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Retinal vascular hyperpermeability causes macular
edema, leading to visual deterioration in retinal diseases
such as diabetic retinopathy and retinal vascular occlu-
sion. Dysregulation of junction integrity between endothe-
lial cells by vascular endothelial growth factor (VEGF) was
shown to cause retinal vascular hyperpermeability. Ac-
cordingly, anti-VEGF agents have been used to treat ret-
inal vascular hyperpermeability. However, they can confer
potential toxicity through their deleterious effects on
maintenance and survival of neuronal and endothelial
cells in the retina. Thus, it is important to identify novel
therapeutic targets for retinal vascular hyperpermeability
other than VEGF. Here, we prepared murine retinas show-
ing VEGF-induced vascular leakage from superficial reti-
nal vascular plexus and prevention of VEGF-induced leak-
age by anti-VEGF antibody treatment. We then performed
comprehensive proteome profiling of these samples and
identified retinal proteins for which abundances were dif-
ferentially expressed by VEGF, but such alterations were
inhibited by anti-VEGF antibody. Functional enrichment
and network analyses of these proteins revealed the �2
integrin pathway, which can prevent dysregulation of
junction integrity between endothelial cells through cyto-
skeletal rearrangement, as a potential therapeutic target
for retinal vascular hyperpermeability. Finally, we experi-

mentally demonstrated that inhibition of the �2 integrin
pathway salvaged VEGF-induced retinal vascular hyper-
permeability, supporting its validity as an alternative ther-
apeutic target to anti-VEGF agents. Molecular & Cellu-
lar Proteomics 15: 10.1074/mcp.M115.053249, 1681–1691,
2016.

Macular edema resulting from increased vascular permea-
bility leads to visual deterioration in a broad spectrum of
retinal diseases, including diabetic retinopathy and retinal vein
occlusion (1, 2). In vitreous samples from patients with mac-
ular edema, the concentrations of vascular endothelial growth
factor (VEGF) were reported to be higher than those of normal
controls (3, 4). A number of in vitro and in vivo studies have
shown that VEGF, also known as vascular permeability factor,
caused loss of tightness between endothelial cells and resul-
tant vascular leakage (5–7). In monkeys, intravitreal injection
of bioactive VEGF led to fluorescein leakage from retinal ves-
sels (5). Furthermore, VEGF was shown to affect the integrity
of tight junction complexes along endothelial cell-cell inter-
faces (6, 7). These data indicate that VEGF plays a major role
in the pathogenesis of retinal vascular hyperpermeability by
dysregulating tight junction integrity between endothelial cells
in the retinal vascular system (8, 9).

It has been observed in the clinic that anti-VEGF agents
have therapeutic potential to treat retinal vascular hyperper-
meability induced by VEGF (8, 9). However, VEGF not only
promotes vascular permeability, but also plays an important
role in the survival of normal endothelial and neuronal cells in
the retina (10, 11). Furthermore, VEGF affects various down-
stream intracellular molecular pathways that are associated
with the maintenance of retinal endothelial cells (9, 12). These
data collectively suggest potential toxicity of anti-VEGF
agents when they were used to treat retinal vascular hyper-
permeability. In this context, it is important to identify novel
therapeutic targets other than VEGF to treat VEGF-induced
retinal vascular hyperpermeability.

Here, in search of new therapeutic targets, we first prepared
mouse retina that exhibited VEGF-induced vascular leakage
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from the superficial vascular plexus and effective phenotypi-
cal prevention of vascular leakage by anti-VEGF antibody, as
described previously (13, 14). We then performed compre-
hensive proteome profiling of the retinas treated with VEGF
and with VEGF plus anti-VEGF antibody by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) analysis. Us-
ing the isobaric tag for relative and absolute quantitation
(iTRAQ)1 data obtained from LC-MS/MS analyses, we identi-
fied retinal proteins whose abundances were altered by
treatment of VEGF, but the alterations were inhibited by co-
treatment of anti-VEGF antibody with VEGF. Functional en-
richment and network analyses of these proteins suggested
the �2 integrin pathway regulating cytoskeletal rearrangement
of endothelial cells as a potential therapeutic target for VEGF-
induced retinal vascular hyperpermeability. Both in vitro im-
munoassay and in vivo experiments confirmed that the mod-
ulation of the �2 integrin pathway inhibited VEGF-induced
retinal vascular hyperpermeability, suggesting its validity as a
therapeutic target other than VEGF.

EXPERIMENTAL PROCEDURES

Mice—6-Week-old male C57BL/6 mice (Central Laboratory Ani-
mal, Seoul, Republic of Korea) were used in this study. All animal
procedures were approved by Institutional Animal Care and Use
Committee of Seoul National University and conducted in agreement
with the Association for Research in Vision and Ophthalmology state-
ment for the use of animals in ophthalmic and vision research.

VEGF-induced Retinal Vascular Hyperpermeability—To induce ret-
inal vascular hyperpermeability, we injected recombinant mouse
VEGF164 (100 ng/1.5 �l; catalog no. 493-MV-005, R&D Systems,
Minneapolis, MN) into the vitreous cavity of the right eyes of mice
(VEGF condition). For control samples, phosphate-buffered saline
(PBS) (1.5 �l) was injected (control condition). To show the effects of
VEGF scavenging, we injected both recombinant mouse VEGF164
(100 ng) and affinity-purified polyclonal antibody against mouse
VEGF164 (1 �g; catalog no. AF-493-NA, R&D Systems; source, goat
IgG) in 1.5 �l of PBS (anti-VEGF condition). To analyze therapeutic
effects of �2 integrin antagonism, we injected both recombinant
mouse VEGF164 (100 ng) and monoclonal antibody against mouse �2
integrin with neutralizing effects of �2 integrin activity (1 �g; catalog
no. MA1-10122, Thermo, Waltham, MA; source, rat IgG) in 1.5 �l of
PBS. To evaluate the effect of the injection of VEGF, VEGF plus
anti-VEGF antibody, or VEGF plus anti-�2 integrin antibody on retinal
vascular hyperpermeability, and the levels of proteins measured, the
retinas were prepared at 24 h after the injection. At 24 h after the
injection, enucleation was performed after deep anesthesia and sub-
sequent sacrifice with CO2 inhalation. To demonstrate vascular integ-
rity, intracardiac injection of fluorescein isothiocyanate-dextran (FITC-
dextran, catalog no. 46945, Sigma, St. Louis, MO) was performed 1 h

prior to sacrifice with CO2 inhalation. Retinal flat mounts were ob-
served under the fluorescence microscope (Eclipse 80i, Nikon, Tokyo,
Japan). Quantitative analyses of mean green fluorescence intensity
were performed using four randomly selected images of paracentral
areas of retinas from �200 magnification photographs per each eye
with ImageJ software (National Institutes of Health, Bethesda, MD)
(n � 3).

Sample Preparation—In each of the three conditions (control,
VEGF, and anti-VEGF), we obtained four samples (n � 4). In VEGF or
anti-VEGF condition, we obtained four samples after treatment of
VEGF or VEGF plus anti-VEGF antibody, respectively. For each sam-
ple in the three conditions, we collected the retinas from six mice (six
retinas per sample) into the microcentrifuge tube to minimize the
effect of interindividual variability in mice. From each of the six mice,
enucleation and subsequent sacrifice were performed as described
above. Enucleated eyes were immediately put into cold PBS. Under
the stereomicroscope (Leica, Wetzlar, Germany), the cornea was
dissected, and the lens was removed to facilitate retinal preparation.
By gentle pressure on the sclera with forceps, the retinas were iso-
lated and put into clean microcentrifuge tubes, which were prepared
in ice. In total, the 12 samples (n � 4 per condition) were stored at
�80 °C before further preparation.

Protein Extraction and Digestion—20 mg of each sample in the
three conditions (control, VEGF, and anti-VEGF) was cryo-pulverized
by Covaris CP02 Prep (Covaris, Woburn, MA). Briefly, the retinas were
transferred to a Covaris tissue bag (Covaris, TT1, 520007), and the
tissue bag was placed in liquid nitrogen for 30 s. Immediately after
the freezing, the tissue bag was placed in the impact chamber of the
cryo-pulverizer and pulverized by using impact level 2 (tissue weight
�50 mg, impact level 2). The cryo-pulverized retinas were transferred
into a siliconized low-retention microcentrifuge tube (Thermo) and
mixed with lysis buffer (4% SDS in 0.1 M Tris-HCl, pH 7.6, containing
a Complete Mini Protease inhibitor tablet (Roche Applied Science,
Basel, Switzerland)), followed by tissue lysis using a handheld soni-
cator (Q55, QSONICA, Newtown, CT) for 30 s (at 30 watts) on ice. The
tissue lysate was centrifuged at 16,000 � g and 20 °C for 10 min, and
the supernatant was then transferred to a new tube. Protein concen-
tration of the supernatant was determined by BCA assay (Pierce,
Waltham, MA).

For each sample in the three conditions, the retinal proteins were
divided into 500-�g protein units, and each 500-�g protein unit was
digested using a slightly modified version of filter-aided sample prep-
aration digestion method (15). Briefly, the proteins were reduced with
SDT buffer (4% SDS in 0.1 M Tris-HCl, pH 7.6, and 0.1 M DTT) for 45
min at 37 °C and then boiled for 10 min at 95 °C. Subsequently,
protein samples were sonicated for 10 min in a bath sonicator (Power
Sonic 505, Hwashin Technology, Seoul, Republic of Korea) and cen-
trifuged at 16,000 � g for 5 min. The protein sample was transferred
to a membrane filter device (YM-30, Millipore, Billerica, MA) and
mixed with 200 �l of 8 M urea in 0.1 M Tris-HCl, pH 8.5. The device
was centrifuged at 14,000 � g at 20 °C for 60 min to remove the SDS.
This step was repeated three times. Subsequently, proteins were
alkylated with 100 �l of 50 mM iodoacetamide in 8 M urea for 25 min
at room temperature in the dark and followed by centrifugation at
14,000 � g for 30 min. The filter was washed with 200 �l of 8 M urea
four times and then washed with 100 �l of 50 mM NH4HCO3 twice for
buffer exchange. Trypsin (Promega, Madison, WI) was added to the
proteins at an enzyme to protein ratio of 1:50 (w/w), and the filter
device was placed in a thermomixer (Eppendorf, Hamburg, Germany)
and incubated at 37 °C overnight. After the first digestion, the second
digestion was carried out with additional trypsin (1:100 enzyme to
protein ratio) at 37 °C for 6 h. After digestion, the tryptic peptides were
eluted by centrifugation at 14,000 � g at 20 °C for 30 min. After
collecting the tryptic peptides, the filter were rinsed with 60 �l of 50

1 The abbreviations used are: iTRAQ, isobaric tag for relative and
absolute quantitation; PSM, peptide-spectrum match; FDR, false dis-
covery rate; DEP, differentially expressed protein; GOBP, gene ontol-
ogy biological process; HRMEC, human retinal microvascular endo-
thelial cell; FAK, focal adhesion kinase; mRP fractionation, mid-pH
reverse-phase liquid chromatography fractionation; FN1, fibronectin
1; ITGB2, �2 integrin; F2, coagulation factor II; CD14, CD14 antigen;
GSN, gelsolin; MYL2, myosin light chain 2; MyYLPF, myosin light
chain, phosphorylatable, fast skeletal muscle; BRB, blood-retinal
barrier.
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mM NH4HCO3 and centrifuged at 14,000 � g at 20 °C for 20 min, and
the eluent was combined with the first eluent. The combined eluent
was dried by vacuum centrifugation, and the peptide concentration
was determined by BCA assay. The peptide sample was divided into
100-�g units in Eppendorf tubes and kept in �80 °C until the subse-
quent iTRAQ labeling.

iTRAQ Labeling and Peptide Fractionation—We performed three
4-plex iTRAQ labeling experiments (Fig. 1A). For each experiment, we
used one sample from the three conditions (control, VEGF, and anti-
VEGF) for 114, 115, and 116 channels, respectively, and an additional
sample from one of the three conditions for the 117 channel (i.e.
experimental sets 1–3 with additional samples from control, VEGF,
anti-VEGF conditions, respectively). A total of 800 �g of peptides (200
�g of peptides per channel) from each experimental set were labeled
with two units of 4-plex iTRAQ reagent (AB Sciex, Framingham, MA)
according to the manufacturer’s instructions. After the iTRAQ label-
ing, all iTRAQ peptides were pooled and immediately subjected to a
mid-pH reverse-phase fractionation, as described previously (16).

800 �g of iTRAQ-labeled tryptic peptides was separated using
Agilent 1260 Infinity HPLC system (Agilent, Santa Clara, CA) equipped
with an Xbridge C18 guard column (4.6 � 20 mm, 130 Å, 5 �m) and
an analytical column (4.6 � 250 mm, 130 Å, 5 �m). Mid-pH reverse-
phase liquid chromatography was performed at a flow rate of 0.5
ml/min during the 130-min gradient using solvent A (10 mM triethyl-
ammonium bicarbonate (TEAB) in water, pH 7.5) and solvent B (10 mM

TEAB in 90% ACN, pH 7.5). The gradient used is as follows: 0%
solvent B for 10 min, 0–5% solvent B in 10 min, 5–35% in 60 min,
35–70% in 15 min, 70% for 10 min, 70–0% in 10 min, and finally held
at 0% over 15 min. 96 fractions were collected every minute from 15
to 110 min and were non-contiguously concatenated into 24 fractions
by pooling four fractions from each of the early section (fractions
1–24), the first mid-section (fractions 25–48), the second mid-section
(fractions 49–72), and the late section (fractions 73–96) of fractions
(Fig. 1A). The 24 fractions were dried in a vacuum centrifuge concen-
trator and stored at �80 °C until LC-MS/MS experiments.

LC-MS/MS Experiments—10 �g of iTRAQ-labeled peptides from
each of 24 fractions was individually analyzed by Q Exactive mass
spectrometer (Thermo), which was coupled to a dual on-line LC
system (17). The dual on-line LC system was equipped with two
capillary columns (75-�m inner diameter � 360-�m outer diameter,
100 cm) and two solid-phase extraction columns (150-�m inner di-
ameter � 360-�m outer diameter, 3 cm) that were prepared by slurry
packing frit-ended fused silica capillaries with C18 resin (3 �m diam-
eter, 300-Å pore size, Jupiter). A 180-min linear gradient (1–40%
solvent B over 160 min, 40–80% over 5 min, 80% for 10 min and
holding at 1% for 5 min) was used. Solvent A and B were 0.1% formic
acid in water and 0.1% formic acid in ACN, respectively. The column
flow rate was 300 nl/min.

The eluting peptides were ionized at the electric potential of 2.4 kV
and the desolvation capillary temperature of 250 °C. MS precursor
scans (m/z 400–2,000 thomson) were acquired at the resolution of
70,000 with an automated gain control target value of 1.0 � 106 and
a maximum ion injection time of 20 ms. The MS/MS data for up to the
10 most abundant ions were acquired in a data-dependent mode
using higher energy collisional dissociation at a normalized collision
energy of 30 with fixed first mass of 100 thomson at the resolution of
17,500 with automated gain control target value of 1.0 � 106 and a
maximum injection time of 60 ms.

LC-MS/MS Data Analysis—Each of the three iTRAQ datasets in-
cludes 24 MS/MS datasets for 24 fractions. For each MS/MS dataset,
post-experiment monoisotopic mass refinement method was used to
process the MS/MS data, which was previously demonstrated to
accurately assign precursor mass to the tandem mass spectrometric
data (18). The resultant MS/MS data from post-experiment monoiso-

topic mass refinement process (i.e. mgf files) were subjected to
database search using the MS-GF� search engine (version 9387) (19)
against Swiss-Prot mouse reference database (released September,
2013; 24,544 entries). Search parameters were set to the following:
precursor mass tolerance of 10 ppm, semi-tryptic, static modifica-
tions of carbamidomethylation (�57.0214 Da) to cysteine and iTRAQ
(�144.102063 Da) to N termini and lysine, and variable modification of
oxidation (�15.994915 Da) to methionine. The search results from the
24 MS/MS datasets were combined. The peptide-spectrum matches
(PSMs) at the false discovery rate (FDR) of 1% were obtained by the
target-decoy method built in the MS-GF� search engine (19). The
identified peptides with PSM-level FDR �0.01 from the three iTRAQ
datasets were combined to generate an alignment table in which the
identified peptides from different iTRAQ datasets with the same se-
quences were matched. The identified peptides in the alignment table
were used to infer protein groups by a bipartite graph analysis (21)
using an in-house software (22). Finally, we selected protein groups
that have protein-level FDR �1% and more than two detected non-
redundant peptides. Global protein-level FDR was estimated in the
target-decoy setting as described previously (20). The representative
protein of protein group was selected as the protein with the highest
number of peptides. When more of two proteins in one group had the
same number of peptides, the protein with the higher sequence
coverage was selected as the representative protein, and the protein
containing a unique peptide also was selected as the representative
protein. Protein groups of two or more peptide hits were used for
further analyses. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(23) partner repository with the dataset identifier PXD003656 and
10.6019/PXD003656.

Identification of Differentially Expressed Proteins (DEPs)—Of the
identified peptides, we first selected the unique peptides that were
detected in two or more of the three iTRAQ experiments. The reporter
ion intensities of these selected unique peptides in the alignment
table were normalized by the medians of control samples in the
corresponding iTRAQ experiment to remove the batch effects in
iTRAQ experiments. Using the normalized intensities, the previously
reported integrative statistical method (24) was performed to identify
differentially expressed peptides in the two comparisons: 1) VEGF
versus control (VEGF/control) and 2) anti-VEGF versus VEGF (anti-
VEGF/VEGF). Briefly, two sample t tests (e.g. four samples in VEGF
versus four samples in control) and log2-median ratio test were ap-
plied to calculate T values and log2-median ratios for the selected
peptides. To compute p values of selected peptides for the individual
tests, empirical distributions of T values and log2-median ratios for the
null hypothesis (i.e. a peptide is not differentially expressed) were
estimated by performing all possible random permutations of the
samples and then by applying the Gaussian kernel density estimation
method to T values, and log2-median ratios resulted from the random
permutations (25). For each peptide, the adjusted p values from the
two tests were computed by the two-sided test using the correspond-
ing empirical null distributions and then combined into an overall p
value using Stouffer’s method (26). Next, FDRs were estimated for the
overall p values using the Storey method (27). The differentially ex-
pressed peptides were selected as the ones with FDR �0.05 and
absolute log2 fold-changes �0.58 (1.5-fold). Finally, we selected a set
of DEPs that have at least two differentially expressed peptides.

Enrichment Analysis of Gene Ontology Biological Processes
(GOBPs)—Functional enrichment analysis was performed using
DAVID software to identify the GOBPs represented by the DEPs in the
two major clusters (clusters 1 and 2 in Fig. 2B) (28). The GOBPs
represented by the DEPs were identified as the ones with p � 0.1.

Fibronectin Enzyme-linked Immunosorbent Assay (ELISA)—The
level of fibronectin in retinal proteins, which were extracted using
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RIPA buffer, was estimated using mouse fibronectin ELISA kit (cata-
log no. ab108849, Abcam, Cambridge, United Kingdom) according to
the manufacturer’s instructions (n � 3).

Western Blot Analysis—An equal amount (50 �g) of retinal proteins,
which were extracted using RIPA buffer, was separated by SDS-
PAGE and transferred to a nitrocellulose membrane. The membrane
was incubated with primary antibodies overnight at 4 °C. The list of
primary antibodies utilized in this study is as follows: anti-�2 integrin
(catalog no. sc-8420, Santa Cruz Biotechnology, Dallas, TX); anti-
gelsolin (catalog no. 12953, Cell Signaling, Danvers, MA); anti-CD14
(catalog no. MAB982-SP, R&D Systems); anti-RhoA (catalog no.
2117, Cell Signaling); and anti-�-actin (catalog no. A2668, Sigma).
Species-specific secondary antibodies (Pierce) were treated on the
membrane for 1 h at room temperature. The visualization of bands
was performed using ECL solution (Daeillab, Seoul, Republic of
Korea) and ImageQuant LAS4000 system and accompanying analysis
software (GE Healthcare, Chicago, IL).

Immunocytochemistry—Human retinal microvascular endothelial
cells (HRMECs) were cultured in EBM-2 Basal Medium supplemented
with 1% penicillin/streptomycin (Gibco, Waltham, MA) and EGM-2
SingleQuotTM kit supplement and growth factors. The following treat-
ments were performed using EBM-2 Basal Medium supplemented
with 1% penicillin/streptomycin and 1% fetal bovine serum (FBS).
Confluent HRMECs on fibronectin (50 �g/ml; catalog no. F2006,
Sigma)-coated dish were treated with VEGF (20 ng/ml; catalog no.
8065, Cell Signaling) or VEGF plus affinity-purified polyclonal anti-
body against human �2 integrin (1 �g/ml; catalog no. AF1730, R&D
Systems). The concentration of anti-�2 integrin was chosen not to
induce changes in cell adhesiveness on dish. 30 min after the treat-
ment, cells were fixed with 4% paraformaldehyde for 15 min at room
temperature and then treated with 0.2% Triton X-100 for 10 min at
room temperature. To minimize nonspecific binding, blocking with
3% bovine serum albumin was performed for 10 min at room tem-
perature. After incubation with Alexa Fluor� 488 phalloidin (catalog
no. A12379, Life Technologies, Inc., Waltham, MA) overnight at 4 °C,
nuclear staining was performed with 4�,6-diamidino-2-phenylindole
(catalog no. D1306, Invitrogen, Waltham, MA) for 10 min at room
temperature. Cells were observed using the inverted fluorescence
microscope (Leica).

Real Time Polymerase Chain Reaction (RT-PCR)—Confluent
HRMECs on thrombin (4 IU/ml; catalog no. T9549, Sigma)- or fi-
bronectin (50 �g/ml)-coated dish were treated with VEGF (20 ng/ml) in
EBM-2 basal medium supplemented with 1% penicillin/streptomycin
and 1% FBS after a 6-h starvation. Cells were harvested from the dish
6 h after the treatment, and total RNA was isolated from cells using
TRI Reagent (Molecular Research Center, Cincinnati, OH) according
to the manufacturer’s instruction. The cDNA was then prepared with
High Capacity RNA-to-cDNA kit (Life Technologies, Inc.). Real time
PCR was performed with TaqMan� fast advanced master mix (Life
Technologies, Inc.) and specific gene expression assays (catalog no.
4453320; Life Technologies, Inc.). Product IDs of Gene Expression
Assays for genes are as follows: CD14, Hs02621496_s1; ITGB2,
Hs00164957_m1; and GAPDH, Hs99999905_m1. All analyses were
done using StepOnePlus RT-PCR System (Life Technologies, Inc.)
and accompanying StepOne Software (version 2.2). All procedures
were performed in accordance with the MIQE guidelines.

Phospho-focal Adhesion Kinase (FAK) and FAK ELISA—Confluent
HRMECs on the fibronectin (50 �g/ml; catalog no. F2006, Sigma)-
coated dish were treated with VEGF (20 ng/ml; catalog no. 8065, Cell
Signaling) or VEGF plus affinity-purified polyclonal antibody against
human �2 integrin (1 �g/ml; catalog no. AF1730, R&D Systems). 10
min after the treatment, cells were isolated, and extracted proteins
were utilized to measure the levels of phospho-FAK and FAK with
human phospho-FAK (Tyr397) and total FAK ELISA (catalog no. PEL-

FAK-Y397-T, RayBiotech, Norcross, GA) according to the manufa-
cturer’s instructions.

Statistics—Differences among control and treatment conditions
were assessed using Mann-Whitney U test or Kruskal-Wallis test
(non-parametric analysis of variance) with post hoc Dunn’s multiple
comparison test. All statistical analyses were performed using Graph-
Pad Prism 5 (version 5.01, GraphPad, La Jolla, CA). The mean � S.E.
is shown in the figures.

RESULTS

VEGF-induced Vascular Hyperpermeability—To investigate
retinal proteins affected by VEGF or VEGF plus anti-VEGF
antibody, we first prepared four samples (n � 4) in the three
conditions with the following intravitreal injection (Fig. 1A,
Retinal samples): 1) control condition with treatment of PBS
(1.5 �l); 2) VEGF condition with treatment of recombinant
mouse VEGF164 (100 ng per eye); and 3) anti-VEGF condition
with treatment of both VEGF (100 ng per eye) and anti-VEGF
antibody (1 �g per eye). For each of the four samples in the
three conditions, the retinas were obtained from six different
mice after the intravitreal injection and then combined (Fig.
1A, Retinal samples). We confirmed that VEGF treatment in-
duced vascular leakage from the superficial vascular plexus in
the retina, and treatment of VEGF plus anti-VEGF antibody
effectively suppressed the effects of VEGF in whole mount
retinas after systemic circulation of FITC-dextran (Fig. 1B),
consistent with the previous findings (13, 14).

Comprehensive Quantitative Retinal Proteome Profiling—
For each of four samples in the three conditions (control,
VEGF, and anti-VEGF), we next extracted proteins and then
applied the filter-aided sample preparation method (15) to the
extracted proteins for protein digestion (Fig. 1A, Retinal Pep-
tides). This resulted in a total of 12 peptide samples for the
three conditions (four per condition). For the 12 peptide sam-
ples, we then performed three different sets of 4-plex iTRAQ
labeling (Fig. 1A, and see “iTRAQ Labeling and Peptide Frac-
tionation” under “Experimental Procedures”). For each set of
the iTRAQ-labeled peptides, we next used a mid-pH reverse-
phase liquid chromatography fractionation (mRP fraction-
ation) from which the initial 96 fractions of iTRAQ-labeled
peptides were non-contiguously pooled into 24 fractions (Fig.
1A, 24 mRP fractions; see under “Experimental Procedures”).
LC-MS/MS analysis was performed on each of the 24 frac-
tions, resulting in 24 MS/MS datasets (Fig. 1A, 24 LC-MS/MS
datasets). For the three sets of iTRAQ-labeled peptides (12
samples for the three conditions), we generated a total of 72
MS/MS datasets. For each set of iTRAQ-labeled peptides (24
MS/MS datasets), we then identified the peptides using the
Swiss-Prot mouse reference protein sequence database in
the target-decoy setting by the MS-GF� (version 9387)
search engine (19).

From the three experimental sets, we identified a total of
205,730 non-redundant peptides with a PSM-level FDR
�0.01 (supplemental Table S1) and 8,685 proteins that have
protein-level FDR �0.01 and also more than two different
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non-redundant peptides (Fig. 1C and supplemental Table S2).
The 8,685 proteins were mapped into 8,630 genes. Previ-
ously, a number of studies have reported retinal proteomes
whose sizes were in the range of 896 to 3,882 (Fig. 1C)
(29–32). For example, Skeie and Mahajan et al. (29) also
analyzed retinal tissues of C57BL/6 mice and then identified
1,680 proteins (1,331 genes) with protein-level false positive
rate �0.01. Also, Barathi et al. (31) analyzed retinal tissues of
C57BL/6 mice and then identified 3,882 proteins (3,229
genes) with protein-level FDR �0.01 and more than two non-
redundant peptides. Compared with these retinal proteomes
using the same cutoffs (PSM and protein FDRs �0.01 and two
distinct peptides), our profiling provided the most comprehen-
sive retinal proteome that can be used to identify the proteins
associated with increased vascular permeability. The large
proteome size could be ascribed mainly to the effective mRP
fractionation combined with the high resolution peptide sep-
aration by ultra-high pressure LC utilizing long gradients (i.e.
180 min for each fraction) on long capillary columns (i.e. 100
cm long; see supplemental Fig. S1).

Retinal proteins affected by VEGF and anti-VEGF anti-
body—To identify the proteins associated with VEGF-induced

vascular hyperpermeability, we first quantified relative abun-
dances of the identified proteins between control and VEGF-
treated samples (VEGF versus control) and also between
VEGF plus anti-VEGF antibody- and VEGF-treated samples
(anti-VEGF versus VEGF) using the iTRAQ intensities of the
peptides. We then identified a total of 479 DEPs from the two
comparisons (Fig. 2A and supplemental Table S3) as de-
scribed under “Experimental Procedures”: 416 DEPs (283
up-regulated and 133 down-regulated) in VEGF-treated sam-
ples, compared with the control samples (VEGF versus con-
trol); and 314 DEPs (86 up-regulated and 228 down-regu-
lated) in the VEGF plus anti-VEGF-treated samples, compared
with VEGF-treated samples (anti-VEGF versus VEGF).

Of the 479 DEPs, 251 (52.4%) were shared between the two
comparisons, and the remaining DEPs were uniquely identi-
fied in the individual comparisons. To explore the relation-
ships between the DEPs from the two comparisons, the DEPs
were categorized into six clusters (clusters 1–6) based on
their differential expression in the two comparisons (supple-
mental Table S4). Of them, we focused on four major clusters
(clusters 1–4) that include more than 10% of the total number
of the DEPs (Fig. 2B; supplemental Fig. S2). Cluster 2 (181

FIG. 1. Comprehensive proteome profiling of retina tissues. A, overall scheme describing sample preparation, proteome profiling, and
data analysis. See text for detailed description of each experimental step (“Experimental Procedures” and “Results”). B, VEGF-induced retinal
vascular hyperpermeability. Intravitreally injected VEGF (100 ng)-induced vascular leakage of the superficial vascular plexus in the retina of
C57BL/6 mice. Cotreatment of VEGF with anti-VEGF antibody (1 �g) effectively prevented the phenotype of increased permeability demon-
strated by the leakage of FITC-dextran. Scale bar, 200 �m. C, comparison of our retinal proteome with two previously reported proteomes
associated with VEGF-induced vascular permeability. The Venn diagram shows the relationships between the three retinal proteomes. The
numbers of the detected proteins (see “Results” for the detection criteria) in the three studies and the genes encoding the proteins are shown
in the table.
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proteins) and cluster 3 (70 proteins) showed up- and down-
regulation in their abundances by VEGF, respectively, but
such alterations were inhibited by cotreatment of VEGF with
anti-VEGF antibody. Clusters 1 and 4 showed up- and down-
regulation by VEGF, respectively, but inhibition of the altera-
tions by cotreatment with anti-VEGF antibody was not statis-
tically significant (see “Discussion”).

In this study, we aimed to identify alternative therapeutic
targets to anti-VEGF antibody for VEGF-induced retinal vas-
cular hyperpermeability. Clusters 2 and 3 represent the inhi-
bition of VEGF-induced retinal vascular hyperpermeability by
anti-VEGF antibody. Thus, we focused on these two clusters
because they are likely to include the molecules governing the
inhibition by anti-VEGF antibody. To understand cellular pro-

FIG. 2. Retinal proteomes affected by VEGF and anti-VEGF antibody. A, relationships of the DEPs from the two comparisons (VEGF
versus control and VEGF plus anti-VEGF versus VEGF). B, four major clusters (clusters 1–4) of the DEPs identified from the two comparisons.
For each DEP in the two comparisons, the log2 fold-changes were calculated as the median ratios of the normalized reporter ion intensities
of the differentially expressed peptides for the protein in individual samples (see also supplemental Fig. S2). The log2 fold-changes of the DEP
were normalized by the median value of four replicates in control for VEGF versus control (VEGF/control, 1st to 4th columns) or in VEGF for
anti-VEGF versus VEGF (anti-VEGF/VEGF, 5th to 8th columns). The underscored number followed by the condition indicates the replicate
sample in the condition (e.g. VEGF_2 indicates the 2nd replicate sample under VEGF condition). The dendrogram shows how the DEPs in each
cluster were clustered using a hierarchical clustering method (complete linkage and Euclidian distance). Color bar, gradient of log2 fold-
changes between the two conditions indicated in each column. C, GOBPs represented by the DEPs in clusters 2 and 3 (gray and white,
respectively). The bars represent �log10(P), where P is the significance of individual GOBPs being enriched by the DEPs, and the dotted line
represents the cutoff of p value used (a default cutoff of DAVID). D, network model describing the DEPs associated with the regulation of actin
cytoskeleton in the four major clusters (clusters 1–4). Node colors represent up-regulation (red) or down-regulation (green) of the corresponding
proteins by VEGF treatment, and node shapes represent whether the alterations of the corresponding proteins by VEGF treatment were
inhibited (circle, cluster 2) or not (diamond, cluster 1) by cotreatment of VEGF and anti-VEGF antibody. The arrow and inhibition symbol
represent activation and suppression between the proteins obtained from the KEGG pathway database. Solid and dotted lines represent direct
and indirect protein-protein interactions between the nodes, respectively, in cytoplasm (box) and extracellular matrix.
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cesses represented by these two clusters, we performed the
enrichment analysis of GOBPs for the DEPs in clusters 2 and
3 using DAVID software. Interestingly, cluster 2 was associ-
ated with the processes related to vascular permeability (re-
sponse to reactive oxygen species and actin cytoskeleton/
filament organization) and also to immune responses (immune
response, inflammatory response, response to wounding, and
coagulation) (Fig. 2C and supplemental Table S5). Cluster 3
was associated with the processes related to metabolic pro-
cesses (oxidative phosphorylation and glucose metabolic
process) and transcription-related processes (chromatin as-
sembly or disassembly and mRNA processing) (Fig. 2C and
supplemental Table S5). These data indicate that cluster 2 is
more relevant to retinal vascular hyperpermeability or leakage
that was induced by VEGF but was prevented by cotreatment
with anti-VEGF antibody (Fig. 1B).

Retinal Proteome Profile Representing VEGF-induced Vas-
cular Hyperpermeability—VEGF-induced vascular hyperper-
meability and leakage have been shown to be associated with
a loss of tight junction integrity between endothelial cells in
the retina (33–35). The tight junction complexes consist of
proteins spanning the intercellular cleft, such as occludin and
claudin, and junctional adhesion molecules (33–35). Interest-
ingly, among the processes represented by cluster 2 (Fig. 2C),
actin cytoskeleton organization is closely linked to the tight
junction integrity of endothelial cells because the actin cyto-
skeleton is connected with transmembrane proteins through
zonula occludens proteins and cingulin in the cytoplasm (33,
34). Furthermore, actin cytoskeleton modulates adherens
junction dynamics through its binding to the vascular endo-
thelial cadherin (12). These data suggest that actin cytoskel-
eton organization is potentially linked to the VEGF-induced
vascular hyperpermeability through its association with tight
junction integrity of endothelial cells. The following 11 DEPs in
cluster 2 can serve as a retinal proteome profile associated
with the actin cytoskeleton or filament organization and thus
VEGF-induced vascular hyperpermeability (supplemental Ta-
ble S5): fibronectin 1 (FN1); �2 integrin (ITGB2); RAS-related
C3 botulinum substrate 2 (RAC2); gelsolin (GSN); myosin light
chain 2 and myosin light chain; phosphorylatable, fast skeletal
muscle (MYL2/MYLPF); phosphatidylinositol 3-kinase, regu-
latory subunit, polypeptide 1 (PIK3R1); ezrin (EZR); actin re-
lated protein 2/3 complex, subunit 1B (ARPC1B), and actinin
�/3 (ACTN2/3).

To understand functional associations among the DEPs
involved in actin cytoskeleton and filament organization in
clusters 1–4, which include the 11 DEPs in cluster 2, we
reconstructed a network model describing the interactions
among them based on the Kyoto Encyclopedia of Genes and
Genomes pathway (Fig. 2D). The network model showed ac-
tivation of F2-CD14 and FN1-�2 integrin pathways by VEGF,
which could lead to the alteration in actin cytoskeleton and
cellular junction through their links to actin cytoskeleton (actin
polymerization, stabilization of actin, and actomyosin assem-

bly contraction) and cellular junction (adherens junction and
focal adhesion assembly). In the FN1-�2 integrin pathway,
FN1, �2 integrin, and RAC2, a downstream molecule, were
up-regulated by VEGF treatment, but the alterations were
inhibited by cotreatment of VEGF and anti-VEGF antibody
(cluster 2), indicating that the activation of the FN1-�2 integrin
pathway by VEGF was inhibited by the anti-VEGF antibody. In
contrast, in the F2-CD14 pathway, F2 was up-regulated by
VEGF treatment (cluster 1), suggesting potential activation of
the F2-CD14 pathway, but its downstream molecules (CD14
and ROHA) showed no significant changes by treatment of
VEGF or VEGF plus anti-VEGF antibody, indicating that the
activation of the F2-CD14 pathway was not inhibited by anti-
VEGF antibody.

To confirm this finding, we examined the activities of the
two pathways in HRMECs, which are the major players that
undergo dysregulation of tight junction integrity by VEGF,
leading to breakdown of inner blood-retinal barrier and even-
tually to retinal vascular hyperpermeability (34). To this end,
we measured VEGF-induced mRNA expression of CD14 and
�2 integrin genes in confluent HRMECs on F2 and FN1-
coated dish, respectively, using RT-PCR analysis (see under
“Experimental Procedures”). Consistent with the LC-MS/MS
data, ITGB2 showed the significant (	2-fold) up-regulation in
HRMECs, whereas CD14 showed no definite alteration in the
expression (supplemental Fig. S3). Furthermore, we con-
firmed protein expression of two downstream proteins (CD14
and RhoA) of the F2-CD14 pathway using Western blotting
(supplemental Figs. S4 and S5). Consistent with the LC-
MS/MS data, these two proteins showed no significant alter-
ations by treatments of VEGF and VEGF plus anti-VEGF an-
tibody. All these data indicated that the FN1-�2 integrin
pathway, rather than the F2-CD14 pathway, was activated as
a primary pathway by VEGF to regulate the actin cytoskeleton
organization in retinal microvascular endothelial cells, and its
activation was inhibited by anti-VEGF antibody.

Inhibition of VEGF-induced Vascular Leakage by Targeting
�2 Integrin—The above data suggest that the FN1-�2 integrin
pathway can control VEGF-induced retinal vascular hyperper-
meability through regulation of the actin cytoskeleton organi-
zation. To test this hypothesis, we first verified the differential
expression of FN1 and �2 integrin using the ELISA and West-
ern blotting, respectively. These independent assays showed
the consistent changes of FN1 (Fig. 3A) and �2 integrin (Fig.
3B and supplemental Fig. S4) in their abundances after treat-
ments of VEGF and VEGF plus anti-VEGF antibody to those
measured by LC-MS/MS analyses. Also, we verified the dif-
ferential expression of GSN, one of the downstream mole-
cules of the FN1-�2 integrin pathway, and we found that it
showed the consistent changes to those measured by LC-
MS/MS analysis (supplemental Figs. S4 and S5). Next, we
further examined the effect of �2 integrin on VEGF-induced
retinal vascular hyperpermeability. To this end, we inhibited
the function of �2 integrin by treating VEGF and anti-�2
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integrin antibody together and analyzed the VEGF-induced
vascular leakage from the superficial vascular plexus in the
retina. Interestingly, anti-�2 integrin antibody effectively sup-
pressed the VEGF-induced retinal vascular permeability, sim-
ilar to anti-VEGF antibody (Fig. 1B), as indicated by reduced
leakage of FITC-dextran (Fig. 3, C and D). Furthermore, we
examined activation of FAK, one of key downstream mole-
cules in the FN1-�2 integrin pathway. To this end, we cultured
confluent HRMECs on fibronectin-coated dish and treated
them with VEGF or VEGF plus anti-�2 integrin antibody. The
data showed that phosphorylation of FAK at Tyr-397 was
increased by VEGF, but such alteration was inhibited by an-
ti-�2 integrin antibody (Fig. 3E). Also, we further found that the

anti-�2 integrin antibody significantly reduced actin cytoskel-
eton rearrangement associated with tight junction integrity of
retinal endothelial cells (Fig. 3F). Thus, all these data together
suggest that �2 integrin antibody rescued the retinal vascular
hyperpermeability induced by VEGF through the cytoskeleton
rearrangement and also that �2 integrin can serve as an
effective therapeutic target for VEGF-induced retinal vascular
hyperpermeability.

DISCUSSION

VEGF is a trophic factor for neuronal and endothelial cells in
the retina, as well as a driving factor for vascular hyperper-
meability (10, 11, 36). Thus, therapeutic targets other than

FIG. 3. Inhibition of VEGF-induced vascular leakage by anti-�2 integrin antibody. A, levels of fibronectin in the retina measured by ELISA.
Anti-VEGF, VEGF plus anti-VEGF antibody (n � 4). B, levels of �2 integrin in the retina measured by Western blotting analysis (n � 3). C,
qualitative assessment of retinal vascular integrity demonstrated by the leakage of FITC-dextran after treatments of PBS (control), VEGF
(VEGF), and VEGF plus anti-�2 integrin antibody (anti-�2 integrin). D, quantitative analysis of relative fluorescence intensity after treatments of
VEGF (VEGF) and VEGF plus anti-�2 integrin antibody (anti-�2 integrin) (n � 4). E, levels of phosphorylated FAK normalized by the total amount
of FAK (p-FAK/total FAK) in confluent HRMECs on FN1-coated dish at 5 min after treatments of VEGF (VEGF) and VEGF plus anti-�2 integrin
antibody (Anti-�2 integrin) (n � 4). F, actin cytoskeleton arrangement after treatments of PBS (Control), VEGF (VEGF), and VEGF plus anti-�2
integrin antibody (Anti-�2 integrin) demonstrated by immunofluorescence staining of F-actin (green). Nucleus was identified with DAPI staining.
NS, p 	 0.05; *, p � 0.05; **, p � 0.01 using Kruskal-Wallis test with post hoc Dunn’s multiple comparison test.
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VEGF have been searched to circumvent potential toxicity of
anti-VEGF agents. In this study, we identified the �2 integrin
pathway as an alternative therapeutic target for VEGF-in-
duced vascular hyperpermeability through the comparative
proteome profiling followed by functional enrichment and net-
work analyses of the proteins affected by VEGF and anti-
VEGF antibody. We then experimentally verified that the inhi-
bition of the �2 integrin pathway using anti-�2 integrin
antibody effectively rescued the VEGF-induced vascular leak-
age, thereby indicating the validity of the �2 integrin pathway
as a therapeutic target.

Vascular hyperpermeability in retinal vasculature is the con-
sequence of breakdown of the inner blood-retinal barrier
(BRB), which is composed of retinal endothelial cells (8). The
integrity of the blood neural barriers is determined by the
components of tight junction complexes in retinal endothelial
cells (34). The proteins for which the expression was in-
creased by VEGF treatment, but such alteration was inhibited
by cotreatment of VEGF and anti-VEGF antibody (cluster 2 in
Fig. 2B), were significantly associated with actin cytoskeleton
or filament organization (Fig. 2C). The actin cytoskeleton can
regulate the arrangement of the tight junction complexes
through its interactions with proteins, such as zonula oc-
cludens and cingulin, which also have direct connection with
transmembrane tight junction proteins (33, 34). Therefore, all
these data together suggest that the rescue of VEGF-induced
vascular hyperpermeability could be achieved by inhibiting
the actin cytoskeleton dysregulation, preventing the break-
down of BRB formed by tight junction complexes between
endothelial cells in the retina.

The network model (Fig. 2D) revealed FN1 as an upstream
factor of the �2 integrin pathway associated with actin cyto-
skeleton. Our proteomic analysis showed up-regulation of
FN1 by VEGF treatment, which was confirmed by ELISA,
consistent with the results of the previous study on VEGF-
induced changes in the murine retina (37). Interestingly, FN1
was previously shown to be overexpressed in retinal mi-
crovessels of patients with diabetic retinopathy (38, 39). Ac-
cordingly, these data suggest the possibility of targeting the
FN1-mediated pathway to treat VEGF-mediated microvascu-
lar changes (40). As the downstream factors of FN1, previous
studies, most of which are based on experiments with endo-
thelial cells from large vessels, have identified the integrins �v,
�3, �5, �1, and �3 (41, 42). In contrast, our proteomics
analysis identified �2 integrin, which is known to be abun-
dantly expressed in endothelial progenitor cells (43) and also
microvascular endothelial cells (44, 45). For example, �2 in-
tegrin plays an important role in angiogenic properties of skin
microvascular endothelial cells through its interaction with
actin cytoskeleton (44). In addition to proteomic analyses of
the whole retinal samples, we confirmed VEGF-induced ex-
pression of �2 integrin in retinal microvascular endothelial
cells on FN1-coated dish. In contrast, we could not detect
such a change of CD14 in HRMECs on F2-coated dish. F2-

CD14 was the other upstream signaling pathway identified by
the network analysis using the DEPs associated with actin
cytoskeleton or filament organization. VEGF-induced recruit-
ments of other cell types, such as mononuclear phagocytes,
which express CD14 and exert less direct and significant
impact on BRB, might affect the proteomes of the whole
retina (46). All these data suggest the validity of the FN1-�2
integrin pathway in endothelial cells as a target pathway that
can modulate actin cytoskeleton under the condition involving
VEGF-induced retinal vascular hyperpermeability.

Our proteomic analysis detected 11 integrins (Itga1, Itga2,
Itga2b, Itga3, Itga5, Itgav, Itgb1, Itgb1bp1, Itgb2, Itgb2l, and
Itgb5), but of them, only �2 integrin (Itgb2) was altered in its
abundance by VEGF treatment and showed the prevention of
the alteration by cotreatment of VEGF and anti-VEGF anti-
body. Thus, we examined the possibility that �2 integrin can
serve as an alternative therapeutic target to anti-VEGF anti-
body for retinal vascular hyperpermeability. Several studies
have reported the association of the integrin signaling with
functions of vascular endothelial cells. For example, Senger et
al. (47) showed that Itga1/b1 and Itga2/b1 provide critical
support for VEGF signaling and endothelial cell migration and
tumor angiogenesis. Compared with these studies, however,
our proteomic data provide a comprehensive proteome re-
source that can be used in various studies of retinal vascular
hyperpermeability and also the network model (Fig. 2D) that
delineates both upstream (FN1) and downstream (GSN,
MYL2, MYLPF, MYH9, and ACTN2, ACTN3) molecules in the
integrin signaling pathway. The network model can provide
improved understanding of the integrin signaling and also
serve as a molecular basis at the pathway/network level for
those who study molecular mechanisms underlying retinal
vascular hyperpermeability through cytoskeleton rearrange-
ment, dysregulation of tight junction integrity, and breakdown
of BRB.

In this study, we used the experimental protocol of VEGF-
induced retinal hyperpermeability, which has been commonly
used (13, 14). The retinal vascular hyperpermeability was pre-
vented by the cotreatment of VEGF and anti-VEGF antibody.
Despite the prevention of the phenotype, our analysis showed
that the alterations by VEGF at the molecular level were not
completely inhibited by the cotreatment of VEGF and anti-
VEGF antibody; 283 proteins were up-regulated by VEGF, but
for 181 of the 283 proteins (64.0%) such alterations were
inhibited by anti-VEGF antibody; and 133 proteins were
down-regulated by VEGF, but for 70 of the 133 proteins
(52.6%) such alterations were inhibited by anti-VEGF anti-
body. The partial inhibition of the VEGF-induced DEPs by the
cotreatment of VEGF and anti-VEGF antibody can be attrib-
uted to the differences of VEGF and anti-VEGF antibody in
several factors: 1) injected amounts of VEGF (100 ng per eye)
and anti-VEGF antibody (1 �g per eye); 2) binding affinity of
VEGF and anti-VEGF antibody to VEGF receptors; and 3)
accessibility of VEGF and anti-VEGF antibody to VEGF recep-
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tors. These differences can result in the changes unique to
VEGF or anti-VEGF antibody as shown in clusters 1, 3, 4, and
6 (Fig. 2B; supplemental Table S4), which should be further
verified in detailed studies that involve variation of these fac-
tors followed by LC-MS/MS analysis.

In conclusion, our quantitative proteomic analysis of retinal
tissues mimicking pathological phenotypes identified a novel
therapeutic target, �2 integrin, against VEGF-induced vascu-
lar hyperpermeability. Upon up-regulation of FN1 in VEGF-
treated retina, �2 integrin might be implicated in cytoskeletal
rearrangement in endothelial cells through the downstream
signaling of the FN1-�2 integrin pathway, resulting in the
increased permeability. Based on the experimental validation,
we propose �2 integrin inhibition as an effective means to
treat a broad spectrum of retinal diseases implicated with
VEGF-induced vascular hyperpermeability, including diabetic
retinopathy and retinal vascular occlusion.
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