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Abstract

Investigation of the retina proteome during hypoxia-induced retinal neovascularization is valuable 

for understanding pathogenesis of retinopathy of prematurity (ROP). Here we employed a 

reproducible ion-current-based MS1 quantification approach (ICB) to explore the retinal 

proteomic changes in early stage of ROP in a rat model of oxygen-induced retinopathy (OIR). 

Retina proteins, which are rich in membrane proteins, were efficiently extracted by a detergent-

cocktail and subjected to precipitation/on-pellet-digestion, followed by nano-LC-MS analysis on a 

75-cm column with a 7-h gradient. The high reproducibility of sample preparation and 
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chromatography separation enabled excellent peak alignment and contributed to the superior 

performance of ICB over parallel label-free approaches. In this study, sum-of-intensity with 

rejection was incorporated to determine the protein ratios. In total, 1325 unique protein groups 

were quantified from rat retinas (n = 4/group) with at least two distinct peptides at a protein FDR 

of 1%. Thirty-two significantly altered proteins were observed with confidence, and the elevated 

glial fibrillary acidic protein and decreased crystalline proteins in OIR retinas agree well with 

previous studies. Selected key alterations were further validated by Western blot analysis. 

Interestingly, Rab21/RhoA/ROCK2/moesin signaling pathway was found to be involved in retinal 

neovascularization of OIR. Moreover, highly elevated annexin A3, a potential angiogenic 

mediator, was observed in OIR retinas and may serve as a potential therapeutic target. In 

conclusion, reproducible ICB profiling enabled reliable discovery of many altered mediators and 

pathways in OIR retinas, thereby providing new insights into molecular mechanisms involved in 

pathogenesis of ROP.
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INTRODUCTION

Retinopathy of prematurity (ROP), a leading cause of blindness in childhood, is a vision 

disease associated with abnormal retinal vascular development in extremely low gestational 

age neonates.1,2 For those premature infants, supplemental oxygen is routinely applied to 

maintain adequate blood oxygen levels, which greatly increases survival rate but also 

increases the number of infants with ROP.3,4 Although surgical intervention such as laser 

photocoagulation or cryotherapy reduces the incidence of blindness, the visual outcomes 

after treatment often are poor.5,6 Thus, preventive therapy of aberrant neovascularization for 

continued development of the normal intra-retinal vasculature is sorely needed. Recently the 

most popular targets for therapy are angiogenesis related factors such as vascular endothelial 

growth factor (VEGF), insulin-like growth factor, and the Src family of tyrosine kinases.7–9 

A deep understanding of the retina proteome changes during hypoxia-induced retinal 

neovascularization may be valuable in developing new therapeutic targets for newborns with 

ROP.

Due to the scarcity of human donor eyes of ROP, the rodent models of oxygen-induced 

retinopathy (OIR) are widely used to mimic ROP in humans.10–12 Retinal oxygen supply 

and consumption in those animals are similar to that of primates, thus enabling the use of 

these models to study the hypoxia-induced retinal neovascularization.13,14 To promote 

retinal neovascularization, neonatal rats or mice are usually first exposed to a constant high 

oxygen level (50%–80%) for more than 1 week.15,16 The oxygen-enriched atmosphere 

mediates the inhibition of retinal vessel growth and also suppresses endogenous VEGF 

production.15,16 After 5–7 days of recovery in room air, a relatively hypoxic environment, 

the angiogenic stimulators are produced, and thus retinal neovascularization is induced.10,14 
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Here we use a rat model of OIR to perform mechanism studies of ROP as previously 

described.17

Liquid chromatography–mass spectrometry (LC-MS)-based proteomic quantification plays a 

key role in discovering pathogenic factors and biomarkers of various diseases. Roughly, LC-

MS-based relative protein quantitation can be divided into two major categories, labeling 

and label-free methods. While stable isotope labeling approaches have been tremendously 

successful and widely applied in quantitative proteomics, certain drawbacks do exist, such 

as expensive reagents, incomplete and variable labeling, limitation in sampling size, and, in 

some cases, complex data interpretation.18,19 Label-free approaches have emerged as an 

attractive alternative to isotope-labeling methods, due to its simplicity, cost-effectiveness, 

and feasibility of quantifying multiple biological samples.18,20,21 Especially, ion-current- or 

MS1-based strategies are capable of providing a reliable means for in-depth protein profiling 

and biomarker discovery in complex proteomes.22–25 The superior performance of ion-

current-based (ICB) method compared to other popular label-free approaches such as MS2-

TIC and spectral counting, in terms of reproducibility, quantitative accuracy, dynamic range, 

and biomarker discovery, has been demonstrated when using high-resolution MS data.22,26

For retinal proteome analysis in a rodent model of OIR, the isobaric tags for relative and 

absolute quantification (iTRAQ) technique has been widely applied and enables researchers 

to quantify nearly 300 reliable proteins in previous studies.27,28 In the current study, ICB 

approach coupled with long gradient nano-LC-MS/MS analysis is employed. Each step of 

the analytical procedures is carefully optimized and controlled to ensure optimal 

reproducibility and sensitivity. More than 1300 unique protein groups with at least two 

distinct peptides are quantified in retinas of rat samples (OIRs vs controls) under strict 

criteria. This is the first time that an extensive proteomic profiling analysis has been applied 

to study of pathological mechanisms of ROP in retina.

MATERIALS AND METHODS

All animal experiments were approved by the State University of New York, Downstate 

Medical Center Institutional Animal Care and Use Committee (Brooklyn, NY). Animals 

were managed according to the Association for Research in Vision and Ophthalmology 

Statement for the Use of Animals in Ophthalmic and Visual Research. Animals were treated 

humanely, according to the guidelines outlined by the United States Department of 

Agriculture and the Guide for the Care and Use of Laboratory Animals.

Rat Model of OIR

Pregnant Sprague–Dawley rats were purchased from Charles River Laboratories, Inc. 

(Wilmington, MA) at 17 days gestation. On the day of birth, newborn rat pups (n = 18 pups/

group, 9 males and 9 females) delivering on the same day were randomly assigned to OIR or 

room air (RA, control). In this study only retinas from male rats (n = 4/group) were used for 

proteomic study. The OIR pups were placed with the dams in specialized oxygen chambers 

attached to an oxycycler (BioSpherix, New York) which is attached to oxygen chambers. 

The oxygen chamber was optimized for gas efficiency and provided adequate ventilation for 

the animals in a controlled atmosphere with minimal gas usage. Oxygen content inside the 
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chamber was continuously monitored and recorded on a Dell Computer. CO2 and humidity 

inside the chamber were also continuously monitored, and CO2 was removed from the 

atmosphere with the use of soda lime within the chamber. The pups in the experimental 

group were exposed to a 50% oxygen atmosphere for 14 days (P0–P14), followed by 

reoxygenation in RA for 7 days from P15–P21. Control littermates were raised in RA from 

birth to P21. All the rats were sacrificed at P21, and the eyes were enucleated and rinsed in 

ice-cold phosphate-buffered saline (pH 7.4) on ice. The retinas were then excised and 

processed as previously described.12,29

Retinal Protein Preparation and Precipitation/On-Pellet Digestion

Retinas from four male rats in each group were analyzed. The retinal protein extraction and 

subsequently tryptic digestion were processed as described.22 Each isolated retina (n = 4 

samples/group) was homogenized in 400 μL of ice-cold lysis buffer (50 mM Tris-formic 

acid, 150 mM NaCl, 0.5% sodium deoxycholate, 2% SDS, 2% NP-40, pH8.0) with a 

Polytron homogenizer (Kinematica AG, Switzerland). The tissue homogenization was 

performed for 5–10 s at 15 000 rpm, followed by a 20-s cooling period until the foam 

settled; then this procedure was repeated 10 times. The mixture was then sonicated in a cold 

room (4 °C) for ~10 min with a low-power bath sonicator. Subsequent centrifugation at 

140000g was performed for 1 h at 4 °C, and the resulting supernatant was transferred to a 

new tube. The protein concentration was determined by bicinchoninic acid protein assay 

(Pierce Biotechnology, Inc.), and the remaining samples were stored at −80 °C until further 

analysis.

To achieve high peptide recovery, we employed a precipitation/on-pellet-digestion protocol 

modified from that described previously.22,30 Briefly, specimens (100 μg of total protein per 

sample) were reduced with 3 mM tris(2-carboxyethyl)phosphine for 10 min and then 

alkylated with 20 mM iodoacetamide for 30 min in darkness. The mixture was transferred to 

acetone-compatible tube and precipitated by stepwise addition of 9 volumes of chilled 

acetone (−20 °C) with continuous vortexing. After overnight incubation at −20 °C, the 

protein mixture was centrifuged at 12000g for 20 min at 4 °C. The resulting supernatant was 

removed, and the remaining pellet was air-dried at room temperature. To improve tryptic 

digestion effciency, two-step digestion procedure was employed for the on-pellet-digestion. 

In step 1 (pellet-dissolving step), 50 μL of Tris buffer (50 mM, pH 8.5) containing trypsin at 

a ratio of 1:30 (enzyme/substrate) was added and incubated at 37 °C for 6 h with agitation at 

500 rpm in an Eppendorf Thermomixer (Hamburg, Germany); in step 2 (complete-cleavage 

step), another 50 μL of trypsin solution was added at a ratio of 1:25, and the mixture was 

incubated at 37 °C overnight (12 h).

Nano-LC-MS/MS Analysis

In order to achieve low void volume and high chromatographic reproducibility during 

peptides separation, a nano-LC/nanospray setup was used as previously described.30 Mobile 

phases A and B were 0.1% formic acid in 2% acetonitrile and 0.1% formic acid in 88% 

acetonitrile, respectively. The tryptic peptide mixture (4 μg) was loaded onto a large-inner-

diameter trap (300 μm i.d. × 1 cm, packed with Zorbax 3-μm C18 material), and washed for 

3 min with 1% mobile phase B at a flow rate of 10 μL/min. A series of nanoflow gradients 
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(flow rate, 250 nL/min) was used to back-flush the trapped samples onto the nano-LC 

column (75 μm i.d. × 75 cm, packed with Pepmap 3-μm C18 material) for separation. We 

steadily heated the nano-LC column at 52 °C to improve the chromatographic resolution and 

reproducibility. The complex peptide mixture was separated using a 7-h gradient, which 

consisted of the following steps: 3% B for 10 min, 3% to 8% B in 5 min, 8% to 24% B in 

145 min, 24% to 38% B over 95 min, 38% to 63% B over 55 min, 63% to 97% B in 35 min, 

then maintaining isocratic conditions at 97% B for 25 min, and finally reverting back to 3% 

B for 40 min of re-equilibration.

An LTQ/Orbitrap XL-ETD hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, 

CA) was used for protein identification. The instrument was operated in positive ion mode 

with the data-dependent acquisition strategy. One scan cycle included an MS1 scan (m/z 

310–1800) at a resolution of 60 000, followed by seven MS2 scans in collision-induced 

dissociation activation mode, to fragment the seven most abundant precursors found in the 

MS1 spectrum. The respective target values for MS1 by Orbitrap and MS2 by ion trap were 

6 × 106 and 1 × 104. The maximum ion times for Orbitrap and ion trap were 1300 and 150 

ms, respectively. The activation time was 30 ms, the isolation width was 3 Da for the linear 

ion trap (LTQ), the normalized activation energy was 35%, and the activation q was 0.25. 

The dynamic exclusion was enabled with the following settings: repeat count, 1; repeat 

duration, 30 s; exclusion list size, 500; exclusion duration, 40 s. In this study, four respective 

retinas of experimental group (OIR) and control group were analyzed alternatively.

Protein Identification and Ion-Current-Based Quantification

The raw data files were processed and searched against the Swiss-Prot protein database 

(released November 2011), under rat and mouse taxonomy with a total of 16 071 protein 

entries, using the Proteome Discoverer 1.4 (Thermo-Scientific, San Jose, CA). The 

following search parameters were used: 20 ppm tolerance for precursor ion masses and 0.5 

Da for fragment ion masses. Two missed cleavages were permitted for fully tryptic peptides. 

Carbamidomethylation of cysteines was set as a fixed modification, and a variable 

modification of methionine oxidation was allowed. The false discovery rate (FDR) was 

detected by using a target-decoy search strategy.31 The sequence database contained each 

sequence in both forward and reversed orientations, enabling FDR estimation. Scaffold 3.632 

(Proteome Software, Portland, OR) was used to validate MS/MS-based peptide and protein 

identification on the basis of cross-correlation (Xcorr) and Delta Cn values. The peptide 

filtering criteria include Delta Cn scores of ≥0.1 and Xcorr scores of ≥1.95, 2.40, 2.55, and 

2.95, respectively, for singly, doubly, triply, and quadruply charged peptides. Along with the 

requirement of at least two distinct peptides for each protein group, a low FDR of 0.1% and 

1.0% were achieved at the peptide level and protein level, respectively.

ICB quantitative analysis was performed using SIEVE v2.0 software (Thermo Scientific) to 

obtain area-under-the-curve (AUC) data and then a sum-intensity method coupled with 

outlier analysis to aggregate the quantitative data from peptide level to protein level. SIEVE 

is a MS1-based differential expression package that includes chromatographic alignment 

and global MS1 feature extraction.33 Quantitative MS1 features (frames) were defined on 

the basis of m/z (width: 10 ppm) and retention time (width: 2.5 min) in the aligned collective 
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data set. Peak AUC values were calculated in each frame. In case of missing data, a value of 

1000 was assigned at peptide level as previously demonstrated.26 Subsequent to relative 

quantification, MS2 fragmentation scans associated with each frame were determined on the 

basis of identification results from Scaffold by using tools in-house as previously 

described.34 Peptides shared among different protein groups were excluded from 

quantitative analysis. The ion current values of each peptide were normalized by the total 

AUC in individual runs. Intensities for unique peptides of the same protein were further 

combined to be the protein intensity with Grubbs's test35 analysis by the ListPOR (version 

2.2.2104) program (panomics.pnnl.gov). Minimum data set presence 2 and p-value cutoff of 

0.01 were set for outlier detection. The relative expression ratio was calculated by the 

average ion-current intensities of four replicates in each group. Statistical significance 

between groups (comparing treated vs control specimens) was evaluated using a Student's t-

test, and a p-value cutoff of 0.05 was applied.

We further compared the reproducibility of six popular label-free approaches: spectral 

counting (SpC), ion-current-based method (ICB), MS2 total-ion-current (MS2-TIC), TOP3 

TIC,36 exponentially modified protein abundance index (emPAI),37 and the normalized 

spectral abundance factor (NSAF)38 between technical replicates of a retina sample of rat. 

Except ICB, the other five methods were applied to analyze these two replicates using 

Scaffold 3.6. The abundance values of each protein were normalized by the total abundance 

values in individual runs.

Western Blot Analyses

For Western blot analyses, retina protein samples (25 μg each) in lysis buffer (50 mM Tris-

formic acid, 150 mM NaCl, 0.5% sodium deoxycholate, 2% SDS, 2% NP-40, pH8.0) were 

first separated by SDS-PAGE using standard methodology with 10% polyacrylamide gels 

(Invitrogen). Proteins then were electrophoretically transferred to polyvinylidene difluoride 

membranes (Invitrogen). The membrane was blocked for 1 h with Western blocking solution 

(Invitrogen) and sequentially incubated with a primary antibody overnight at 4 °C followed 

by an appropriate secondary antibody conjugated with horseradish peroxidase (Santa Cruz 

Biotechnology, Inc., Dallas, TX) for 1 h. The positive immunoreactions were detected with 

X-ray film by chemiluminescence using an ECL Western blotting kit (Pierce, Rockford, IL) 

and developed with a Kodak X-OMAT 2000A Processor. The primary antibodies used in 

this study were as follows: mouse monoclonal anti-GFAP (1:400; SigmaAldrich); rabbit 

polyclonal anti-signal transducer and activator of transcription 1 (Stat1 p84/p91) (1:500; 

Santa Cruz Biotechnology); and mouse monoclonal anti-glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (1:1000; Santa Cruz Biotechnology).

Bioinformatics Analysis

Protein function annotation and pathway analysis were carried out using Ingenuity Pathway 

Analysis (IPA, Ingenuity Systems, http://www.ingenuity.com/). Ingenuity's knowledge base 

is created by manual curation of the scientific literature supported by experimental results. 

The altered protein list was imported directly into IPA for a Core analysis. Biological 

functions assigned by the software were manually examined and regrouped into respective 

categories. Gene ontology (GO) annotations were analyzed with online DAVID 
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Bioinformatics Resources 6.7 tool.39 Hierarchical cluster analysis was performed using 

Cluster 3.040 and displayed by TreeView (Java software), which supports tree-based and 

image-based browsing of hierarchical trees (http://www.eisenlab.org). In the heat map 

generated by TreeView, the elevated protein intensities are indicated in red, and the 

decreased protein intensities are indicated in green.

RESULTS AND DISCUSSION

A rat model of OIR was employed to investigate the molecular mechanism of ROP using 

ICB profiling approach. Though the newborn rats are not premature, they have incompletely 

vascularized retinas at birth, thus making them susceptible to development of characteristics 

consistent with severe ROP or OIR. The rat model shares many similar clinicopathological 

features with the human disease counterpart, including preretinal neovascularization, vitreal 

hemorrhage, arteriovenous shunts, frequent retinal folds, and occasional retinal 

detachment.14,41 Therefore, most rodent models of ROP use newborn, full term animals 

exposed to constant high levels of inspired oxygen followed by RA.10–12,14 In the rat model 

of OIR used in this study, retinal neovascularization and accumulation of retinal hydrogen 

peroxide (H2O2) level were observed, as demonstrated in recent studies.17 To achieve a 

reliable discovery of altered proteins in retinas that are rich in membrane proteins, we have 

developed a reproducible, extensive, and well-controlled strategy for the profiling of the 

retinal proteome with multiple biological replicates as we previously reported.22 Here we 

employed a similar strategy to perform proteomic profiling of the retinas in a neonatal rat 

model of OIR. The flowchart of ICB quantitative approach was shown in Figure 1. A strong 

buffer containing a cocktail of detergents (2% NP-40, 2% SDS, and 0.5% sodium 

deoxycholate) was used to efficiently extract proteins from retinas. The extracted proteins 

were processed with a reproducible precipitation/on-pellet-digestion procedure to remove 

detergents and other contaminants and then efficiently digest the extracts. The resulting 

peptide mixture was further separated with a low-void-volume nano-LC/nanospray 

configuration providing improved peak shapes, reduced tailing, and high run-to-run 

reproducibility. Finally, the multiple LC-MS runs were analyzed by the ICB quantification, 

and significantly altered proteins were validated and annotated.

Evaluation of Reproducibility of Different Label-Free Approaches

High quantitative reproducibility is critically important for label-free methods. It has been 

shown that ICB method exhibited an overall superior performance than SpC and MS2-TIC 

methods in terms of reproducibility, missing data, and biomarker discovery for analyzing 

high-resolution MS data as we previously described.22,26 Besides ICB, MS2-TIC, and SpC, 

here we also evaluated the reproducibility of another three popular label-free abundance 

approaches: TOP3 TIC,36 emPAI,37 and the NSAF38 between two technical replicates. A 

total of 1239 protein groups (protein FDR of 1%) were identified from two consecutive 

replicate LC-MS analyses of a rat retina sample. In case of missing data in any of methods, a 

value of zero was assigned to the affected replicate. Normalization was performed against 

the sum of individual abundance values in each replicate.

For ICB, all 1239 proteins were quantified without missing value while for the MS2-based 

methods only 1170 (94%) proteins with quantitative values in both technical replicates were 
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analyzed. Linear regression analysis was performed by GraphPad Prism (GraphPad 

Software, Inc., USA) to assess the correlation between replicate runs using each of the 

quantitative methods. We separated the quantifiable proteins by each method into two 

groups: high-abundance proteins (the top 50% abundant proteins as determined by 

individual quantitative values) and lower-abundance proteins (the remaining 50% proteins). 

The results for lower-abundance proteins (i.e., the lower 50% of all proteins) are shown in 

Figure 2. A higher R2 value (0.96) was achieved by ICB method than all other methods, 

indicating much better reproducibility. By comparison, all methods showed good 

reproducibility (R2>0.95) for higher abundance proteins (Supplemental Figure 1), which is 

in line with our previous reports.23,26,42,43 As a result, in this study the ICB was employed 

to investigate the molecular mechanism of OIR.

Proteomic Profiling of Retinas in OIR Rats

In the OIR/control sample set, a total of 1339 protein groups (including 13 decoy proteins) 

with at least two distinct peptides each were identified with a low FDR of 1% at protein 

level. The detailed protein identification data are listed in Supplemental Table 1. The 

numbers of proteins analyzed here is much higher than that from the iTRAQ experiments of 

OIR models reported previously.27,28 GO annotations were analyzed with online DAVID 

Bioinformatics Resources 6.7 tool.39 Among the 1231 proteins with available GO cellular 

component information, 371 (30.1%), 329 (26.7%), and 273 (22.2%) were respectively 

assigned as membrane, nucleus, and cytosol proteins as shown in Supplemental Figure 2, 

indicating high recovery of membrane proteins by the sample preparation strategy. As the 

retina is part of the central nervous system, 66 proteins attributed to synapse were observed 

(Supplemental Figure 2).

We performed an extensive quantitative comparison of the retinal proteomes from rats with 

OIR (n = 4) versus normal controls (n = 4). A total of 1325 proteins were quantified, and 

only one protein was removed due to lack of unique frames. The biological variation among 

retinas of each group was evaluated by measuring coefficients of variation (CVs) of protein 

intensities determined by ICB approach. The distributions of CV for the 1325 quantified 

proteins were found quite similar in controls and OIR subjects (Supplemental Figure 3). 

Box-and-whisker plots of CV distributions were calculated, where the bottom and the top of 

the boxes respectively correspond to the top 25th and 75th percentile values, the horizontal 

lines inside the box to the median CV values, and whiskers to the minimum and maximum 

values. The mean CV values for individual protein abundance values were 10.6% and 

10.8%, respectively, for controls rats and these with OIR. The low variations of protein 

abundance values indicated the low biological variability within each group.

Differentially Expressed Proteins in Retinas of Controls versus OIR Rats

Quantitative investigations of the retinal proteomes in the rodent model of OIR, have been 

conducted using iTRAQ technique.27,28 Zhou et al. employed iTRAQ and 2D nanoLC-

nanoESI-MS/MS to compare the relative proteomic changes from control and OIR mice.28 

In that study a total of 264 protein groups were quantified, and 28 proteins were selected as 

altered proteins (≥1.2-fold change). The criteria of ≥1.2-fold change threshold and p ≤ 0.05 

were also used to determine altered proteins in 182 proteins that commonly identified in the 
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three iTRAQ retinal proteome analyses (P12 versus P12C, P17 versus P17C, and P12 versus 

P17) in a mouse model of OIR.27 In the current study, due to the accurate and reliable 

quantification of ICB and the low level of false-positive in biomarker discovery,22 we were 

able to apply a similar criteria of at least 1.3-fold change (ratio ≥1.30 or ≤0.77) and 

statistical p-values ≤0.05 to select significantly altered proteins, while quantifying more 

protein groups (1325).

Removal of mis-assigned frames is critical to warrant high-quality quantitative data, which 

is often caused by incorrect peptide identification and/or indistinguishable m/z and retention 

time of peaks. In order to reduce mis-assigned frames to protein ID, besides the critical 

criteria for peptide identification, we used a sum-of-intensity (SOI) method with outlier 

removal to determine protein ratio in this study. It has been reported that the SOI approach 

provides the most accurate estimates of true protein ratios of among MS1-based methods, 

and outlier rejection further improves the SOI approach when analyzing data from isotope-

labeling experiment.44 Our previous studies also employed the SOI method to calculate the 

protein ratio in ICB quantitation analysis.22,26 In this study we used this biological data set 

to evaluate the improvement by sum-of-intensity with outlier rejection (SOI-R) over these 

without rejection.

Using the criteria of a fold change threshold of 1.3 and statistical p-values ≤0.05, 30 and 32 

unique protein groups were determined as differentially expressed proteins with high 

confidence by SOI and SOI-R, respectively. The individual abundance values of 1325 

proteins and associated peptide information in each retina are shown in Supplemental Table 

2. Twenty-nine (93.5%) altered proteins were both determined by these two protein ratio 

estimation methods, and an excellent linear correlation (R2 = 0.97) of protein ratios between 

the two methods was observed (Figure 3A). Radixin, determined as an altered protein by 

SOI method, was quantified by five unique peptides, but four (80%) of them have ratios 

around 1.0, as shown in Figure 3B. The outlier removal analysis made it possible to remove 

the outlier (red spots in Figure 3B) and resulted in a protein ratio that agrees well with the 

majority of peptide ratios. Further investigation revealed that the intensity (2.2 × 108) of this 

outlier is 9.2-fold higher than the mean intensity of remaining peptides ((2.3 ± 0.8) × 107) in 

radixin (Supplemental Figure 4). This outlier was likely either misidentified or from 

modified/truncated domain of the protein. Moreover, two other proteins, rootletin and 

craniofacial development protein 1 (Cfdp1), were determined by SOI-R as altered proteins 

but not by SOI for a similar reason (Figure 3B). All in all, SOI-R appears to provide a 

similar list of biomarker candidates with reduced false-positives/negatives comparing to SOI 

approach.

Out of the 32 altered proteins determined by SOI-R, 20 proteins were elevated, and 12 were 

decreased in retinas of OIR rats as shown in the volcano plots (fold-change vs p-values) 

(Figure 4). The black dashed lines denote the cutoff thresholds, while the altered proteins 

under these thresholds are indicated by red dots. A heat map plot of the intensities of altered 

proteins in the eight animals was further shown in Figure 5. As indicated in the tree 

diagrams, four OIR and four controls were classified into their own corresponding clusters 

as expected. Detailed information on the significantly altered proteins is shown in Table 1.
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To further evaluate whether corresponding peptide ratios agree well with the protein ratios, 

the ratios of peptides from altered proteins were investigated. Out of the 96 unique 

quantifiable peptides assigned to the 20 elevated proteins, the majority of them (92, 95.8%) 

had an elevated expression ratio (Supplemental Figure 5). For a randomly selected example: 

ezrin, one of the elevated proteins (1.42-fold) was quantified with five unique peptides, and 

all of them had relative ratios >1.3 (range from 1.36 to 1.56). A similar trend was also 

observed in decreased proteins, e.g., 39 of the total of 42 peptides in these proteins had a 

decreased expression ratio (Supplemental Figure 5), indicating the good consistency 

between protein ratio and peptide ratio.

Functional Annotation and Validation of Proteins of High Interest

Our previous studies showed that retinal neovascularization occurs and higher blood O2 and 

SO2 levels are observed in P21 rats that have been exposed to constant hyperoxia (50% O2) 

for 14 days and then RA for 7 days.17 Here individual biological samples, instead of pooled 

samples as in previous work,27,28 were used for investigation. More than 1300 unique 

protein groups were analyzed, and 32 proteins were determined to be altered in the OIR 

group compared to the control group as described above. Functional annotation was 

performed for these altered proteins and groups or individuals of high interest are further 

discussed in this section.

The 32 altered proteins were assigned to six major categories of biological processes on the 

basis of IPA and manual literature investigation. The six categories reflect key biological 

processes altered in the rat retinas suffering OIR (Supplemental Figure 6 and Table 1). The 

altered proteins in categories such as transport, visual system development and function, and 

inflammatory response were consistent with previous observations regarding ROP.28,45 

Moreover, elevated glial fibrillary acidic protein (GFAP) and decreased crystalline proteins 

in OIR retinas of mice models have been observed in previous studies.27,28 The GFAP level 

in Müller cells was significantly increased in OIR P17 retinas compared with the control, 

especially in the distal branches of Müller cells.27 In this study, GFAP, a sensitive marker 

for retinal degeneration and traumatic brain injury,22,46 was increased 2.5-fold in OIR 

retinas of a rat model and validated by Western blot analysis (Figure 6). It is possible 

hypoxia also elicits elevation of GFAP in brain.47 However, it is not likely the observed 

GFAP elevation was due to the increase of circulating GFAP consequent to elevation in 

brain, because of the very low circulating levels of GFAP following a cerebral hypoxia 

event48,49 and the fact that blood was effectively removed from retina by perfusion and 

washing. Additionally, the elevated level of GFAP in retina agree well with observation in 

other OIR models.27,28 Three β-crystalline proteins (A2, A3, and B2) were decreased in OIR 

retinas by ion-current-based quantification, consistent with previous observation by 

iTRAQ.28 This indicates some mediators or pathways were shared in the process of retinal 

neovascularization of those different mouse or rat OIR models.

Previous studies show that hypoxia inducible factor (HIF)1-VEGF pathway is associated 

with the retinal neovascularization of ROP.50–52 One angiogenesis-associated protein, 150 

kDa oxygen-regulated protein, was previously identified as differentially expressed proteins 

in retinas of OIR.27 In this study, altered proteins such as annexin A3 (ANXA3, elevated 
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3.4-fold), clusterin (elevated 1.8-fold), STAT1 (elevated 4.2-fold), ras-related protein 

Rab-21 (Rab21, elevated 1.4-fold), and moesin (elevated 1.3-fold) that associated with cell 

migration process, were also found to be involved in the HIF1-VEGF pathway. The network 

of proteins associated in this pathway is illustrated in Figure 7. The HIF1-VEGF associated 

network is closely related to OIR. For instance, ANXA3 is a member of calcium-binding 

protein family that bind membrane phospholipids in a calcium concentration-dependent 

manner.53 It has been reported that ANXA3 could induce the transactivation activity of 

HIF-1 and lead to increase of VEGF secretion irrespective of oxygen level; thus, it is 

regarded as an angiogenic mediator for cancers.54,55 In this study, ANXA3 is highly 

elevated in retinas of OIR as shown in Table 1, and may serve as a new therapeutic target for 

ROP. Clusterin, a glycoprotein also known as apolipoprotein J, could be expressed in Müller 

cells of the retina and is up-regulated in the retinal degeneration of rat models.22,56,57 

Protective effect of clusterin on blood-retinal barrier breakdown was also suggested in 

diabetic retinopathy.58 Recent studies showed that nuclear clusterin transcription could be 

directly regulated by HIF-1α.59 Our previous study showed that reactive oxygen species 

(ROS) such as H2O2 level in choroid of OIR is significantly higher (p < 0.01) than that in 

controls and may lead to high H2O2 level in retinas of OIR.17 Thus, the elevated STAT1 

here may play a similar role of response to intracellular ROS in retinas of OIR as these in 

human diseases.60 The elevated STAT1 in OIR retinas of the rat model was further validated 

by immunoassay analysis (Figure 6). STAT1 may also play a role to negatively regulate 

VEGF through HIF161 and form a feedback loop (Figure 7). Another elevated protein Rab21 

is important in Rho GTPase signaling, mediating recycling of integrin α5β1 for the 

activation of RhoA.62 Direct activation of RhoA by ROS has been demonstrated.63 The 

Rho-ROCK pathway is essential for VEGF-induced hyperpermeability64 and also may play 

a similar role in retinas of OIR. VEGF-C activated RhoA/ROCK-2 pathway leads to 

upregulation and activation of moesin protein.65 Moesin, one member of ezrin/radixin/

moesin (ERM) proteins, was also observed to be elevated in retinas of OIR in this study, 

further indicating that the Rab21/RhoA/ROCK-2/moesin signaling pathway is involved in 

retinal neovascularization of OIR. Rho-kinase mediators may serve as therapeutic targets for 

the treatment of retinal neovascularization, as suggested previously.66 In addition, Rho 

GTPases requires an essential downstream effector, STAT3, to regulate multiple cellular 

functions.67

The ERM proteins are linkers between plasma membrane proteins and the actin 

cytoskeleton, and they participate in diverse functions such as cell morphogenesis, 

endocytosis/exocytosis, adhesion, and migration.68 In this study, increased expression of 

ezrin and moesin was observed for the first time in retinas of OIR. It has been reported that 

ezrin plays an important role in the morphogenesis of apical microvilli and basal infoldings 

of retinal pigment epithelial cells (RPE)69 and recruits signaling molecules that regulate the 

activity of membrane proteins in response to external signals.68 Recently, moesin was found 

to facilitate lipopolysaccharide (LPS) recognition and the subsequent expression of 

proinflammatory cytokines.70 The expression and phosphorylation of moesin can be 

stimulated by LPS through directly binding to its carboxyl terminus.70 LPS, an endotoxin of 

Gram-negative bacteria, could mimic the clinical scenario of chorioamnionitis in pregnant 

women and cause preterm birth in animals and humans.71 In addition, a novel model of ROP 
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by systemic inflammation induced by postnatal LPS administration has been demonstrated 

recently.72 Little is known about the association between the models of and LPS-induced 

ROP. Here, on the basis of the proteomics results, we speculate that moesin may be one of 

the key regulators that are important in both the processes of retinal neovascularization of 

the OIR models and LPS-induced ROP models. It may also provide new clues on the 

potential molecular mechanisms of anti-inflammatory drugs such as ketorolac, an inhibitor 

of LPS-induced inflammation,73 which is capable of reducing the risk of developing severe 

ROP in preterm newborns without producing obvious undesirable side effects.73

CONCLUSIONS

The comprehensive proteomics studies of OIR models may substantially enhance our 

insights into the pathogenesis of ROP and might provide potential targets for therapeutic 

intervention,1 despite that the animals in these models are not premature. Here we have 

performed a relatively extensive profiling of the proteomic changes in retinas of OIR rats 

using an ion-current-based MS1 approach. The quantification of >1300 proteins during 

retinal neovascularization and the discovery of many differentially altered proteins from 

retinas in OIR vs controls indicate that this approach is sensitive and extensive for proteomic 

profiling of the retinal proteome, which is rich in membrane proteins. Many altered proteins 

reflect various known complex processes of ROP such as inflammation response, abnormal 

visual development, and HIF1-VEGF pathway. Novel discoveries included changed proteins 

and pathways that were not previously known to be associated with ROP or OIR, such as 

STAT1, annexin A3, ERM, and Rab21/RhoA/ROCK2 signaling pathway, which may 

provide new insights in defining new therapeutic targets for ROP. Moreover, the results 

suggested that moesin-induced signaling may play an important role during the development 

of ROP in both LPS and OIR models. In conclusion, the ICB quantitative strategy is 

demonstrated to be a useful tool for exploring the pathological mechanisms of human 

diseases and to identify potential molecular and biochemical targets for interventions.
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ABBREVIATIONS

AUC area-under-the-curve

CV coefficient of variation

emPAI exponentially modified protein abundance index

ERM ezrin/radixin/moesin

FDR false discovery rate

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GFAP glial fibrillary acidic protein
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GO gene ontology

H2O2 hydrogen peroxide

HIF1 hypoxia inducible factor 1

ICB ion-current-based MS1 quantification

IPA ingenuity pathway analysis

iTRAQ isobaric tags for relative and absolute quantification

LC-MS liquid chromatography–mass spectrometry

LPS lipopolysaccharide

MS2-TIC MS2-total ion-current

NSAF normalized spectral abundance factor

OIR oxygen-induced retinopathy

RA room air

ROP retinopathy of prematurity

ROS reactive oxygen species

RPE retinal pigment epithelial cells

SOI sum of intensity

SOI-R sum of intensity with outlier rejection

SpC spectral counting

STAT1 signal transducer and activator of transcription 1

VEGF vascular endothelial growth factor
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Figure 1. 
Flowchart of the ion-current-based quantitation strategy applied for analyzing retinas from a 

rat model of oxygen-induced retinopathy (OIR) vs age-matched controls (n = 4 animals per 

group).
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Figure 2. 
Evaluation of reproducibility of protein abundance values for proteins of the lower 50% in 

abundance between technical replicates using different label-free approaches.
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Figure 3. 
Comparison between sum-of-intensity (SOI) and sum-of-intensity with rejection analysis 

(SOI-R) for protein ratio estimation. (A) Linear correlation of protein ratios determined by 

SOI and SOI-R. (B) Distribution of peptide ratios of radixin, rootletin, and Cfdp 1 that had 

quite different protein ratios by SOI and SOI-R analyses. The peptide outliers (red spots) 

were identified by Grubbs's test and therefore removed from consideration by SOI-R.
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Figure 4. 
Volcano plots illustrating the discovery of significantly altered proteins from OIR/control 

sample set using ICB approach. The X-axis shows the protein abundance ratios of individual 

proteins in OIR vs. control group, while the Y-axis shows the p-values (by Student's t-test 

statistics) for the comparison. Each dot represents a unique protein group, and the dashed 

lines denote the optimized cutoff thresholds (p ≤ 0.05 and ≥1.3-fold change) that define 

significantly altered proteins, which are shown as red dots.
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Figure 5. 
Hierarchical clustering analysis of the 32 differentially expressed proteins observed in 

retinas from OIR rats (n = 4, OIR 1–OIR 4) vs controls (n = 4, CON 1–CON 4). The 

elevated protein intensities are shown in red, and the decreased protein intensities are shown 

in green.
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Figure 6. 
Figure 6. Western blot analysis (anti-Stat1, anti-GFAP) demonstrates increased expression 

of Stat1 and GFAP in retinas of OIR rats (right panel, lanes 5–8) compared to retinas from 

age-matched control rats (left panel, lanes 1–4). GAPDH was used as loading control.
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Figure 7. 
Network of HIF1-VEGF pathway associated alterations observed in retinas of OIR rats 

(adapted from ref 1). Elevated proteins observed in this study are indicated in red.
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Table 1

Significantly Altered Proteins in Retinas of a Rat Model of OIR (n = 4) versus Controls (n = 4) by the Ion-

Current-Based Quantitation Analysis

accession no. gene name protein name no. quantified peptides ratio (COPD/normal) standard deviation p-value biological process

P42225 Stat1 signal transducer and activator 
of transcription 1

2 4.22 1.47 <0.01 visual system development; 
inflammatory response; cell 
migration; transport; apoptosis

P18589 Mx2 interferon-induced GTP-
binding protein Mx2

9 3.78 1.78 <0.01 lipid metabolism; 
inflammatory response

P14669 Anxa3 annexin A3 3 3.42 0.96 <0.01 inflammatory response; cell 
migration

P47819 Gfap glial fibrillary acidic protein 11 2.52 0.84 <0.01 inflammatory response; cell 
migration

P05371 Clu clusterin 5 1.83 0.58 0.03 lipid metabolism; 
inflammatory response; cell 
migration; transport; apoptosis

P70628 Impg2 interphotoreceptor matrix 
proteoglycan 2

5 1.43 0.13 0.02 visual system development

Q811Q2 Clic6 chloride intracellular channel 
protein 6

10 1.42 0.08 <0.01 transport

P31977 Ezr ezrin 5 1.42 0.17 0.01 cell migration; transport; 
apoptosis

Q6IMF3 Krt1 keratin, type II cytoskeletal 1 3 1.40 0.15 0.01 inflammatory response; 
cytoskeleton organization

P60892 Prps1 ribose-phosphate pyrophospho 
kinase 1

3 1.39 0.14 0.04 carbohydrate metabolic 
process; apoptosis

Q6AYS7 Acyla aminoacylase-1A 2 1.39 0.08 <0.01 cellular amino acid metabolic 
process

Q9Z1B2 Gstm5 glutathione S-transferase Mu 5 3 1.38 0.25 0.04 metabolic process

Q6AXT5 Rab21 Ras-related protein Rab-21 3 1.38 0.08 <0.01 cell migration

Q8CJ40 Crocc rootletin 7 1.37 0.03 <0.01 cytoskeleton organization

P23440 Pde6b rod cGMP-specific 3′,5′-cyclic 
phosphodiesterase subunit β

8 1.37 0.14 <0.01 visual system development

O35763 Msn moesin 4 1.35 0.20 0.01 lipid metabolism; 
inflammatory response; cell 
migration; transport; apoptosis

Q9ET62 Impg1 interphotoreceptor matrix 
proteoglycan 1

6 1.32 0.09 <0.01 visual system development

Q9D6Y9 Gbel 1,4-α-glucan-branching enzyme 3 1.32 0.07 0.01 carbohydrate metabolic process

P97584 Ptgr1 prostaglandin reductase 1 2 1.31 0.06 0.01 lipid metabolism

P14659 Hspa2 heat shock-related 70 kDa 
protein 2

2 1.30 0.09 <0.01 response to stress; apoptosis

P14881 Cryba1 β-crystallin A3 2 0.25 0.14 0.04 visual system development

Q9JJV1 Cryba2 β-crystallin A2 3 0.37 0.15 0.02 visual system development

P62697 Crybb2 β-crystallin B2 9 0.43 0.18 0.03 visual system development

Q75UQ2 Cfdpl craniofacial development 
protein 1

2 0.56 0.17 0.02 antiapoptosis

Q6TXG9 Sfr1 Swi5-dependent recombination 
DNA repair protein 1 
homologue

2 0.59 0.22 0.04 unknown

Q66H15 Fam82a2 regulator of microtubule 
dynamics protein 3

2 0.67 0.12 0.05 apoptosis
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accession no. gene name protein name no. quantified peptides ratio (COPD/normal) standard deviation p-value biological process

Q5FVI4 Cend1 cell cycle exit and neuronal 
differentiation protein 1

4 0.74 0.06 <0.01 cytoskeleton organization

Q99K85 Psat1 phosphoserine aminotransferase 2 0.74 0.05 <0.01 organic acid metabolic process

P37805 Tagln3 transgelin-3 6 0.74 0.05 <0.01 muscle organ development

Q4V8B0 Oxr1 oxidation resistance protein 1 3 0.74 0.13 0.02 inflammatory response

Q8BHD8 Pcmtd2 protein L-isoaspartate O-methyl 
transferase domain-containing 
protein 2

3 0.75 0.07 0.01 protein modification process

Q63544 Sncg γ-synuclein 4 0.77 0.13 0.04 transport; lipid metabolism
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