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Abstract

The retinal pigment epithelium (RPE) is essential for retinoid recycling and phagocytosis of 

photoreceptors. Understanding of proteome changes that mediate oxidative stress-induced 

degeneration of RPE cells may provide further insight into the molecular mechanisms of retinal 

diseases. In the current study, comparative proteomics has been applied to investigate global 

changes of RPE proteins under oxidative stress.

Proteomic techniques including 2D SDS-PAGE, differential gel electrophoresis (DIGE) and 

tandem time-of-flight (TOF-TOF) mass spectrometry were used to identify early protein markers 

of oxidative stress in the RPE. Two biological models of RPE cells revealed several differentially-

expressed proteins that are involved in key cellular processes such as energy metabolism, protein 

folding, redox homeostasis, cell differentiation, and retinoid metabolism. Our results provide a 

new perspective on early signaling molecules of redox imbalance in the RPE and putative 

therapeutic target proteins of RPE diseases caused by oxidative stress.
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Introduction

The RPE, located between photoreceptors and choroid, is in a unique position to mediate the 

transport of nutrients, oxygen, and retinoids from blood to photoreceptors. For continued 
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vision, the RPE is required for retinoid recycling and removal of molecular components that 

shed from the photoreceptor outer segment. RPE dysfunction leads to the depletion of 

nutrients and oxygen in photoreceptor cells, which initiates apoptosis and accumulation of 

retinoid byproducts that eventually block visual signaling [1,2]. Continuous exposure to light 

causes the RPE to consume a large amount of oxygen in order to complete the complex 

processes of nutrient transport, phagocytosis and the visual cycle. This oxidative 

environment in the RPE may contribute to the pathogenesis of retinal diseases. It is still not 

known why the initial retinal degeneration occurs and how the degenerative processes 

progress as a result of continued oxidative stress [3-5]. Adaptation to changes in oxidative 

environments is critical for the survival of retina and RPE cells. Clinical trials demonstrated 

a significant reduction toward retinal degeneration upon intake of antioxidants such as 

lutein, zeaxanthin, zinc, vitamin C, and vitamin E [6-7]. Oxidation of polyunsaturated fatty 

acids (PFA) and abundant photosensitizers in the RPE induce generation of reactive oxygen 

species (ROS) upon exposure to visible light [8,9]. Hydrogen peroxide (H2O2) is generated 

in the RPE during phagocytosis of the photoreceptor outer segment, and it has been used as 

a direct oxidative-inducing reagent to initiate cellular oxidative stress [10]. Understanding of 

molecular mechanisms that mediate oxidative stress-induced proteome changes in the RPE 

may provide insight into the pathogenesis of retinal degeneration. In the current study, 

comparative and differential proteomics have been applied to investigate global changes in 

the RPE proteome due to oxidative stress induced by H2O2. Two-dimensional fluorescent 

differential gel electrophoresis (2D-DIGE) is an advanced 2D technology. Protein samples 

were prelabeled with different fluorescent dyes and two different samples (control vs. 

treated) were run simultaneously on the same gel. By using 2D-electrophoresis and 2D-

DIGE coupled with tandem time-of-flight mass spectrometry, unbiased system-wide 

analysis of proteome changes in oxidative stress was investigated in two different model 

systems. Identification of target proteins in the RPE under oxidative stress implies new 

insights into signaling mechanisms at the molecular level.

Material and Methods

The first sample preparation from bovine RPE cells

Fresh bovine eyes were obtained from a local abattoir (Brown Packing Company, Gaffney, 

SC) immediately after excision from the animal. The post-mortem stability, procedures for 

preparing RPE cells and general proteomic techniques have been described in detail 

previously [11-15]. Briefly, bovine eyes were opened 5 mm posterior to the limbus, and the 

vitreous and retina were removed. After washing with a phosphate-buffered saline (PBS), 

eye-cups were incubated in 0.25% trypsin in Dulbecco's minimum essential medium 

(DMEM; Gibco, Grand Island, NY) for 60 minutes at 37°C. RPE cells were collected under 

a dissecting microscope using a Pasteur pipette. After adding the culture medium (DMEM/

F12) containing 10% fetal bovine serum (FBS), cells were centrifuged and resuspended in a 

culture medium, and plated into 6-well plates (Nunc). Second passage cells were used for 

experiments. After exposure to 200 μM H2O2 incubation (1 hr), followed by a 6 hr 

incubation, the medium was removed and cells were washed three times with serum-free 

DMEM. Cells were washed with ice-cold PBS and lysed with a buffer containing 20 mM 

Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM 
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sodium pyrophosphate, 1 mM Na3VO4, 1 mg/mL leupeptin and 1 mM phenylmethylsulfonyl 

fluoride. Cells were collected by centrifugation.

The second sample: human D407 RPE cell culture and protein labeling with fluorescent 
dye

D407 cells were maintained in Dulbecco's Modified Eagle Media (DMEM) supplemented 

with 10% fetal bovine serum (FBS) and 2 mM glutamine at 37oC and 5% CO2. When cells 

grown in a 6-well tissue culture plate reached 75-80 % confluence, they were treated with 

200 μM H2O2 or PBS for 1 hour, followed by removal of H2O2, and then maintained in 

conditioning media for 6 hours. For 2D-DIGE, proteins were prelabeled with CyDye 

fluorescent saturation dye (CyDye DIGE labeling kit, GE Healthcare). The protein sample 

(5 μg) in a 9 μl cell lysis buffer was mixed with 1 μl of 2 mM tris(2-carboxyethyl)phosphine 

(TCEP) and incubated at 37°C for 1 hour in the dark. Then 2 μl of Cy5 was added to the 

control sample and Cy3 to the treated sample and the mixtures were incubated at 37°C for 

30 minutes in the dark. The labeling reaction was stopped by adding an equal volume of 2X 

sample buffer (2 M thiourea, 7 M urea, 2% pH 3–10 pharmalyte for isoelectric focusing 

[IEF], 2% Dithiothreitol [DTT], 4% CHAPS). Labeled protein samples were then adjusted 

to 200 μl with a rehydration buffer (4% CHAPS, 8 M urea, 1% pharmalytes 3–10, 10 mM 

DTT) prior to isoelectric focusing (IEF).

2D-PAGE and 2D-DIGE

The samples were then subjected to electrophoresis process. IEF was performed with 

immobilized pH gradient (IPG) strips (11 cm ReadyStrip, pH 3–10, Biorad) at 20 °C with an 

Ettan IPGphor system (GE healthcare). For Coomassie staining, a total of 100 μg of proteins 

were dissolved in 200 μl of rehydration buffer (4% CHAPS, 8 M urea, 1% pharmalytes 3–

10, 10 mM DTT) and IPG strips were rehydrated for 18 hours at 30 V. IEF focusing was 

performed at 500 V for 1 hour, 500 to 8000 V ramp for five hours, and 8000 v for 1 hour. 

After IEF, IPG strips were equilibrated for 15 minutes in a 10 ml equilibration buffer (50 

mM Tris-HCl, 1.5 M, pH 8.8, 6 M urea, 30% glycerol [v/v], 2% SDS [w/v], trace amount of 

Bromophenol Blue, 50 mg DTT), followed by another 15 minutes incubation with a 10 ml 

equilibration buffer containing 450 mg iodoacetamide. Equilibrated strips were then placed 

on top of precast gradient gels (8–16% Tris-HCl, Criterion Precast Gel, Biorad), embedded 

in 0.5% agarose, and incased in a running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). 

Proteins were separated at 100 volts for 2 hours. Coommassie blue stained gels were 

scanned with a transmission scanner and protein spot densities were measured quantitatively 

(Bio-Rad, PD Quest). For DIGE analysis, images were acquired on a multiwavelength 

scanner capable of resolving the three fluorescent colors. DIGE analysis included, i) spot 

detection, ii) background subtraction, iii) in-gel normalization, iv) gel artifact removal, v) 

gel-to-gel matching, vi) statistical analysis, as following manufacturer's instruction.

CyDye labeled proteins were visualized using a 532 nm laser and 580 nm emission filter for 

Cy3 images and a 633nm laser and 670nm filter for Cy5 images, respectively. Differentially 

expressed protein spots in Coomassie stained gels were excised from the gels and in-gel 

digested by trypsin. The proteins were then analyzed by MALDI-TOF and TOF-TOF mass 

spectrometry. For in-gel trypsin digestion, protein spots were excised from the gels and 

Arnouk et al. Page 3

J Proteomics. Author manuscript; available in PMC 2016 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



washed twice with 200 μl of 100 mM NH4HCO3/50% acetonitrile (MeCN) at 37°C for 45 

minutes to remove the stain. Gel pieces were then dehydrated with 100 μl, 100% MeCN at 

room temperature for 5 minutes. MeCN was removed and gel pieces were dried in a speed 

vacuum. For protein digestion, the samples were incubated in 50 μl of 20 μg/ml trypsin 

(Promega) in 40 mM NH4HCO3/10 % MeCN at 37°C overnight. Peptides were extracted 

with an extraction buffer (50% MeCN, 0.1% trifluoroacetic acid [TFA]). To purify peptides, 

ziptip was used by MeCN (100%) activation, sample absorption, and elution using 70% 

MeCN/0.1% TFA.

Mass spectrometry analysis

Matrix-assisted-laser-desorption-ionization time-of-flight (MALDI-TOF) mass analysis was 

performed at the Mass spectrometry Center, University of South Carolina, using Bruker 

Ultraflex MALDI-TOF-TOF with Flex analysis 2.0 and Biotools 2.2 software. One μl of 

purified peptides was crystallized with an equal volume of a freshly prepared α-Cyano-4-

hydroxy-cinnamic acid matrix solution (saturated, 0.5 ml/sample) in a 50% MeCN/0.1% 

TFA solution in a MALDI 100-well plate. Spectra were acquired manually with laser 

intensity set at 2400, with 200 shots per spectrum and a mass range of m/z 700 to m/z 3000. 

All spectra were calibrated using two trypsin auto digest ions (m/z=842.509, m/

z=2211.104). To confirm protein identity, selected target proteins were further analyzed by 

MALDI-TOF-TOF. Peptide peaks from the target spot were submitted to Mascot 

(www.matrixscience.com) to obtain initial protein identification using the National Center 

for Biotechnology Information (NCBI) database. The criteria we based on our measurement 

on one missed trypsin cleavage, mass accuracy tolerance of 100 ppm, and methionine 

oxidation for matching the peptide mass values.

Western blot analysis

We used western blot to confirm the identity of the proteins. Proteins extracted from bovine 

RPE cells or human RPE D407 cells were electrophoresed on a 12% SDS polyacrylamide 

gel. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (pore size 

0.2 μm, Biorad). Nonspecific binding was blocked by incubation in 5% nonfat dry milk with 

0.1% Tween20 in PBS at room temperature for 2 hours. The membrane was incubated with 

mouse monoclonal antibodies against 200 kDa+160 kDa neurofilament (Abcam, 1:2000 

dilution) or 14-3-3 (Abcam, 1: 500 dilution) in PBS containing 5% nonfat milk and 0.1% 

Tween 20 overnight at 4°C with gentle agitation. Monoclonal anti RPE65 protein primary 

antibody (1:4000, Abcam) was used for RPE65 identification. After three washes with PBS/

0.1% Tween 20, membranes were incubated with secondary antibody horseradish peroxidase 

coupled anti-mouse IgG (1:8000 dilution) for 1 hour at room temperature. The membranes 

were then washed three times with PBS/0.1% Tween 20 and blots were detected by using 

enhanced chemiluminescence (ECL) procedure (Pierce).

Normalizations were performed with polyclonal anti-actin antibody (Neomarkers).
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Results

In our first biological model, bovine RPE cells were treated with 200 μM hydrogen Peroxide 

(H2O2). Proteins were extracted and separated by two-dimensional electrophoresis. Proteins 

were visualized by Coomasie blue staining. Proteins from PBS-treated bovine RPE cells 

were separated in parallel to serve as a control. Gel image overlay revealed that seventeen 

protein spots were up-regulated and seven proteins spots were down-regulated as a result of 

the H2O2 treatment (Fig. 1A). Quantitative analysis of each spot based on normalized 

volume and intensity is shown in Fig. 2A and Fig 2B. Differentially-expressed protein spots 

were excised and digested by trypsin followed by protein identification using MALDI-TOF 

and MALDI -TOF-TOF mass spectrometry.

Protein name, predicted function, probability score, sequence coverage, calculated molecular 

weight, pI, and related diseases are shown in Table 1. Among these, retinoid metabolism 

related proteins, including RPE65, an all-trans-retinyl ester isomerohydrolase in the visual 

cycle, and retinol binding protein are of interest considering perturbed retinoid metabolism 

under oxidative stress in the RPE. Apoptotic (annexin V), redox (GST, DADH), and DNA 

repair (RAD23) proteins were up-regulated and aging related (prohibitin), respiratory (COX) 

proteins were down-regulated in bovine RPE cells.

Identified proteins were confirmed by western blot. Representative 14-3-3 protein that binds 

specifically to phosphoserine/phosphothreonine-containing proteins was up-regulated under 

oxidative stress shown by quantitative analysis (Fig. 2C) [17,18]. Neurofilament protein, a 

major intermediate filament protein involved in neurodegenerative diseases [18,19] was up-

regulated 2.8 fold (Fig. 2C). RPE65, a putative isomerohydrolase of all-trans-retinyl ester 

and retinoid binding protein in the RPE, is cleaved to 45 kD and 20 kD upon oxidative stress 

in vitro [15]. Prohibitin, a tumor suppressor and mitochondrial chaperone, was shown to be 

down-regulated in the bovine RPE in oxidative stress (Table 1) was also down-regulated in 

mild oxidative stress in vitro [20].

Next, we used human RPE D407 to gain a better understanding of early molecular events 

induced by oxidative stress in immortalized RPE cells. D407 cells were treated with 200 μM 

H2O2 for 1 hour, then H2O2 was removed. Cells were incubated for additional 6 hours in 

conditioning media. No significant cytotoxicity was observed under these conditions. Total 

proteins were labeled with Cy3 (PBS-treated control) or Cy5 (H2O2-treated cells) followed 

by co-separation of the two samples on the same gel, which enables for accurate spot 

matching and interpretation [16]. DIGE image analysis (Fig. 1C) showed that 18 proteins 

were up-regulated under oxidative stress (red spots). Green spots represent down-regulated 

proteins. The DIGE gel served as an analytical gel to detect minor proteins with lower 

concentrations in the RPE. However, to have enough protein amounts to identify by mass 

spectrometry, separate preparative gels were loaded with 20-fold more total protein and 

stained with Coomassie blue to allow for subsequent spot picking and mass spectrometric 

identification. The preparative gels were matched with the analytical gel based on image 

overlay and visual inspection (Fig. 1C, 1D, 1E). Identified proteins, accession numbers, and 

molecular weight and pI values are listed in Table 2.
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Chaperone (Hsp), RNA metabolic (DDX), and antioxidant (peroxiredoxins) proteins were 

up-regulated in human RPE D407 cells under oxidative stress.

Discussions

Recently, pioneering proteomic profiling studies revealed the protein expressions in human 

RPE [21], drusen [22] and lipofuscin [23]. Other studies compared native differentiated to 

cultured dedifferentiated RPE cells [24,25]. Proteomics proved useful in delineating changes 

in RPE associated with the progressive stages of AMD [26,27,29], and diabetes [28]. Also, 

proteomic tools were used to study changes in the vitreous humor associated with diabetic 

retinopathy [30] and retinal proteins in a glaucoma model [31]. Since oxidative stress is 

implicated in the etiology of several RPE diseases such as AMD, identification of oxidative 

stress molecular mediators or early signaling molecules is a crucial step for understanding 

these diseases and discovering novel therapeutic approaches. However, proteomic 

limitations, including minor proteins with low concentration, hydrophobic proteins, 

reproducibility, and time and labor demanding processes, exist for a better understanding of 

proteome changes in different biological systems.

2-D DIGE is an advanced proteomic technique that labels minor protein samples with 

fluorescent dyes before 2-D electrophoresis. It enables accurate analysis of differences in 

protein concentrations between samples. Thus, DIGE method reduces experimental 

variations and technical errors. It is possible to separate up to three different samples within 

the same 2-D gel using three different fluorescent molecules. However, there are limitations 

of DIGE methods also, including covalent modifications on cysteine or lysine. We 

confirmed fluorescent dye labeled proteins with traditional Coomassie blue staining to show 

its sensitivity and reproducibility.

We used two different biological models, primary bovine RPE cells and the human RPE cell 

line D407, to uncover differential biosignatures under oxidative stress in the RPE. We 

employed a combination of proteomic technologies, including sensitive fluorescent labeling 

and TOF-TOF mass spectrometry analysis with high mass accuracy and low tolerance in the 

range of 50 ppm (0.05 Dalton). Identified novel proteins were confirmed by quantitative 

western blot. We observed expression changes of cellular signaling related molecules, 

including intermediate filament structure, retinoid metabolism, energy metabolism, and 

antioxidant proteins in bovine RPE cells. Several intermediate filament proteins, including 

neurofilament H, M, L proteins and glial fibrillary acidic protein, were up-regulated in 

bovine RPE cells. Intermediate filament proteins are cytoskeletal components that form 

fibrils with an average diameter of 10 nm. Neurofilament H, M, and L proteins are 

specifically expressed in neurons. Glial fibrillary acidic proteins are biomarker protein in 

glial cells [32,33]. Previous studies showed that environmental changes, such as culture 

conditions, could induce dedifferentiation of RPE cells and give rise to mesenchymal-like 

cells [34,35].

Proteome changes related to energy metabolism were also observed under oxidative stress in 

bovine RPE cells. Pyruvate dehydrogenase E1 transforms pyruvate into acetyl-CoA that is 

used in the citric acid cycle to generate ATP. Pyruvate kinase M1 transfers a phosphate 
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group from phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP), to synthesize ATP 

and pyruvate. Up-regulation of both enzymes may indicate higher energy consumption to 

compensate oxidative stress-induced faster turnover of proteins in the RPE.

In the immortalized human RPE, several molecular chaperones were altered as a result of 

H2O2 treatment. Hsp 90α and Hsp β1 exhibit general protective chaperone properties such 

as preventing unspecific aggregation of non-native proteins [36]. Calreticulin, up-regulated 

in bovine RPE cells, is a multifunctional protein that binds to Ca2+ and misfolded proteins to 

export them from the endoplasmic reticulum (ER) to the Golgi apparatus [37]. Elimination 

of misfolded proteins in the ER affects cellular homeostasis and survival, so chaperone 

function of heat shock proteins is indispensible under stress conditions.

Retinoid metabolism in primary bovine RPE cells is altered under oxidative stress 

conditions. Photosensitivity and the steady state of retinoid concentrations are controlled by 

regeneration of 11-cis-retinoid, which is called the visual cycle. RPE65, a peripheral 

membrane protein of RPE cells, is thought to be an all-trans-retinyl ester isomerohydrolase. 

Indeed, we showed that RPE65 in bovine RPE is up-regulated under oxidative stress. We 

recently showed that RPE65 is cleaved into a 45 kDa and 20 kDa truncation forms under 

oxidative stress [15]. This data indicates that oxidative stress can influence the visual cycle 

by up-regulation of RPE65 and cleavage of this protein. Further studies of whether this 

truncated form might be a biomarker of oxidative stress are currently under investigation. It 

seems that immortalized human RPE cells suppress RPE65 expressions as a basic regulatory 

mechanism for the visual cycle that is not essential in this stable cell line for survival. 

Prohibitin, a mitochondrial chaperone involved in oxidative stress and aging, was found to 

be down-regulated under oxidative stress in primary bovine RPE cells.

Finally, antioxidant proteins were up-regulated in RPE D407 cells. Peroxiredoxins are a 

ubiquitous family of antioxidant enzymes that can be regulated by changes of redox 

potential in the cell. Thioredoxin-dependent peroxide reductase is an antioxidant enzyme 

that provides protection mechanism against oxidative stress. It reduces H2O2 by hydride 

provided by thioredoxin, thioredoxin reductase, and NADPH [38]. Up-regulation of 

antioxidants can regulate redox homeostasis in RPE cells and thus protect cells from 

oxidative stress-induced damage.

Both biological models using primary bovine RPE cells and immortalized D407 cells have 

advantages and limitations. We observed differences in protein expressions correlated with 

oxidative stress in two biological models used in our study, which can be attributed, at least 

partially, to the inherent differences in two different RPE cell types. It has been reported that 

cytoskeletal remodeling and cell survival factors are differentially expressed in primary 

culture and immortalized human RPE cells [25]. Dedifferentiated, immortalized human RPE 

cells results in down-regulation of specific proteins associated with retinoid metabolism. At 

the same time, they induce the differential expressions related with cytoskeletal organization, 

cell shape, migration, and proliferation. Thus, we speculate that two different proteome list 

in two different systems such as primary bovine vs. immortalized human RPE cells is due to 

different cell type and not due to species difference or detection system.
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Oxidative stress alone is the major risk factor of retinal degeneration compared to genetic 

risk factors [39-41]. Furthermore, oxidative stress may influence the expression of genetic 

risk factor, such as complement factor H (CFH) [42]. Cellular processes induced by 

oxidative stress in RPE cells and the molecular mechanisms under the oxidative stress that 

contribute to retinal degeneration are not clear at this point. In this study, we revealed several 

expression changes in the RPE proteome that is induced by H2O2 treatment. These changes 

can aid in understanding early molecular signaling events of oxidative stress in the RPE as 

biosignatures. Targeting these early signaling proteins could be a useful therapeutic strategy 

for the treatment of degenerative diseases of the retina and the RPE.
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Figure 1. Comparative proteome analysis of bovine RPE cells and human RPE D407 cells under 
oxidative stress
(A) 2D-SDS-PAGE analysis of bovine RPE proteins. RPE proteins (100 μg) were separated 

by electrophoresis and visualized by Coomassie blue staining. X axis represents isoelectric 

point (3-10) and Y axis shows molecular weight in kDa. Arrows indicate protein spots that 

were up-or down-regulated proteins under oxidative stress. (B) 2D-SDS-PAGE of control 

RPE cells with treated with PBS. (C) 2D-DIGE protein analysis of human RPE D407. Five 

μg of total proteins were prelabeled with Cy3 (untreated control, green, emission wavelength 

580nm) and with Cy5 (oxidative stress, red, emission wavelength 670nm). Red spots 

indicate that proteins were up-regulated and green spots were down-regulated in H2O2 

treated cells. (D) Coomassie blue stained gel (100 μg) from H2O2 treated RPE D407 cells. 

Arrows indicate protein spots that were up-regulated by the treatment. (E) Coomassie blue 

stained gel of control D407 cells.
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Figure 2. Quantitative analysis of 2D-PAGE
(A) Magnified protein spots in oxidative stress are shown with the control. (B) Each protein 

spots were analyzed based on volume and intensity. (C) Western blot analysis of 14-3-3 and 

neurofilament in control (lane 1) and H2O2 treated (lane 2) bovine RPE cells. (D) 

Quantification of western blot shows that 14-3-3 and neurofilament in oxidative stress were 

up-regulated by 1.8 fold and 2.8 fold compared to control.
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