phagocytosis in shPNPLA2 

cells.  

 

 

 

 

Lipid Accumulation in shPNPLA2 Cells 

To test whether PEDF-R depletion results in the accumulation of neutral lipids, we incubated 

stably-transfected ARPE-19 cells with POS between 30 min and 3 h, stained the cells with 

BODIPY, and quantified lipid droplets (Fig. 4.5A). We observed an increase in the number of 

lipid droplets in shPNPLA2 cells when compared to cells transfected with the control vector (Fig. 
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Figure 4.4. RNA and protein expression levels of phagocytosis-related genes in shPNPLA2 
cells. ARPE-19 cells transfected with control and shPNPLA2 cells were incubated with 1x10

7
 

POS/ml. (A) Total protein from conditioned media of the apical chamber of control and 
shPNPLA2 cells challenged with POS. Duplicate samples were resolved by SDS-PAGE followed 
by immunoblotting with anti-PAI-1. (B) Real time reverse transcription-PCR to measure PGC1a 
levels in control and shPNPLA2 transfected cells after 120 min of POS incubation. * p < 0.05 
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4.5B). The results show that lipid accumulation in increased in shPNPLA2 cells following POS 

addition, implying a role for PEDF-R in RPE phagocytosis. 
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Figure 4.5. Lipid accumulation in shPNPLA2 cells. Stably transfected ARPE-19 cells were 
incubated with 1x10

7
 POS/ml. POS were removed, and the cells were washed, fixed, and stained 

for neutral lipids with BODIPY. (A) Representative fluorescence microscopy images of control and 
shPNPLA2 cells after Hoechst and BODIPY staining. (B) Quantification of lipid droplets from (A). 
Data are average number of lipid droplets from 6-9 fields. ** p < 0.01 *** p < 0.001 
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Expression Analysis of Fatty Acid Metabolism-related Genes in shPNPLA2 Cells 

We observed a decrease in β-HB secretion and an increase in lipid accumulation following POS 

addition. We hypothesized that knockdown of PNPLA2, a metabolic enzyme, could have an impact 

on the expression of genes involved in the degradation of fatty acids, and could explain the 

decrease in fatty acid metabolism. To test this hypothesis, we compared the profile of RPE cells 

stably transfected with silencing shPNPLA2 and control vector-transfected cells using the RT2 

Profiler PCR Array for fatty acid metabolism-related genes. The PCR array showed a 

downregulation in the expression of several genes involved in fatty acid metabolism, specifically 

genes of the b-oxidation pathway (Fig. 4.6). Interestingly, we found a ~2-fold decrease in the 

expression of Acyl-CoA dehydrogenase family membrane 9 (ACAD9) and Enoyl Coenzyme A 

hydratase short chain 1 (ECHS1), the first and second enzymes of the mitochondrial fatty acid beta 

oxidation pathway, respectively.  The rate limiting enzyme for beta oxidation, carnitine 

palmitoyltransferase 1 (CPT1) catalyzes the transfer of acyl groups of a long chain fatty acyl-CoA 

from coenzyme A to carnitine in preparation for transfer to the mitochondria for oxidation. Three 

isoforms of CPT1 exist, with isoforms CPT1A and CPT1C being expressed in the RPE [191]. We 

observed a 2-fold decrease in CPT1C expression in shPNPLA2 cells. The results indicate altered 

gene expression of fatty acid oxidation-related genes in shPNPLA2 cells.  
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Phagocytosis in Undifferentiated ARPE-19 Cells 

ARPE-19 cells are preferentially cultured on transwell inserts for a minimum of 3 weeks to induce 

polarization and to establish a transepithelial resistance that closely mimics native RPE. We tested 

whether cells cultured on plastic tissue culture plates for 3 days phagocytosed POS in a comparable 

manner to cells cultured on permeable membranes for 3 weeks. We observed similar binding and 

internalization of POS in ARPE-19 cells cultured on plastic (Fig. 4.7A) as in the permeable 

membranes (Fig. 4.1A). Secreted levels of free fatty acids (Fig. 4.7B) and β-HB (Fig. 4.7C) 

increased over time in ARPE-19 cells following POS addition. mRNA levels of PNPLA2 

increased 1.5-fold following 60 min of POS incubation (Fig. 4.7D). The results show that both 
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Figure 4.6. Relative expression of fatty acid oxidation-related genes in shPNPLA2 
transfected cells. Fold change of fatty acid metabolism-related genes in PNPLA2 knockdown 
ARPE-19 cells compared to control cells. Total RNA was reverse transcribed using the RT2 First 
Strand Kit. Real-time PCR was performed using the RT2 SYBR Green Mastermix. mRNA 
expression was normalized to the expression of GAPDH.   
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ARPE-19 cells cultured on permeable membranes for 3 weeks and cells cultured for 3 days on 

plastic tissue culture plates engulfed and digested POS comparably.  

 

 

 

 

To assess the ability of ARPE-19 cells to degrade internalized POS, we performed a pulse chase 

assay in which cells were incubated with POS for up to 2.5 h (pulse). POS were removed and 

replaced with complete media and followed (chase) for a total of 16 h.  Rhodopsin immunoblotting 
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Figure 4.7. Phagocytosis and PNPLA2 in undifferentiated ARPE-19 cells. ARPE-19 cells were 
cultured on plastic tissue culture plates for 3 days in complete media. The media was removed, and 
cells were challenged with 1 x 107 POS/ml for the indicated times. (A) Representative immunoblot 
showing rhodopsin internalization from total cell lysates of ARPE-19 cells following 30, 60, and 
150 min of POS incubation. Cell extracts were resolved by SDS-PAGE followed by 
immunoblotting with anti-rhodopsin. The blot was stripped and reprobed with anti-GAPDH as a 
loading control. Levels of free fatty acids (B) and b-HB (C) following POS incubation for 30, 60, 
and 150 min. (D) Real time reverse transcription-PCR to measure mRNA levels of PNPLA2 in 
ARPE-19 cells. Values are relative to 18S mRNA.   **** p < 0.0001  
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demonstrated that the cells degraded ~70% of the POS after 16 h when compared to the 2.5 h pulse 

(Fig. 4.8). The results indicate that ARPE-19 cells bind, internalize, and degrade POS when 

cultured on plastic plates. 

 

 

                         

 

Phagocytosis in ARPE-19 Cells with Inhibited Phospholipase Activity 

We next sought to determine whether BEL, a pan inhibitor of phospholipases, affected POS 

degradation at a concentration of 25 µM. The concentration is below the EC50 of 30.27 µM as 

determined by assessing cell viability of ARPE-19 cells treated with BEL by crystal violet staining 

(Fig. 4.9A) Cells were pretreated with BEL or the vehicle DMSO for 1 h, then POS containing 

DMSO or BEL were added for pulse chase experiments. β-HB secretion was consistently lower in 

cells pretreated with BEL at all time points when compared to cells treated with vehicle DMSO 
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Figure 4.8. POS degradation in ARPE-19 cells. Cells were plated on plastic tissue culture plates 
for 3 days in complete media. The media was removed and cells were treated with 1 x 107 POS/ml. 
Representative immunoblot and quantification showing rhodopsin degradation from total cell 
lysates of ARPE-19 cells following 30, 60, and 150 min of POS incubation as a pulse. POS were 
removed and replaced with complete media for a 16 h chase period. Cell extracts were resolved 
by SDS-PAGE followed by immunoblotting with anti-rhodopsin. The blot was stripped and 
reprobed with GAPDH as a loading control.  
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(Fig. 4.9B). Pulse chase assays revealed an impairment in the degradation of POS as indicated by 

increased residual rhodopsin levels following 16 h of POS incubation (Fig. 4.9C). These results 

demonstrate a deficiency in phagocytosis when phospholipase activity is inhibited.  
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Figure 4.9. Phospholipase inhibition in ARPE-19 cells. (A) ARPE-19 cells were incubated with 
DMSO or 25 µM BEL in Ringer’s solution for 3.5 h. The solution was removed and replaced with 
complete media for a total of 16 h. Cell viability was assessed by crystal violet staining. (B) Cells 
were pretreated with DMSO or 25 µM BEL in Ringer’s solution for 1 h prior to assays. Solution 
was removed and replaced with DMSO or BEL containing 1 x 107 POS/ml for the indicated times. 
Levels of secreted b-HB were measured from conditioned media. (C) Cells were pretreated with 
DMSO or 25 µM BEL in Ringer’s solution for 1 h prior to assays. Solution was removed and 
replaced with DMSO or BEL containing 1 x 107 POS/ml for the indicated times. Representative 
immunoblot and quantification showing rhodopsin degradation from total cell lysates of ARPE-19 
cells following 30, 60, and 150 min of POS incubation as a pulse. POS were removed and replaced 
with complete media for a 16 h chase period. Cell extracts were resolved by SDS-PAGE followed 
by immunoblotting with anti-rhodopsin. The blot was stripped and reprobed with GAPDH as a 
loading control.  
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Silencing of PNPLA2 in ARPE-19 Cells Using siRNA 

To further test our hypothesis that PEDF-R is required for phagocytosis of POS, we also silenced 

PNPLA2 by transiently transfecting ARPE-19 cells with scrambled siRNA and specific siRNA 

designed to downregulate PNPLA2 expression. Scrambled siRNA and six siRNA for PNPLA2 

were assayed for their efficiency in silencing PNPLA2 in ARPE-19 cells. The siRNA duplexes C, 

D, and E consistently reduced PNPLA2 mRNA by 94 percent, and were used for subsequent 

experiments, as denoted by siPNPLA2 (Fig. 4.10A). A time course of siPNPLA2 transfection 

revealed that the gene was silenced as early as 24 h and throughout 72 h (Fig. 4.10B). There was 

no significant difference in PNPLA2 mRNA levels in mock transfected cells and cells transfected 

with scrambled siRNA (Fig. 4.10C). Protein levels of PEDF-R were reduced 72 h post transfection 

(Fig. 4.10D). The PNPLA2 gene and PEDF-R protein product were effectively silenced in ARPE-

19 cells by siRNA. All experiments with cells in which PNPLA2 was silenced were performed 72 

h post transfection.  
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Inhibition of ARPE-19 Phagocytosis in PNPLA2 Deficient ARPE-19 Cells 

To assess the ability of PEDF-R deficient cells to degrade internalized POS, we challenged 

transfected cells with POS using the pulse chase assays. Following 2.5 h of pulse and up to 16 h 

of chase, cells transfected with the scrambled siRNA efficiently degraded 70% of the internalized 
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Figure 4.10. Silencing of PNPLA2 in ARPE-19 cells by siRNA. ARPE-19 cells were transiently 
transfected with siRNA to silence PNPLA2. (A) RT-PCR to measure PNPLA2 mRNA levels in 
ARPE-19 cells transfected with scrambled or siRNA targeting PNPLA2 48 h post transfection. Six 
different siRNAs were assayed for efficient silencing of PNPLA2 mRNA in ARPE-19 cells. (B) 
RT-PCR of time course of PNPLA2 mRNA levels following transfection with scrambled and 
siPNPLA2. (C) RT-PCR of mock transfected cells, cells transfected with scrambled siRNA, and 
siPNPLA2 72 h post transfection. mRNA levels normalized to 18S. (D) Total protein from cells 
harvested 72 h post transfection with mock transfected cells, cells transfected with scrambled 
siRNA, and cells transfected with siPNPLA2. Samples were resolved by SDS-PAGE followed by 
immunoblotting with anti-PNPLA2 and GAPDH as a loading control. Scr – scrambled siRNA 
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POS as assayed by rhodopsin western blot, while siPNPLA2 cells failed to degrade POS as 

efficiently, with ~90% rhodopsin remaining (Fig. 4.11A). Free fatty acid levels were elevated after 

30 min of POS addition in control cells, while free fatty acids were lower in siPNPLA2 cells (Fig. 

4.11B). β-HB secretion was consistently lower in siPNPLA2 cells when compared to control cells 

(Fig. 4.11C). The results indicate a deficiency in phagocytosis in siPNPLA2 cells. 
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Figure 4.11. Phagocytosis and fatty acid metabolism in siPNPLA2 cells. Transfected ARPE-19 
cells were treated with 1 x 107 POS/ml in 24-well tissue culture plates. (A) Representative 
immunoblot and quantification showing rhodopsin degradation from total cell lysates of ARPE-19 
cells following 30, 60, and 150 min of POS incubation as a pulse. POS were removed and replaced 
with DMEM/F12 and 10% FBS without antibiotics for a 16 h chase period. Cell extracts were 
resolved by SDS-PAGE followed by immunoblotting with anti-rhodopsin. The blot was stripped 
and reprobed with anti-GAPDH as a loading control. Free fatty acid levels (B) and b-HB (C) were 
measured from conditioned media from cells transfected with scrambled siRNA (Scr) or siPNPLA2 
following incubation with POS for the indicated times. * p < 0.05 



 95	

Lipid Accumulation in PNPLA2 Deficient ARPE-19 Cells Following POS Addition 

To determine whether ARPE-19 cells accumulated lipid droplets in siPNPLA2 cells, we tested 

cells for lipid droplet formation using a 2.5-hour pulse of POS addition followed by a 16-hour 

chase period and analyzed neutral lipid accumulation by BODIPY staining (Fig. 4.12). There was 

an increase in the number and size of lipid droplets observed in siPNPLA2 cells when compared 

to cells transfected with the control vector. Taken together, the results demonstrate a deficiency of 

the degradation of POS in siPNPLA2 cells.  
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Figure 4.12. Lipid accumulation in siPNPLA2 cells. Transfected ARPE-19 cells were grown on 
glass coverslips, transfected with siRNA and incubated for 3 days, then treated with 1 x 107 POS/ml. 
The cells were pulsed with POS for 2.5 h, and POS were removed and replaced with complete 
media for a 16 h chase period. Cells were fixed and stained with rhodopsin, DAPI, and BODIPY. 
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Discussion  

The phagocytosis of POS is a complex and highly regulated critical daily function of the 

RPE. The RPE engulfs lipid enriched outer segments and uses ingested fatty acids to support the 

high energy demands of the RPE, thus preventing the toxic accumulation of lipids in the retina. 

While many studies have elucidated critical molecular mediators, many novel regulators are being 

identified. Kolko et al [185] previously identified various PLA2 subtypes in the retina and the 

involvement of PLA2 activity in the regulation of RPE phagocytosis of POS. Here it is 

demonstrated that PEDF-R is required for efficient degradation of phagocytosed POS tips, and 

PEDF-R is thus identified as a regulator of phagocytosis.  

 Phospholipids are major components of the outer segments of photoreceptors, comprising 

about 60% of the outer segments [192]. The majority of phospholipids of bovine POS are 

phosphatidylcholine, phosphatidylserine, and phosphatidylethanolamine [193]. DHA is the major 

fatty acid of all three phospholipids in POS [193]. PEDF-R has PLA2 activity, catalyzing the 

hydrolysis of sn-2 fatty acids from phospholipids, releasing free fatty acids and lysophospholipids. 

DHA is necessary for health and maintenance of retinal cells [194]. In photoreceptors, stimulation 

of the phospholipase activity of PEDF-R with PEDF leads to retinal cell survival [87]. 

Additionally, stimulation of PEDF-R with PEDF results in the increased release of the DHA 

derivative neuroprotectin D1 [195]. Phospholipids with DHA esterified in the sn-2 position are 

possible substrates for PEDF-R. Given that DHA constitutes more than half of fatty acids in 

photoreceptor membrane phospholipids, it is plausible that POS phospholipids are specific 

substrates for PEDF-R activity during phagocytosis.  

A decrease in the levels of free fatty acids (Fig. 4.11B) and β-HB secretion (Fig. 4.3C and 

4.11C) in PNPLA2 deficient ARPE-19 cells, indicates a deficiency in the liberation and subsequent 
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oxidation of fatty acids from POS. This deficiency in combination with an altered expression of 

fatty acid metabolism-related genes (Fig. 4.6), suggests that PEDF-R silencing has an impact on 

the phagocytosis efficiency and metabolic processing of lipids ingested by the RPE. 

 PAI-1 is thought to facilitate the interaction of RPE and POS by regulating POS binding 

and uptake [180]. Levels of secreted PAI-1 following POS addition in control cells increased, 

while this increase was absent in shPNPLA2-transfected cells (Fig. 4.4A), suggesting that PEDF-

R might play a role in POS uptake. There is speculation that PAI-1 helps to regulate the interaction 

between RPE and POS. Given the high content of phospholipids in POS, PEDF-R may be involved 

in the regulation of this interaction. Both PGC1a and PEDF-R promote mitochondrial metabolism 

and fatty acid oxidation. In muscle cells, depletion of PGC1a results in a decrease of PNPLA2 

expression [196]. In hepatocytes, knockdown of PNPLA2 resulted in lower PGC1a mRNA [197]. 

Fatty acids are ligands for peroxisome proliferator-activated receptor alpha (PPARa), and fatty 

acids provided by PEDF-R could serve as PPARa ligands. PPARa can mediate downstream 

signaling effects of PGC1a to coordinate the induction of fatty acid oxidation during fasting states 

[198]. PGC1a expression is upregulated following POS incubation [184]. The αvβ5 

integrin/FAK/PGC1a pathway in RPE cells is activated by the binding of POS, resulting in anti-

oxidative protection and facilitation of lysosomal activity. Our data show a failure to induce 

PGC1a following POS addition in shPNPLA2-transfected cells (Fig. 4.4B), indicating that a 

decrease in PEDF-R expression or activity could result in increased oxidative stress and decreased 

lysosomal activity.  

Hallmarks of AMD include the accumulation of lipid deposits near the RPE [199], [200]. 

Several cell types lacking PEDF-R display increased lipid droplet formation, including adipocytes, 

cardiomyocytes, hepatocytes, and macrophages [109], [201]–[203]. Given that RPE cells 
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phagocytose a bolus of lipid enriched photoreceptor outer segments, I hypothesized that the 

depletion of PEDF-R would result in increased lipid accumulation. In this study, an increase in 

neutral lipid accumulation in PEDF-R deficient cells was observed (Fig. 4.5 and 4.12). 

Accumulation of lipids due to deficiencies in phagocytosis may lead to increased lipid oxidation, 

oxidative stress, and vision loss. The dysregulation of lipid metabolism in the RPE can 

progressively contribute to development of AMD [204], [205].  

 A consequence of AMD is an increase in retinal oxidative stress. PEDF-R levels are 

decreased in ARPE-19 cells challenged with oxidative stress [206]. We therefore speculate that 

decreased levels of PEDF-R are possible in patients with AMD. Mice do not have a macula, 

however mouse models of retinal degeneration that exhibit the symptoms of macular degeneration 

are useful in studies of retinal disorders. The Royal College Surgeon (RCS) rat model is a widely-

used model for inherited retinal degeneration. A genetic defect in RCS rats results in the inability 

of RPE to phagocytose POS, leading to retinal degeneration [207]. Previously, it was reported that 

PEDF increased Bcl-2 mRNA and Bcl-2 protein levels in the retinas of RCS rats [86]. Previous 

data from our laboratory support the hypothesis that PEDF-R can mediate these effects. The 

stimulation of lipase activity in patients experiencing a deficiency in phagocytosis could result in 

a decrease in oxidative stress and lipid dysfunction.  

 In conclusion, this study identifies a novel role for PEDF-R in the degradation of POS by 

the RPE, and advances the understanding of the role of PEDF-R in the RPE.  
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS  
 
 

PEDF is a multifunctional protein expressed in various cell types. The findings in this thesis  

further strengthen the therapeutic potential of PEDF. The novel finding that alterations to PEDF 

can enhance retinoprotective activities allows for the opportunity for the design of 2nd generation 

PEDF peptides and proteins derived from PEDF to serve as novel therapeutics for retinal disorders. 

Given that PEDF is ubiquitously expressed throughout the body, the therapeutic potential is not 

solely for ocular diseases, but has broad implications in other fields such as neurodegenerative 

diseases and cancer. 

The multifunctional biological activities of PEDF have been attributed to numerous 

receptors. Although several receptors for PEDF have been identified, given the diverse nature of 

the biological activities displayed by other members of the SERPIN family, additional binding 

partners for PEDF may exist. Recently, studies were completed on protease nexin-1 (PN-1), 

another member of the SERPIN family, which was identified as a novel neuroprotective factor for 

the retina [208]. It is possible that multiple members of the SERPIN family possess therapeutic 

potential for retinal disorders, which can be explored through structure/function studies. We focus 

exclusively on the interaction between PEDF and PEDF-R in the eye, however any of the binding 

partners of PEDF that exist in the eye can also serve as biological targets for retinal based 

therapies.  

While the crystal structure of PEDF has been solved [61], the defined structural data for 

PEDF in complex with a binding partner have not been solved. Such structures are of great interest 

because they can provide useful information regarding the nature of the interaction between the 

two proteins. The structural information can be exploited for the development of PEDF-based 

therapies depending on the resulting biological activity of the interaction.  
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Building upon the hypothesis that stimulation of the phospholipase activity of PEDF-R is 

required for the neuroprotective effects of PEDF, I identified several assays that can be adapted 

for high-throughput screening of neurotrophic factors and/or activators of phospholipase activity 

that can be used in vitro and in vivo to serve as therapeutic agents. Fatty acids liberated from 

phospholipids as a result of PLA activity can be oxidized for ATP production, however the 

hypothesis that these free fatty acids can also be used as signaling molecules has become more 

prominent. Metabolic studies into the substrate specificity of PEDF-R can provide useful 

information regarding the downstream signaling mechanisms activated upon PEDF/PEDF-R 

interactions.  

While studies have alluded to the biological activities of PEDF and PEDF-R in 

photoreceptors, little is known about the role of PEDF-R in the RPE. PEDF-R activities have been 

well characterized in other cell types. The work presented in this thesis identifies a novel role for 

PEDF-R in RPE biology in the degradation of phagocytosed POS. Also interesting is the 

accumulation of lipids in the RPE in the absence of PEDF-R. Given that lipid accumulation and 

consequential oxidative stress are hallmarks of AMD, and that PEDF-R levels are downregulated 

during conditions of oxidative stress, PEDF-R is an attractive therapeutic target for retinal-based 

therapies. Although it is a well-studied enzyme in other metabolically active tissues, there are 

multiple areas to explore regarding the biological activities of PEDF-R in supporting the high 

energy demands of the RPE. In addition to PLA activity, the other enzymatic activities of PEDF-

R may be required for retinal cells. In humans,  PEDF-R deficiencies may affect RPE health.  

Besides PEDF, the other known binding partners of PEDF-R may contribute to its enzymatic 

activity in the eye, and they might also serve as potential therapeutics. There exists the opportunity 

to uncover more useful information towards the role of PEDF-R in RPE and overall ocular health. 
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