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EDIL3 knockdown inhibits retinal angiogenesis
through the induction of cell cycle arrest in vitro
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Abstract. Pathological retinal angiogenesis is one of the
most common causes of blindness, with limited treatment
options being currently available. Epidermal growth factor
(EGF)-like repeat and discoidin I-like domain-containing
protein 3 (EDIL3) has been reported to serve an important
role in embryonic vasculogenesis and tumor angiogenesis;
however, its implication in retinal angiogenesis has yet to be
elucidated. The present study aimed to investigate the putative
roles of EDIL3 in retinal endothelial cells. RNA interference
was used to disrupt the expression of EDIL3 in human retinal
endothelial cells (HRECsS) in vitro, and the resulting effects
were examined. Cell proliferation was assessed using cell
counting kit-8 reagent, Cell migration was investigated using
a transwell chamber and a tube formation assay was used to
study angiogenic capability in vitro. Flow cytometry was used
to detect the cell cycle distribution and western blotting was
used to study protein expression. The present results demon-
strated that silencing EDIL3 expression significantly impaired
the proliferative, migratory and tube forming capabilities of
HRECSs. Furthermore, EDIL3 knockdown was revealed to
induce cell cycle arrest at the G, phase. Western blot analysis
suggested that the possible mechanisms underlying the antipro-
liferative effects of EDIL3 silencing may involve the inhibition
of EGF receptor-mediated pathways, and the suppression of
cyclin D1 and cyclin El expression in HRECs. In conclusion,
the findings of the present study suggested that EDIL3 may
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be implicated in retinal angiogenesis, and may have potential
as a novel therapeutic target for the treatment of pathological
angiogenesis.

Introduction

Angiogenesis is defined as the development of new blood
vessels from an existing network of blood vessels, and occurs
physiologically during embryonic development, and under
pathological conditions, including tumorigenesis, retinopathy
and arthritis (1). Angiogenesis is a complex process involving
endothelial activation, guided sprouting proliferation,
branching, anastomosis and lumen formation (2). Pathological
ocular angiogenesis, including retinal neovascularization,
choroidal neovascularization and retinal vein occlusion, is one
of the most common causes of blindness; however, limited
therapeutic approaches are currently available for the treat-
ment of these disorders (3). Vascular endothelial growth factor
(VEGF)-neutralizing antibodies have widely been used for the
treatment of aberrant ocular neovascularization (4). However,
previous studies have reported that anti-VEGF treatment may
be associated with retinal fibrosis, acute abdomen and osteo-
necrosis (5-7). Therefore, the development of novel therapeutic
strategies, with fewer adverse effects, is imperative.

Epidermal growth factor (EGF)-like repeat and discoidin
I-like domain-containing protein 3 (EDIL3) is an extracellular
matrix protein secreted by endothelial cells, which contains 3
EGF repeat domains (E1-E3) and 2 discoidin domains (C1 and
C2) (8,9). The E2 domain contains a canonical Arg-Gly-Asp
motif, which can bind integrins, including o,3; and o,fs, to
mediate several endothelial cell functions (10-12). Under
physiological conditions, EDIL3 is not expressed in adult
tissues; however, it is expressed under pathological conditions
in ischemic and tumor tissues (13-17). Retinal neovasculariza-
tion has been demonstrated to occur during hypoxia, ischemia
and uncontrolled endothelial cell growth (18). EDIL3 serves
an important role in ischemic disorders; therefore, it may be
hypothesized that EDIL3 could be implicated in aberrant
retinal angiogenesis. However, the putative roles of EDIL3 in
neovascularization have yet to be elucidated.

In the present study, the roles of EDIL3 in the regulation of
retinal neovascularization were investigated, and the molecular
mechanisms were explored in vitro. The expression of EDIL3
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was silenced in human retinal endothelial cells (HRECS)
using RNA interference. EDIL3 knockdown was revealed to
significantly inhibit HREC proliferation, migration and tube
formation. Furthermore, EDIL3 silencing induced cell cycle
arrest at the G, phase, and suppressed the expression of cyclin
D1 and cyclin E1 in HRECs. Western blot analysis suggested
that the molecular mechanisms underlying the effects of
EDIL3 knockdown on HRECs, may involve the inhibition of
EGF receptor (EGFR), Src and extracellular signal-regulated
kinase (ERK) phosphorylation. The present results suggested
that EDIL3 may have potential as a novel therapeutic target for
the treatment of retinal neovascularization.

Materials and methods

Materials. Endothelial cell medium (ECM), fetal bovine
serum (FBS), endothelial cell growth supplements (ECGS)
and penicillin/streptomycin were purchased from ScienCell
Research Laboratories, Inc. (Carlsbad, CA, USA). TRIzol®
reagent, Opti-MEM™ medium, and horseradish peroxi-
dase (HRP)-conjugated rabbit (Catalog: 31466) and mouse
(Catalog: 62-6520) secondary antibodies were purchased from
Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). X-tremeGENE™ small interfering (si)RNA transfection
reagent was purchased from Roche Diagnostics (Shanghai)
Co., Ltd. (Shanghai, China). Antibodies against EDIL3
(Catalog: 12580-1-AP), cyclin B (Catalog: 12580-1-AP, cyclin
D (Catalog: 60186-1-1g), cyclin E (Catalog: 11554-1-AP) and
GAPDH (Catalog: 10494-1-AP) were purchased from Wuhan
Sanying Biotechnology (Wuhan, China). Antibodies against
ERK (Catalog: 4695), phosphorylated (p)-ERK (Catalog: 4370),
EGFR (Catalog: 2085), p-EGFR (Catalog: 2244), Src
(Catalog: 2109) and p-Src (Catalog: 12432) were purchased
from CST Biological Reagents Company Limited (Shanghai,
China). Propidium iodide (PI)/RNase Staining Solution
(Catalog: CY2001-P) for cell cycle analysis was purchased
from Tianjin Sungene Biotech Co., Ltd. (Tianjin, China).
PrimeScript™ RT Reagent kit and SYBR® Premix Ex Taqg™
were purchased from Takara Biotechnology Co., Ltd. (Dalian,
China). Cell counting kit 8 (CCK8) was purchased from
Dojindo Molecular Technologies, Inc. (Kumamoto, Japan).
Radioimmunoprecipitation assay (RIPA) lysis buffer, loading
buffer and BeyoColor protein standard (Catalog: PO076) were
purchased from Beyotime Institute of Biotechnology (Haimen,
China). Immobilon Western Chemiluminescent HRP substrate
was purchased from Merck KGaA (Darmstadt, Germany).
Matrigel matrix, Transwell inserts and cell culture plates were
purchased from Corning Incorporated (Corning, NY, USA).
All other reagents were analytical grade.

Cell culture. HRECs were purchased from ScienCell Research
Laboratories, Inc., and were cultured in ECM supplemented
with 5% FBS, 1% ECGS and 1% penicillin/streptomycin.
The cells were maintained in a 5% CO, incubator with 100%
humidity at a temperature of 37°C. HRECs between passages
3 and 8 were used in subsequent experiments.

Cell transfection and RNA interference. HRECs (~3x10%)
were seeded into a 24-well plate and were transfected once
they reached 30-40% confluence. X-tremeGENE™ siRNA

4055

transfection reagent (2 ul) and 200 ng EDIL3 siRNA were
diluted to a ratio of 1:50 in Opti-MEM and incubated for
5 min separately. Subsequently, the Opti-MEM containing
X-tremeGENE™ siRNA transfection reagent was added
to the Opti-MEM containing siRNA at a 1:1 ratio. Finally,
X-tremeGENE-siRNA complexes were added to the cells and
incubated for 48 h. The control group was incubated with the
transfection reagent alone. siRNAs targeting EDIL3 (siEDIL3)
and scramble siRNAs were chemically synthesized by Shanghai
GenePharma Co., Ltd. (Shanghai, China). The siRNA sequences
were as follows: siEDIL3, forward 5'-GGUGAUAUUUGUGAU
CCCATT-3, reverse 3-UGGGAUCACAAAUAUCACCTT-5"
and scramble, forward 5-UUCUCCGAACGUGUCACGUdT
dT-3" and reverse 3" ACGUGACACGUUCGGAGAAdTAT-5".
siRNA transfection was performed using X-tremeGENE™
siRNA transfection reagent according to the manufacturer's
protocol, and the concentration of siRNAs used was 50 nmol.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Following siRNA transfection for 48 h, total RNA
was extracted from HRECs using TRIzol® reagent. Total RNA
was reverse transcribed into cDNA using the PrimeScript™
RT Reagent kit according to the manufacturer's protocol. gPCR
was performed on cDNA using SYBR® Premix Ex Tag™ on a
StepOnePlus™ Real-Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Thermocycling conditions
were as follows: Initial denaturation at 95°C for 3 min, followed
by 40 cycles at 95°C for 5 sec and at 60°C for 30 sec. The
comparative Cq method was used for PCR quantification (19).
Finally, the results were expressed as the mean relative value
compared with control samples. The following primers were
used in the present study: EDIL3, forward 5"-TACAGCAAT
GATGGAGAACA-3', reverse 5-TACCAGGACCAAGGA
AGG-3'; GAPDH, forward 5-TGGGCTACACTGAGCACC
AG-3', reverse 5"AAGTGGTCGTTGAGGGCAAT-3".

Cell proliferation assay. Cell proliferation was examined
using a CCKS assay according to the manufacturer's protocol.
Briefly, 2,000 HRECs were seeded into a 96-well plate and
incubated at 37°C overnight. Subsequently, cells were trans-
fected with EDIL3-targeting or scramble siRNAs and cultured
for an additional 48 h. The culture medium was then replaced
with 110 ul fresh ECM containing 10 x1 CCKS solution and
cells were incubated for 2 h. The absorbance of each well was
measured at 450 nm using a Synergy™ Multi-Mode micro-
plate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Cell migration assay. HRECs were initially transfected with
EDIL3-targeting or scramble siRNAs and incubated for
48 h. Subsequently, 2.5x10* cells were harvested and seeded
in the upper chambers of Transwell inserts (pore size, 8 ym)
in 0.5% FBS-containing medium. The lower chambers were
filled with ECM supplemented with 1% FBS as a chemoat-
tractant. Following incubation at 37°C for 12 h, the cells on
the upper membranes were removed with a cotton swab, and
cells that had migrated to the lower membranes were fixed
with 4% paraformaldehyde for 30 min and stained with 0.1%
crystal violet for 20 min at room temperature. Migrated cells
were observed under an IX81 inverted microscope (Olympus
Corporation, Tokyo, Japan) and the data was analyzed using
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Figure 1. Silencing EDIL3 expression using RNA interference inhibits HREC proliferation in vitro. HRECs were transfected with siEDIL3 or scramble
siRNA. (A) EDIL3 mRNA expression levels were assessed using reverse transcription-quantitative polymerase chain reaction. (B) EDIL3 protein expression

levels were detected using western blot analysis. (C) Proliferation of HRECs was examined using a Cell Counting kit 8 assay. “P<0.01,
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P<0.001 vs. control

and scramble groups. EDIL3, epidermal growth factor-like repeat and discoidin I-like domain-containing protein 3; HRECs, human retinal endothelial cells;

si, small interfering.
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Figure 2. Silencing EDIL3 expression inhibits HREC migration in vitro. HRECs were transfected with siEDIL3 or scramble siRNA and cell migration was
examined using a Transwell assay. Representative photomicrographs of migrated cells in (A) control (B) scramble and (C) siEDIL3 groups. Scale bars, 100 gzm.

ok

(D) Silencing EDIL3 expression significantly reduced HREC migration.

P<0.001 vs. control and scramble groups. EDIL3, epidermal growth factor-like

repeat and discoidin I-like domain-containing protein 3; HRECs, human retinal endothelial cells; si, small interfering.

Image J software (1.6.0_24; National Institutes of Health,
Bethesda, MD, USA).

Tube formation assay. The tube formation assay was
performed as previously described (20). Briefly, 60 u1 Matrigel
was added to a 96-well plate and incubated for 30 min at 37°C.
HRECs were transfected with EDIL3-targeting or scramble
siRNAs for 48 h, harvested and resuspended in ECM at a
density of 3x10* cells/ml. A total of 100 pl cell suspension was
added to the Matrigel-coated plates and cells were cultured
for 3 h. Subsequently, the capillary-like structures that were
formed were observed and analyzed using a DMIS inverted

microscope (Leica Microsystems, Inc., Buffalo Grove, IL,
USA).

Cell cycle assay. The cell cycle assay was performed using
PI to stain cells, followed by flow cytometric analysis. Briefly,
HRECs (~2x10%) were seeded into a 6-well plate and trans-
fected with EDIL3-targeting or scramble siRNA for 48 h,
harvested using trypsin and fixed in 70% ethanol at 4°C
overnight. Subsequently, the cells were washed with PBS,
resuspended in binding buffer containing PI and RNase A and
incubated for 30 min in the dark at room temperature. Stained
cells were analyzed using a BD FACScan™ flow cytometer
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Figure 3. Silencing EDIL3 expression inhibits HREC tube formation in vitro. HRECs were transfected with siEDIL3 or scramble siRNA and a tube formation
assay was performed. Representative photomicrographs of formed capillary-like structures in (A) control (B) scramble and (C) siEDIL3 groups. Scale bars,
200 um. (D) Silencing EDIL3 expression significantly impaired tube formation in HRECs. "P<0.05 vs. control and scramble groups. EDIL3, epidermal growth
factor-like repeat and discoidin I-like domain-containing protein 3; HRECs, human retinal endothelial cells; si, small interfering.

(BD Biosciences, Franklin Lakes, NJ, USA), and data were
analyzed using ModFit LT software (Version 3.1, Verity
Software House, Inc., Topsham, ME, USA).

Western blot analysis. Following siRNA transfection for
48 h, HRECs were lysed using RIPA lysis buffer containing
50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS and proteinase inhibitor
cocktail. The samples were subsequently quantified using
a bicinchoninic acid Protein Quantification kit according
to the manufacturer's protocol (Beyotime Institute of
Biotechnology). Extracted protein samples (~20 ug) were
separated by 10% SDS-PAGE and transferred onto polyvi-
nylidene difluoride membranes. Membranes were blocked
with 5% non-fat milk for 2 h at room temperature and
subsequently incubated with the relevant primary antibodies
(1:1,000) at 4°C overnight. Then, the samples were washed
three times using TBS-Tween (0.05%) and incubated with
HRP-conjugated secondary antibodies (1:5,000) for 2 h
at room temperature. Protein bands were visualized by
enhanced chemiluminescence using Immobilon Western
Chemiluminescent HRP substrate. GAPDH was used as the
internal control for equal loading.

Statistical analysis. Statistical analysis was performed using
SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Data
are expressed as the mean + standard deviation of at least
three independent experiments. The statistical significance of
the differences between groups was assessed using one-way
analysis of variance followed by Tukey's Multiple Comparison

Test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Silencing EDIL3 expression inhibits HREC proliferation.
The expression of EDIL3 was silenced in HRECs using RNA
interference to investigate the putative roles of EDIL3 in cell
proliferation. RT-qPCR and western blot analysis confirmed that
following transfection with EDIL3-targeting siRNA, the expres-
sion of EDIL3 was successfully suppressed at the mRNA and
protein levels (Fig. 1A and B). In addition, a CCKS assay demon-
strated that EDIL3 knockdown significantly suppressed the
proliferation of HRECs (Fig. 1C). Cell viability was suppressed
by ~54% in EDIL3-silenced cells compared with the control and
scramble groups (Fig. 1C). These findings suggested that EDIL3
may be implicated in retinal endothelial cell proliferation.

Silencing EDIL3 expression inhibits HREC migration.
Endothelial cell migration is essential to retinal neovascu-
larization, and involves three major mechanisms, namely
chemotaxis, haptotaxis and mechanotaxis (21). To examine the
effects of EDIL3 on HREC migration, a Transwell migration
assay was performed (22). The present results demonstrated
that following EDIL3 knockdown, the migratory capabilities of
HRECs were significantly impaired (Fig. 2). HREC migration
in EDIL3-silenced cells was suppressed by ~60% compared
with the control and scramble groups (Fig. 2D).

Silencing EDIL3 expression inhibits HREC tube formation.
Endothelial cells are able to rapidly form capillary-like
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Figure 4. Silencing EDIL3 expression induces cell cycle arrest at the G, phase. HRECs were transfected with siEDIL3 or scramble siRNA and cell cycle distri-
bution was analyzed using flow cytometry. Representative images of cell cycle distribution in (A) control (B) scramble and (C) siEDIL3 groups. (D) Silencing
EDIL3 expression significantly increased the population of HRECs in the G, phase. 'P<0.05, “P<0.01 vs. control and scramble groups. EDIL3, epidermal
growth factor-like repeat and discoidin I-like domain-containing protein 3; HRECs, human retinal endothelial cells; si, small interfering.

structures in vitro, when plated on a reconstituted base-
ment membrane extracellular matrix (23). Cells plated on
Matrigel-coated surfaces can rapidly attach, align and form
capillary-like tubules, which can be used to study angiogenic
processes and define endothelial cell populations (23,24). In
the present study, Matrigel-coated plates were used to assess
the angiogenic capabilities of HRECs in various treatment
groups. The present findings demonstrated that following
EDIL3 knockdown, the tube forming capabilities of HRECs
were significantly impaired (Fig. 3). These results suggested
that EDIL3 may be implicated in the process of retinal neovas-
cularization, since the disruption of EDIL3 expression was
revealed to significantly inhibit the proliferation, migration
and tube formation of HREC:sS in vitro.

Silencing EDIL3 expression induces cell cycle arrest at the G,
phase. Cell cycle regulation is a complex process that serves
a critical role during cellular proliferation (25). To investigate
whether EDIL3 knockdown interfered with cell cycle progres-
sion, the cell cycle distribution of HRECs was analyzed using
flow cytometry, 48 h following siRNA transfection. The
present results demonstrated that the percentage of cells in the
G, phase was significantly increased following treatment with
siEDIL3 (Fig. 4A-D). These findings suggested that EDIL3
silencing may interfere with cell cycle regulation in HRECs,
possibly via modulating the expression of cell cycle-regulatory
cyclins.

Silencing EDIL3 expression interferes with the expression of
cell cycle-regulatory proteins. Cyclins are a family of proteins
containing the conserved cyclin box, which mediates binding to
cyclin-dependent kinases (Cdks), and are involved in cell cycle
control (26). Cyclin B is necessary for the progression into the M
phase of the cell cycle, cyclin D controls the G, phase and cyclin
E drives the G,/S phase transition (26). Since flow cytometry
suggested that HRECs were arrested at the G, phase following
EDIL3 knockdown, the protein expression levels of cyclin B1,
cyclin DI and cyclin E1 were investigated using western blot
analysis. The present results demonstrated that EDIL3 silencing
appeared to suppress the expression of cyclin D1 and cyclin El,
whereas it exerted no effect on cyclin Bl (Fig. 5A). Furthermore,
knockdown of EDIL3 expression appeared to suppress the
phosphorylation of EGFR, Src and ERK (Fig. 5B).

Discussion

Retinal neovascularization is often caused by diabetes and reti-
nopathy of prematurity, and may result in blindness in the late
stages of these diseases (18,27,28). Limited therapeutic options
are available that interfere with the progression of retinal
neovascularization. VEGF-neutralizing antibodies have been
used for the treatment of ocular neovascularization; however,
they have been associated with severe adverse effects (29,30).
EDIL3 is an endothelial cell-specific protein that is usually
only expressed during early embryogenesis, thus making it a
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Figure 5. Silencing EDIL3 expression interferes with the expression of cell cycle-regulatory proteins and EGFR signaling. HRECs were transfected with
siEDIL3 or scramble siRNA and the expression of proteins of interest was detected using western blot analysis. (A) Silencing EDIL3 expression suppressed
the protein expression of cyclin DI and cyclin El, whereas it had no effect on cyclin Bl expression. (B) Silencing EDIL3 expression appeared to inhibit the
phosphorylation of EGFR, Src and ERK in HRECs in vitro. EDIL3, epidermal growth factor-like repeat and discoidin I-like domain-containing protein 3;
EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; HRECs, human retinal endothelial cells; p-, phosphorylated; si, small

interfering.

promising therapeutic target for the treatment of neovascular-
ization. The results of the present study suggested that EDIL3
silencing may inhibit retinal neovascularization in vitro, and
the molecular mechanisms may involve the induction of cell
cycle arrest at the G, phase and the disruption of the EGFR
signaling pathway.

EDIL3 is a regulatory extracellular matrix protein that is
expressed during early embryogenesis by endothelial cells,
whereas its expression is downregulated in later developmental
stages (8,11). In healthy adult tissue, EDIL3 becomes quiescent
or may no longer be expressed (9,22). However, EDIL3 expres-
sion can be re-initiated during ischemia and is upregulated in
tumor vascular tissues (2,10,27,31). These findings suggested
that EDIL3 may have potential as a therapeutic target for the
treatment of abnormal angiogenesis. In the present study,
disruption of EDIL3 expression using RNA interference was
demonstrated to significantly suppress the proliferation, migra-
tion and tube formation of HRECs in vitro. These findings
suggested that EDIL3 may participate in neovascularization
processes, where it may act as a positive regulator.

To investigate the molecular mechanisms underlying the
effects of EDIL3 on retinal neovascularization in vitro, the
cell cycle distribution of HRECs was analyzed using flow
cytometry and the expression of critical signaling proteins was
assessed using western blot analysis. The cell cycle consists
of four phases: G,, S, G, and M (32). Cells progress through
these phases during proliferation, and each phase is regulated
through distinct proteins (26). The present results indicated
that EDIL3 knockdown induced G,-phase arrest in HRECs,

which may underlie the observed inhibition of cellular prolif-
eration. In addition, the protein expression levels of cyclin D1
and cyclin El appeared to be downregulated, whereas cyclin
Bl expression remained unaltered following EDIL3 silencing.
Cyclin BI, cyclin D1 and cyclin El belong to the cyclin
family of proteins, which can bind to Cdks (33). Cyclin Bl is
responsible for driving cells through mitosis (34). The present
findings revealed that the expression of cyclin Bl remained
unaltered, thus suggesting that EDIL3 may not interfere with
mitotic processes in HRECs. The expression of cyclin D1 is
implicated in the transduction of mitogenic signals to initiate
DNA synthesis during the G, phase, and cyclin El is critical
for driving the G,/S transition (26). The downregulation of
cyclin D1 and cyclin El expression following EDIL3 knock-
down may be implicated in the induction of cell cycle arrest
at the G, phase.

Previous studies have suggested that EDIL3 may directly
activate EGFR-dependent pathways to mediate cellular
proliferation and migration (12,31), and the EGFR pathway
has been implicated in the regulation of cell cycle progres-
sion (35-37). Therefore, the roles of EGFR signaling in the cell
cycle-arresting effects of EDIL3 silencing were investigated in
HRECs. The present findings revealed that the phosphoryla-
tion of EGFR, Src and ERK were significantly suppressed in
siEDIL3-transfected cells, thus suggesting that EDIL3 knock-
down may inhibit EGFR signaling to induce cell cycle arrest
in HRECs.

In conclusion, the results of the present study suggested that
EDIL3 may be implicated in retinal neovascularization in vitro.
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Silencing EDIL3 expression was demonstrated to impair
the proliferative, migratory and tube forming capabilities of
HREC:s in vitro. Furthermore, EDIL3 knockdown appeared
to inhibit EGFR-mediated signaling pathways and to induce
cell cycle arrest at the G, phase. These findings suggested that
EDIL3 may serve a crucial role in retinal neovascularization
and may have potential as a novel therapeutic target for the
treatment of aberrant neovascularization.
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