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Abstract Down syndrome candidate region 1 (DSCR1) has
two differentially regulated isoforms (DSCR1-1 and DSCR1-
4) and is reported to play a role in a number of physiological
processes, such as the inhibition of cardiac hypertrophy, atten-
uation of angiogenesis and carcinogenesis, and protection
against neuronal death. However, the function of DSCR1 in
the retina is still not clear. Therefore, we analyzed the expres-
sion and location of DSCR1 in the retina of neonatal mice
with oxygen-induced retinopathy (OIR), and studied its ef-
fects on angiogenesis. The neonatal C57BL/6J mice were ex-
posed to 75 % O2 for 5 days from postnatal day 7 (P7) to P12.
At P12, the mice were returned to 21 % O2 at room air. The
primary retinal ganglion cells (RGCs) were exposed to hyp-
oxia (93 % N2, 5 % CO2, and 2 % O2) at 37 °C for 36 h. And
then the mouse retinal microvascular endothelial cells
(mRMECs) were treated with 25 ng/mL vascular endothelial
growth factor (VEGF) or culture medium conditioned by hyp-
oxic RGCs alone, hypoxic RGCs treated with DSCR1-4-

siRNA (siDSCR1-4) or hypoxic RGCs treated with
siDSCR1–4 and 200 ng/mL cyclosporin A (CsA), and then
primed with VEGF (25 ng/mL). The expression of DSCR1-4
increased strongly at P16 after OIR. There was no change in
messenger RNA (mRNA) expression of DSCR1-1 at P16 af-
ter OIR. The increased DSCR1 was mainly located in the
RGCs of avascular retina. In addition, DSCR1-4 expression
was increased in primary RGCs after hypoxia exposure. There
was no change in mRNA expression of DSCR1-1 in primary
RGCs after hypoxia exposure. Moreover, DSCR1-4 produced
by hypoxic RGCs showed anti-angiogenic properties, with
decreased cell proliferation, migration, tube formation, and
inflammatory cytokines production. These properties were
due to inhibited nuclear factor of activated T cell (NFATc) 1
dephosphorylation and translocation into nuclear in VEGF-
treated mRMECs. Using siRNA-mediated knockdown of
DSCR1-4 and NFATc1 inhibitor (Cs A) further demonstrated
the inhibitory effect of DSCR1-4 on angiogenic properties in
VEGF-induced mRMECs, and this effect was NFATc1-de-
pendent. This report describes a novel effect of DSCR1-4 in
the aspect of anti-angiogenesis, suggesting potential therapeu-
tic strategies for proliferative retinopathies.
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Introduction

Proliferative retinopathies (PRs) are the major cause of vision
loss. They play key roles in various retinal diseases, including
diabetic retinopathy (DR) and retinopathy of prematurity
(ROP) [1, 2]. Accumulating evidences suggested that vascular
endothelial growth factor (VEGF) and its receptors (VEGFR-
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1 and VEGFR-2) could promote the occurrence of DR and
ROP [1–3]. Over the past decade, anti-VEGF therapy was
shown to be an effective anti-angiogenic therapy and became
the major therapeutic strategy in these diseases [3]. However,
anti-VEGF intravitreous injection could result in the contrac-
tion of retinal proliferative membranes, which causes the re-
currence of retinal tear and macular edema [1]. Moreover,
long-term anti-VEGF administration also induces
tachyphylaxis [4, 5]. Therefore, exploring of other potential
therapies to control pathological angiogenesis is of great
necessity.

PRs develop in two phases [6]. Firstly, abnormal metabo-
lism in DR or premature birth in ROP causes vessel regression
or existing vessel loss. In the second phase, retinal vessel
regression or loss induces ischemia and hypoxia of retina,
which leads to the secretion of VEGF and other inflammatory
cytokines, then gives rise to the pathologic retinal neovascu-
larization (PRV) [6, 7]. Recently, more and more studies have
paid attention to the cross-talk between retinal neurons and
vessels, which not only shapes vascular development, but also
affects pathological settings of PRs [8–11]. Understanding
how retinal neurons respond to ischemic and hypoxic stimu-
lation and its role in vessel growth regulation are important for
the identification of new therapeutic targets.

Down syndrome candidate region 1 (DSCR1, also known
as RCAN1, MCIP1, Adapt78, or calcipressin 1) is located in
chromosome 21 and is implicated in Down syndrome [12].
DSCR1 is abundantly expressed in multiple tissues, such as
brain [13–15], heart [16], tumor [12, 17, 18], and skeletal
muscle [19]. DSCR1 has two differentially regulated isoforms
(DSCR1-1 and DSCR1-4). Previous reports indicated that
DSCR1-4 was upregulated in VEGF-induced vascular endo-
thelial cells, and it provided a negative feedback loop that
inhibiting VEGF-induced angiogenic responses and tumor
growth in vivo through suppressing nuclear factor of activated
T cell (NFATc) 1-dependent pathway [12, 17, 18]. However,
over-expression of the isoform DSCR1-1 promoted angiogen-
esis [12, 17, 18]. Furthermore, numbers of studies showed that
DSCR1 was upregulated in peri-infarct cortex neurons after
experimental stroke [13] and protective against oxidant-
induced neuronal apoptosis [14, 20]. Over-expression of
DSCR1 could inhibit the neutrophil infiltration and microglia
activation, and protect neurons from apoptosis during post-
ischemic neuronal injury [15]. Such observations suggest that
DSCR1 plays a significant role in angiogenic responses and
neuroprotection. However, the expression of DSCR1 in ische-
mic and hypoxic retina and the regulation of PRV by DSCR1
in retina remains unknown.

Herein, our study reports for the first time the expression
and distribution exchanges of DSCR1-4 in mouse retina of an
oxygen-induced retinopathy (OIR) model, and further ex-
plores the anti-angiogenic properties and possible mecha-
nisms of DSCR1-4 secreted from ischemic retinal ganglion

cells (RGCs) in VEGF-induced mouse retinal microvascular
endothelial cells (mRMECs). These results may gain an in-
sight into the possible roles of DSCR1 in PRs, further making
appropriate suggestions for clinical treatments.

Materials and Methods

Reagents

The Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12),
fetal bovine serum (FBS), endothelial cell medium (ECM), and
neurobasal cell medium (NCM) were purchased from Gibco
BRL (Grand Island, NY, USA). The poly-L-lysine, glutamine,
brain-derived neurotrophic factor (BDNF), bovine serum albu-
min (BSA), ciliary neurotrophic factor (CNTF), forskolin, pa-
pain, collagenase, DL-cysteine, ovomucoid, 0.004 % DNase I,
cyclosporin A (CsA), and VEGF were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Gentamicin, B27 sup-
plement, phosphate-buffered saline (PBS) solution and red-
light-absorbing dye labeled Griffonia simplicifolia isolectin
B4 (IB4) were purchased from Invitrogen Life Technologies
Co. (Carlsbad, CA, USA). Antibodies against DSCR1-4,
VEGF, NFATc1, HDAC1, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), and Thy-1.1 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Proliferating cell
nuclear antigen (PCNA), Ki67, OX-42, and β-actin were pur-
chased from Cell Signaling (Beverly, CA, USA). DSCR1-4
was purchased from Sigma Chemical Co. (St. Louis, MO,
USA). NeuN was purchased from Millipore (Millipore, CA,
USA). βIII-tubulin was purchased from Covance (Covance,
Princeton, NJ, USA). The nuclear and cytoplasmic protein
extraction kit was purchased from Beyotime Institute of
Biotechnology (Shanghai, China).

Mouse OIR Model

C57BL/6J mice was purchased from the Animal Laboratory
of Zhongshan Ophthalmic Center (Guangzhou, China). The
mouse OIR model was induced as our previously studies
[21–23]. Briefly, the neonatal C57BL/J mice were exposed
to 75 % O2 for 5 days from postnatal day 7 (P7) to P12. At
P12, the mice were returned to 21%O2 at room air. In the OIR
and control groups, no animals were lost before the deter-
mined time points. The mouse were used for retinal flat
mounting and DSCR1, βIII-tubulin, or IB4 labeling (n
4 × 6 = 24), Western blot analysis (n 10 × 6 = 60), real-time
PCR (n 10 × 6 = 60).

Immunofluorescent Confocal Microscopy

After various treatments, cells were harvested and washed
with PBS twice for 10 min. After being fixed in 4 %
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formaldehyde in PBS for 30min, the cells were permeabilized
with 0.1 % Triton-X100 in PBS for 1 h and then blocked by
1 % BSA. The primary antibodies NeuN (anti-rabbit, 1:100);
βIII-tubulin (anti-mouse, 1:200); NFATc1 (anti-rabbit, 1:100);
or Ki67 (anti-rabbit, 1:100) were incubated at 4 °C overnight,
and then incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-rabbit or anti-mouse IgG. Cells were incubat-
ed with DAPI for 10 min. Images were observed under con-
focal microscope (Carl Zeiss, Oberkochen, Germany).

Whole Mount Retinal Immunofluorescence

To evaluate the distribution and localization of DSCR1-4 in
retina at P16 after OIR, six rats from each group were
sacrificed, and 12 eyes from each group were fixed in 4 %
formalin at room temperature for 2 h. The retinas were dis-
sected and blocked in PBS containing 0.5 % Triton X-100 and
5 % BSA at 4 °C overnight. Subsequently, the retinas were
incubated with IB4 (1:50, a marker for vessels), DSCR1-4
(anti-rabbit, 1: 50) and/or βIII-tubulin (anti-mouse, 1:200) at
4 °C overnight. Retinas were washed with PBS 15 min for
three times, and mounted onmicroscope slides. Areas of avas-
cular and neovascularized areas in retinas were examined by
fluorescence microscopy (AxioCam MRC; Carl Zeiss,
Thornwood, NY). The expression of DSCR1 and βIII-
tubulin in the avascular and neovascularized areas of retinas
were examined by confocal microscopy (Zeiss510;
CarlZeiss).

The Microdissection of Avascular and Neovascularized
Zones

To evaluate the distribution of DSCR1-4 in retina at P16 after
OIR, rats from each group (n 4 × 6 = 24) were sacrificed, and
the retinas were dissected and blocked in PBS containing IB4
(1:50, a marker for vessels) at 4 °C for 30 min and treated with
RNase inhibitor at 4 °C for 10 min. Retinas were washed with
PBS 10 min for three times, and mounted on microscope
slides at 4 °C. The avascular and neovascularized zones of
retinas from OIR mice were microdissected by ophthalmic
microsurgical instruments under fluorescence microscopy
(AxioCamMRC; Carl Zeiss, Thornwood, NY). The collected
total protein was obtained for Western blotting analyses.

Protein Extraction and Western Blotting Analyses

ForWestern blot analysis, total protein was obtained by lysing
in a buffer containing 1 % Triton X-100, 0.5 % sodium
deoxycholate, 1 M Tris-HCl pH 7.5, 0.5 M EDTA, 1 % NP-
40 (nonidet P-40), 10 μg/mL aprotinin, 10 % sodium dodecyl
sulfate, 10 μg/mL leupeptin, and 1 mM phenylmethylsulfonyl
fluoride. In a parallel experiment, nuclear and cytosol proteins
were prepared according to the manufacturer’s instructions.

20–50 μg protein was separated with sodium dodecyl
sulfate-PAGE and transferred to polyvinylidine difluoride fil-
ter (PDF) membrane (Millipore, Bedford, MA). After
blocking with 5 % defatted milk in PBS-Tween-20 for 1 h at
room temperature, the PDF membrane was incubated with
primary antibody against DSCR1-4 (anti-rabbit, 1:400);
VEGF (anti-mouse, 1:500); NFATc1 (anti-goat, 1:300);
PCNA (anti-mouse, 1:500); HDAC1 (anti-mouse, 1:500); β-
actin (anti-mouse, 1:800); and GAPDH (anti-rabbit, 1:800) at
4 °C overnight. After being washed with PBS-Tween-20 ev-
ery 15 min for three times, the membrane was incubated with
goat-anti-rabbit or goat-anti-mouse second antibody conjugat-
ed horseradish peroxidase (1:10,000; Abgent) for 2 h and then
scanned with the Odyssey infrared imaging system (LI-COR
Bioscience).

Real-Time Polymerase Chain Reaction

Total RNA of retinas or primary RGCs of mice, or mRMECs
were extracted using TRIzol and converted to complementary
DNA (cDNA) by using a cDNA first-strand synthesis system
(Fermentas, Canada). The PCR primers were designed based
on the NCBI messenger RNA (mRNA) and genome DNA
sequence database. The primers of target genes were as fol-
lows: COX-2 forward primer: 5′-3′-ccagatgatatctttggggagac
and reverse primer: 5′-3′-cttgcattgatggtggctg. iNOS forward
primer: 5′-3′-acaacaggaacctaccagctca and reverse primer: 5′-
3′-gatgttgtagcgctgtgtgtca. MCP-1 forward primer: 5′-3′-
actgaagccagctctctcttcctc and reverse primer: 5 ′-3 ′-
ttccttcttggggtcagcacagac. DSCR1-1 forward primer: 5′-3′-
gccaccatcgcctgtcacctg and reverse primer: 5 ′-3 ′-
gctcttaaaatactgaaaggtg. DSCR1-4 forward primer: 5′-3′-
tgggtctgtagcgctt tcactg and reverse primer: 5 ′-3 ′-
gaaagtgaaaccagggccaaatt. VEGF forward primer: 5′-3′-
gcacataggagagatgagcttcc and reverse primer: 5′-3′-
ctccgctctgaacaaggct. β-actin forward primer: 5′-3′-
ggcggactatgact tagt tg and reverse pr imer : 5 ′ -3 ′ -
aaacaacaatgtgcaatcaa. DNA fragments of PCR products
were designed to amplify within 200-bp length. Results were
normalized from β-actin of respective samples. Briefly, each
reaction contained 0.8 μL primer (containing 100 pM forward
and reverse primers), 2 μL of cDNA (0.1 μL of RNA equiv-
alent), 5 μL of Sofast EvaGreen supermix, and 2.2 μL of H2O.
Quantitative real-time pCR was performed at 94 °C for 45 s
and 55 °C for 45 s to denaturation, and at 72 °C for 45 s for 50
cycles to extension. All data were analyzed by CFX manager
software (BioRad, Hercules, CA, USA).

Purification and Identification of Primary RGCs

The cultures and purification of primary RGCs was performed
as described previously [24, 25] with minor changes. Briefly,
retinas (n 12 × 2 = 24) fromC57BL/6J mouse at P1 to P2 were
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incubated at 37 °C in a 15 U/mL papain and 70 U/mL colla-
genase in PBS solution for 10–15 min. To yield single-cell
suspension, the tissue was triturated in a solution containing
1 mg/mL BSA, 0.004 % DNase I and 2 ng/mL ovomucoid
through an arrow-bore pasteur pipette. After centrifugation at
1500 rpm for 5 min, the cells were rewashed in 10 mg/mL
ovomucoid and 10mg/mL BSA solution, and re-suspended in
PBS with 0.1 % BSA.

The cell suspension was incubated in the OX-42 antibody
(a specific microglia cells marker, 1:100) coated flasks at
37 °C for 30 min. The suspension was gently shaken every
20 min to remove all adherent cells. Non-adherent cells were
placed in the Thy-1.1 (a specific RGCs marker, 1:100) coated
flasks. The cells were incubated for 50min and the flasks were
gently washed with PBS for five times. Finally, adherent cells
on Thy-1.1 antibody coated flasks were washed in 10 mg/mL
ovomucoid and 10 mg/mL BSA solution. After centrifugation
at 1500 rpm for 5 min, the cells were seeded on 50 mg/mL
poly-L-lysine-coated flasks. The purity of the primary RGCs
in cultures were determined by staining with the antibody
NeuN and βIII-tubulin, two specific RGCs markers
(Supplemental Fig. 1). The percentage of RGCs in the cultures
was about 95 %.

Primary RGCs Cultures

Purified primary RGCs were plated at 5 × 103 cells/well and
cultured in medium containing NCM with 1:50 B27 supple-
ment, 50 ng/mL CNTF, 50 ng/mL BDNF, 10 % FBS, 1 mM
glutamine, 10 mM forskolin, and 10 mg/mL gentamicin.
Cultures were maintained at 37 °C in a humidified incubator
containing 5 % CO2 and 95 % air.

Hypoxia Model of Primary RGCs in Vitro

To study the DSCR1-4 expression in hypoxia-induced prima-
ry RGCs, medium was removed and replaced with
DMEM/F12 containing 1 % FBS and 1 % glutamine. The
cells were exposed to hypoxia in a chamber at 93 % N2, 5 %
CO2, and 2%O2 at 37 °C for different time (0, 4, 8, 12, 24, 36,
and 48 h). In control group, the cells were incubated at 37 °C
incubator with 95 % air and 5 % CO2.

Transfection with siRNA

The primary RGCs were transfected using Oligofectamine
(Life Technologies) according to the manufacturer’s protocol.
The siRNA nucleotides targeting mouse DSCR1-4 were pur-
chased from Dharmacon (Chicago, IL). The siRNA sequence
wa s a s f o l l ows : mou s e DSCR1 -4 s iRNA , 5 ′ -
aaacgagucagaauaaacuuu-3′. Four hours after transfection,
analyses were conducted at 48 h after transfection.

mRMECs Culture and Identification

Primary mRMECs were purchased from Cell Biologics (cat #
CD-1065, Chicago, IL 60612) and were cultured in ECM
supplemented with 10 % FBS. Routine evaluation for FITC-
marked CD31 showed that cells were >99 % pure (data not
shown). Cells at passages 5–8 were used in this study. All
cultures were incubated at 37 °C in 5 % CO2 and 95 % air.

mRMECs Treatment

The treatments of mRMECswere divided into five groups. (1)
Control group (only cultured in ECM supplemented with
10 % FBS), (2) Treated with VEGF (25 ng/mL) alone, (3)
Treated with culture medium conditioned by hypoxic RGCs
and then primed with VEGF (25 ng/mL), (4) Treated with
culture medium conditioned by hypoxic RGCs treated with
siRNA to DSCR1-4 (siDSCR1-4) and then primed with
VEGF (25 ng/mL), and (5) Treated with culture medium con-
ditioned by hypoxic RGCs treated with siDSCR1-4 and CsA
(200 ng/mL), and then primed with VEGF (25 ng/mL).

Cell Viability Assay

Cell viability was measured by MTT assay. mRMECs were
seeded into 96-well plates at a density of 1 × 10 cells/well.
After various treatments, the cells were incubated with 10-μL
MTTsolution (0.25 mg/mL), and incubated at 37 °C for 4 h in
a humidified 5 % CO2 atmosphere. After dimethyl sulfoxide
(100 μl/well) was added to each well, absorbance was read at
540 nm using a microplate reader (BioRad, Hercules, CA,
USA). Cell viability was expressed as the ratio of clustered
mRMECs to control group.

Enzyme-Linked Immunosorbent Assay

mRMECs were plated into 96-well plates (1 × 105 cells/well).
After various treatments, a 100-μL aliquot of each the
mRMECs culture medium supernatant was collected for de-
termination of the IL-8, ICMA-1, and VCAM-1 concentra-
tions by enzyme-linked immunosorbent assay (ELISA). The
levels of IL-8, ICMA-1, and VCAM-1 were measured using
ELISA kits (R&D Systems, Minneapolis, MN).

Migration Assay

First, 1 × 105 cells in serum-free medium were seeded in the
upper compartment of a transwell chamber (Corning, Lowell,
MA). After various conditioned culture medium treatment on
the lower membrane for 24 h, the migrated cells on the lower
membrane were stained with 0.1 % crystal violet and 20 %
methanol. The positive colonies were counted from four fields
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of one membrane under microscope (×20 objective), and the
average was calculated.

Tube Formation of mRMECs in Matrigel

The 96-well plates were precoated with a 1:1 mixture of cold
Matrigel (10 mg/mL; BDBiosciences): ECM.mRMECswere
plated at cells/well in ECM supplemented with or not with
different treatment. After 12 h, pictures were taken for each
condition. Capillary tube formation was evaluated by measur-
ing the number of tubes per field.

Statistical Analysis

Statistical analyses were performed with GraphPad Prism
(v6.0) (GraphPad Software Inc.). In all cases, P < 0.05 was
considered statistically significant. Student’s t test was used
when two groups were compared. One-way ANOVA follow-
ed by Tukey multiple comparison was used when three or
more groups were compared.

Results

Changes of DSCR1-4 Expression in the Retina after OIR

Western blotting analysis was performed to study the expres-
sion pattern of DSCR1 protein level in different time points
after OIR. DSCR1 has two exons: DSCR1-1 (37 KD) and

DSCR1-4 (28 KD) [17, 18, 26, 27]. According to our results
and the DSCR1 antibody instructions, we found only one
band and the weight was 28 KD, so we confirm that the result
of western blot is DSCR1-4. As shown in Fig. 1a, b, DSCR1-4
protein level increased from P14, peaked at P16, and then
gradually decreased at P18 and P20. Besides, according to
previous studies [26], we designed primers of DSCR1-1 and
DSCR1p4. Real-time PCR analysis for DSCR1 mRNA was
performed. As shown in Fig. 1c, the DSCR1-4 mRNA level
was elevated after OIR. The most robust increase was found at
P14 and declined gradually. There was no change in mRNA
expression of DSCR1-1 in P16 after OIR (Fig. 1d). These
results demonstrated that OIR induced DSCR1-4 protein and
mRNA expression in a time-dependent manner in retina.

DSCR1-4 Is Upregulated in the RGCs of Central
Avascular Retina after OIR

To further determine the temporal changes of DSCR1-4 in
retina after OIR, microdissection was used to dissect the avas-
cular and neovascularized zones of retinas from OIR mice
(P16). Western blotting (Fig. 2e, f) and real-time PCR
(Fig. 2g) analysis showed that the increased expression of
DSCR1-4 was precisely located to central avascular zones in
microdissected retinas. In addition, we performed immunoflu-
orescent staining on whole mount retinas to show the double
labeling of DSCR1-4 with a vascular marker IB4 (Fig. 3a),
which also showed that DSCR1-4 expression was increased in
avascular zones of retinas from OIR mice (P16), compared

Fig. 1 Protein and mRNA expression of DSCR1 in retina after OIR. a, b
Western blotting results showed time course of DSCR1-4 protein level in
the retina after OIR. Quantification graphs (relative density) of the
intensity of staining of DSCR1-4 to GAPDH at each time point. c, d
Time course of DSCR1-4 (c) and DSCR1-1 (d) mRNA level in the

retina after OIR. The mRNA level of Normal-P12 group set at 1.
Quantification graphs (relative density) of the intensity of staining of
DSCR1 to Normal-P12 group. The data are mean ± SEM (n = 6,
***P < 0.001; significantly different from Normal-P12 group)
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with that in neovascularized areas (Fig. 3b). But no changes
were found between peripheral and central retina of normoxic
controls (P16).

To further address the cell types expressing DSCR1-4, dou-
ble labeling immunofluorescent staining was performed on
the avascular and neovascularized zones of retinas from OIR
mice (P16) with RGC-specific markers: βIII-tubulin. The re-
sults of Fig. 4 revealed that increased DSCR1-4 expression on
the avascular zones was almost co-localized withβIII-tubulin,
indicating that the localization of DSCR1-4 appeared to be
confined to the RGCs of avascular zones from OIR mice.

DSCR1-4 and VEGF Is Upregulated in Hypoxia-Induced
RGCs

To further study time course of DSCR1 and VEGF ex-
pression in hypoxic RGCs after OIR, we exposed prima-
ry RGCs to hypoxia (2 % O2) for different durations (0,
4, 8, 12, 24, 36, and 48 h). Western blotting (Fig. 5a, b)
and real-time PCR (Fig. 5c) analysis showed VEGF level
started to increase at 4 h and reached its peak at 12 h.
VEGF level gradually reduced to normal level from 36
to 48 h. DSCR1-4 protein (Fig. 5a, b) and mRNA
(Fig. 5c) levels were low in control group (0 h). But

after exposure to hypoxia, the expression of DSCR1-4
gradually increased and peaked at 36 h, whereas VEGF
reduced to normal level at 36 h. There was no change in
mRNA expression of DSCR1-1 in primary RGCs after
hypoxia exposure (Fig. 5d). Our immunofluorescent
staining results (Fig. 5e) were consistent with the
Western blotting and real-time PCR results, and showing
significantly increased VEGF at 12 h and DSCR1-4 at
36 h in primary RGCs after hypoxia exposure. Therefore,
mRMECs incubated with conditioned medium from
RGCs were exposed to hypoxia for 36 h (low VEGF,
high DSCR1-4) in the subsequent experiments.

To further investigate the function of hypoxic RGCs secret-
ed DSCR1-4 in mRMECs angiogenesis, we conducted
siRNA knockdown for DSCR1-4 as shown in Supplemental
Fig. 2.

DSCR1-4 Produced by Hypoxic RGCs Prevents NFATc1
Dephosphorylation and Translocation into Nuclear
in VEGF-Induced mRMECs

Previous studies showed that expression of DSCR1-4
could block NFATc1 activity, which involved in mediat-
ing VEGF-induced angiogenesis in endothelial cells [28,

Fig. 2 Distribution of DSCR1-4 in retina after OIR by Western blotting
and qRT-PCR. a–d The immunostaining on whole mount retinas taken at
P16 of OIR (b) demonstrating the principal characteristics of the A
(yellow, c) and N (green, d) zones compared to normal retina at P16
(a). e–g Next, we micro-dissected the zones (A and B) of retinas from
OIR mice at P16. The protein expression (by Western blotting, e, f) and

mRNA expression (by qRT-PCR, g) of DSCR1-4were strongly increased
between A and NV zones at P16. These data are means ± SEM. (n = 6,
***P < 0.001 significantly different from the NV zones). A zones
avascular zones, V zones neovascularized zones, P retina peripheral
retina, C retina central retina
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29]. However, whether the secretion of DSCR1-4 in
hypoxic RGCs could affect NFATc1 activity in VEGF-
induced mRMECs remains unclear. In the current study,
western blotting analysis showed that VEGF markedly
reduced phosphorylation of NFATc1 (Fig. 6a, c), and
induced the total NFATc1 expression (Fig. 6a, b) in
mRMECs. In addition, Western blotting (Fig. 6d–f)
and immunofluorescent staining (Fig. 6g) results showed
that VEGF markedly increased the nuclear translocation
of NFATc1 in mRMECs. Exposure to 12 h of hypoxic
RGCs medium (DSCR1-rich medium) increased the
phosphorylation of NFATc1, and reduced total NFATc1
expression and nuclear translocation of NFATc1 in
VEGF-induced mRMECs. However, these effects were
partly abolished by DSCR1-4 knockdown in hypoxic
RGCs. As a control, CsA, a specific inhibitor of
NFATc1, showed the same inhibitory effect on NFATc1
activity with DSCR1-4 in VEGF-induced mRMECs.
These results indicated that the secretion of DSCR1-4
in hypoxic RGCs was able to inhibit NFATc1 activity
in VEGF-induced mRMECs.

DSCR1-4 Produced by Hypoxic RGCs Prevents
VEGF-Induced Proliferative Responses in mRMECs

Because NFATc1 is required for VEGF-induced mRMECs
proliferation, we further examined whether the secretion of
DSCR1-4 in hypoxic RGCs could inhibit VEGF-induced pro-
liferation in mRMECs. Cell viability and levels of cell prolif-
erating markers (PCNA and Ki67) were measured as an index
of cell proliferation. As shown in Fig. 7, VEGF stimulates
mRMECs proliferation (increase cell viability and upregula-
tion of PCNA and Ki67), which is partially inhibited after
being exposed to 12 h of DSCR1-rich medium. However,

Fig. 3 Dist r ibut ion of DSCR1-4 in re t ina af ter OIR by
immunohistochemistry. a Confocal imaging of immunohistochemistry
on whole mount retinas (OIR at P16) reveals an obviously increased
expression of DSCR1-4 in A zones as confirmed by merging with a
vascular marker IB4. b DSCR1-4 positive cells were quantified in six
randomly selected fields. DSCR1-4 expression in the P and C retina of
normoxic controls are comparable as negative control. These data are
means ± SEM. (n = 6, ***P < 0.001 significantly different from the
NV zones). A zones avascular zones, V zones neovascularized zones, P
retina peripheral retina, C retina central retina

Fig. 4 Localization of DSCR1-4 in retina after OIR. Confocal imaging
of immunohistochemistry on whole mount retinas (OIR at P16) reveals a
predominant expression of DSCR1-4 in A zones by RGCs as confirmed

by merging with RGCs marker βIII-tubulin. A zones avascular zones, V
zones neovascularized zones, P retina peripheral retina, C retina central
retina
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these effects were partly abolished by DSCR1-4 knock-
down in hypoxic RGCs. CsA recovered the effect of
DSCR1 on VEGF-induced mRMECs proliferation.

These results indicated that the secretion of DSCR1-4
in hypoxic RGCs was able to inhibit proliferation in
VEGF-induced mRMECs.

Fig. 5 The expression of DSCR1-4 and VEGF in hypoxia-induced
primary RGCs. a, b Western blotting results showed time course of
DSCR1-4 and VEGF protein levels in hypoxia-induced primary RGCs.
Quantification graphs (relative density) of the intensity of staining of
DSCR1-4 and VEGF to GAPDH at each time point. c, d Real-time
PCR results showed time course of DSCR1-4, VEGF, and DSCR1-1
mRNA levels in hypoxia-induced primary RGCs. The mRNA level of

hypoxia-untreated group set at 1. Quantification graphs (relative density)
of the intensity of staining of DSCR1 to hypoxia-untreated group. e
Immunofluorescent staining showed co-localization of DSCR1-4 and
VEGF in hypoxia-induced primary RGCs. Scale bar = 25 μm. The
data are mean ± SEM (n = 6, **P < 0.01; ***P < 0.001; ##P < 0.01;
###P < 0.001; significantly different from the primary RGCs)
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Fig. 6 Effect of DSCR1-4
produced by hypoxic RGCs
on VEGF-induced NFATc1
phosphorylation and
translocation into nuclear in
mRMECs treated with VEGF
(25 ng/mL) for 6 h or culture
medium conditioned by
hypoxic RGCs alone, hypoxic
RGCs treated with siRNA to
DSCR1-4 (siDSCR1-4) or
hypoxic RGCs treated with
siDSCR1-4 and CsA
(200 ng/mL), and then primed
with VEGF (25 ng/mL) for
6 h. a Western blotting
analysis showed the protein
level of p-NFATc1 and
NFATc1 in different groups.
b, c The bar chart showed the
ratio of p-NFATc1 and
NFATc1 to β-actin in different
groups. d Western blotting
analysis showed the levels of
NFATc1 in both nuclear and
cytosolic fractions in different
groups. Expression of HDAC1
and β-actin (an internal
control) was used for
monitoring NFATc1
translocation into nuclear.
e, f The bar chart showed the
ratio of NFATc1 to HDAC1 in
nuclear and β-actin in
cytosolic fractions in different
groups. g Immunofluorescent
staining results showed the
NFATc1 translocation into
nuclear in different groups.
Meanwhile, the phenotype of
nuclei was also investigated
via DAPI staining. Scale
bar = 25 μm. All data are
presented as means ± SD.
(n = 3, *P < 0.05;
**P < 0.01; ***P < 0.001)
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DSCR1-4 Produced by Hypoxic RGCs Prevents
VEGF-Induced Migratory Responses in mRMECs

Transwell migration assay was also performed to test
whether migratory responses were modified by
DSCR1-rich medium treatment. As shown in Fig. 8,
mRMECs treated for 12 h with 25 ng/mL VEGF exhib-
ited a statistically significant increase in migratory re-
sponses compared to untreated mRMECs. DSCR1-rich
medium obtained from hypoxic RGCs substantially
inhibited the VEGF-induced migratory responses in
mRMECs. Using the siRNA-mediated knockdown of
DSCR1-4 expression and NFATc1 specific inhibitor
CsA, we showed that DSCR1-4 in hypoxic RGCs could
inhibit the migratory responses in VEGF-induced
mRMECs, and this inhibitory effect was NFATc1-
dependent.

DSCR1-4 Produced by Hypoxic RGCs Prevents
VEGF-Induced Tube Formation in VEGF-Induced
mRMECs

As shown in Fig. 9, the formation of capillary tubes was
evaluated in Matrigel plugs in vitro. When mRMECs
were seeded on these plugs, spontaneous formation of
endothelial tubes occurred. The addition of DSCR1-rich
medium inhibited VEGF-induced capillary-like network
formation, as demonstrated by decreased tube numbers
(Fig. 9f). However, these effects were partly abolished
by DSCR1-4 knockdown in hypoxic RGCs. CsA recov-
ered the effect of DSCR1-4 on VEGF-induced capillary-
like network formation in mRMECs. These findings sug-
gested that the secretion of DSCR1-4 in hypoxic RGCs
could inhibit the capillary-like network formation in
VEGF-induced mRMECs.

Fig. 7 Effect of DSCR1-4 produced by hypoxic RGCs on VEGF-
induced proliferative responses in VEGF-induced mRMECs. mRMECs
treated withVEGF (25 ng/mL) for 12 h or culture medium conditioned by
hypoxic RGCs alone, hypoxic RGCs treated with siRNA to DSCR1-4
(siDSCR1-4) or hypoxic RGCs treated with siDSCR1-4 and CsA
(200 ng/mL), and then primed with VEGF (25 ng/mL) for 12 h. a MTT
assay showed the cell viability was assayed in different groups. The
control group set at 100 %. b Western blot analysis showed the protein
levels of PCNA were measured in different groups. c The bar chart
showed the ratio of PCNA protein to β-actin in different groups. d–h
Immunofluorescent staining results showed the Ki67 expression (i) in

different groups. d Control condition. e Control condition in the
presence of VEGF, f in the presence of VEGF and hypoxic RGCs
culture medium, g in the presence of VEGF and hypoxic RGCs culture
medium treated with siDSCR1-4, and h in the presence of VEGF,
hypoxic RGCs culture medium treated with siDSCR1-4, and CsA.
Meanwhile, the phenotype of nuclei was also investigated via DAPI
staining (blue). Scale bar = 50 μm. i Quantitative analysis of
percentages of PCNA positive cells in different groups. PCNA positive
cells were quantified in six randomly selected fields. These data are
means ± SEM. (n = 3, *P < 0.05; **P < 0.01; ***P < 0.001)
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DSCR1-4 Produced by Hypoxic RGCs Prevents
Inflammatory Cytokines Production in VEGF-Induced
mRMECs

As shown by RT-PCR analysis in Fig. 10, VEGF treatment
significantly increased the COX-2, iNOS, and MCP-1 mRNA
levels in mRMECs, which were markedly attenuated after
exposed to DSCR1-rich medium. Our ELISA results also
showed that DSCR1-rich medium attenuated the increase of
IL-8, ICAM-1, and VCAM-1 production in VEGF-induced
mRMECs. However, these effects were partly abolished by
DSCR1-4 knockdown in hypoxic RGCs. CsA recovered the

effect of DSCR1-4 onVEGF-induced inflammatory cytokines
production in mRMECs. These findings suggested that the
secretion of DSCR1-4 in hypoxic RGCs could inhibit the
activation of the inflammatory cascade in VEGF-induced
mRMECs.

Discussion

In this present study, we use a mouse OIR model to explore
the potential role of DSCR1 in mediating PRV. DSCR1 has
two differentially regulated isoforms (DSCR1-1 and DSCR1-
4). Our data revealed that DSCR1-4 was progressively upreg-
ulated in the RGCs of central avascular retina after OIR.

Fig. 8 Effect of DSCR1-4 produced by hypoxic RGCs on VEGF-
induced migratory responses in mRMECs. mRMECs treated with
VEGF (25 ng/mL) for 12 h or culture medium conditioned by hypoxic
RGCs alone, hypoxic RGCs treated with siRNA to DSCR1-4 (siDSCR1-
4), or hypoxic RGCs treated with siDSCR1-4 and CsA (200 ng/mL), and
then primed with VEGF (25 ng/mL) for 12 h. a–e Transwell migration
assay showed the migration of mRMECs in different groups.
Representative photomicrographs of the migration chamber membranes
with attached mRMECs are shown in different groups. a Control
condition. b Control condition in the presence of VEGF, c in the
presence of VEGF and hypoxic RGCs culture medium, d in the
presence of VEGF and hypoxic RGCs culture medium treated with
siDSCR1-4, and e in the presence of VEGF, hypoxic RGCs culture
medium treated with siDSCR1-4 and CsA. f Following migration of the
cells through the membrane pores, the number of mRMECs was counted
on the lower surface of the transwell membrane in different groups.
mRMECs were quantified in six randomly selected fields. Scale
bar = 50 μm. These data are means ± SEM. (n = 6, **P < 0.01;
***P < 0.001)

Fig. 9 Effect of DSCR1-4 produced by hypoxic RGCs on VEGF-
induced tube formation in VEGF-induced mRMECs. mRMECs treated
with VEGF (25 ng/mL) for 12 h or culture medium conditioned by
hypoxic RGCs alone, hypoxic RGCs treated with siRNA to DSCR1-4
(siDSCR1-4) or hypoxic RGCs treated with siDSCR1-4 and CsA
(200 ng/mL), and then primed with VEGF (25 ng/mL) for 12 h. a–e
Tube formation assay showed the pro-angiogenic structure formation of
mRMECs in different groups. aControl condition. bControl condition in
the presence of VEGF, c in the presence of VEGF and hypoxic RGCs
culture medium, d in the presence of VEGF and hypoxic RGCs culture
medium treated with siDSCR1, and e In the presence of VEGF, hypoxic
RGCs culture medium treated with siDSCR1, and CsA. f Quantitative
analysis of number of mRMECs sprouting (pro-angiogenic structure) in
different groups. mRMECs were quantified in six randomly selected
fields. These data are means ± SEM. (n = 6, *P < 0.05; **P < 0.01;
***P < 0.001)
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DSCR1-4 was also upregulated in hypoxia-induced primary
RGCs in vitro. However, there was no change in mRNA ex-
pression of DSCR1-1 at P16 after OIR or in hypoxia-induced
primary RGCs in vitro. In addition, we found that DSCR1-4
produced by hypoxic RGCs reduced cell proliferation, migra-
tion, tube formation, inflammatory cytokine production in
VEGF-induced mRMECs, indicating its anti-angiogenic
properties. Moreover, DSCR1-4 produced by hypoxic RGCs
inhibited NFATc1 dephosphorylation and translocation into
nuclear in VEGF-induced mRMECs. These results indicated
that these anti-angiogenic properties of DSCR1-4 are
NFATc1-dependent.

OIR animal model in mouse had been established in our
previous studies and was widely used in ROP- or PDR-related
research [22, 23, 30]. This model exhibits two stages. During
the first hyperoxic phase, vascular development arrests,
existing blood vessels degenerate and form the vaso-
obliterated zones in central retina [6, 31]. During the second
hypoxic phase, the avascular retina becomes ischemic and
triggers a compensatory release of pro-angiogenic factors,
leading to abnormal, and unregulated vaso-proliferation,
which induces pre-retinal neovascularization [6, 31].
Previous animal studies showed that DSCR1 was detected in

neuron after ischemic stroke [13] and that overexpression of
DSCR1 plays anti-inflammatory and anti-apoptotic effects
therefore improves the outcomes of following stroke [15].
Parallel with these studies, our data revealed that DSCR1-4
was progressively upregulated in the retina after OIR. In ad-
dition, double immunofluorescent labeling suggested that in-
creased DSCR1-4 mainly was located in RGCs of avascular
zones from OIR mice. On the other hand, in vitro studies also
showed that DSCR1-4 expression was elevated in hypoxia-
induced primary RGCs. According to these results, we spec-
ulated that DSCR1-4 might play an essential role in angiogen-
esis after OIR and be relevant to PRV.

Neurovascular cross-talk shapes vascular development in
PRs [32, 33]. After blood vessel degeneration, the metabolical
starvation of RGCs was induced by the retinal ischemic state,
subsequently, several adaptive cellular changes occurred [32].
Ischemic RGCs secret vaso-repulsive molecule (semaphorin
3A) to inhibit VEGF-induced endothelial proliferation and
migration, and to impede retinal revascularization away from
the avascular neural retina [8]. In addition, ischemic RGCs
induce Sirtuin 1 expression, which promotes revascularization
in avascular neural retina [10]. Our findings showed that
DSCR1-4 secreted by hypoxic RGCs could inhibit

Fig. 10 Effect of DSCR1 produced by hypoxic RGCs onVEGF-induced
activation of inflammatory cytokines in mRMECs. mRMECs treated
with VEGF (25 ng/mL) for 12 h or culture medium conditioned by
hypoxic RGCs alone, hypoxic RGCs treated with siRNA to DSCR1-4
(siDSCR1-4) or hypoxic RGCs treated with siDSCR1-4 and CsA

(200 ng/mL), and then primed with VEGF (25 ng/mL) for 12 h. RT-
PCR showed the mRNA levels of COX-2 (a), iNOS (b), and MCP-1
(c) in different groups. ELISA analysis showed the protein levels of IL-
8 (d), ICAM-1 (e), and VCAM-1 (f) in different groups. These data are
means ± SEM. (n = 6, *P < 0.05; **P < 0.01; ***P < 0.001)
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angiogenesis, with decrease of cell proliferation, migration,
tube formation, and inflammatory cytokines production.
This was proved by that the siRNA-mediated knockdown of
DSCR1-4 partly abolished these inhibitory effects. DSCR-1 is
a typical unstable protein and can be upregulated after cellular
adaptation to oxidative stress [13, 34]. In the current study,
DSCR1-4 was progressively upregulated in the RGCs of cen-
tral avascular retina after OIR and in hypoxia-induced primary
RGCs in vitro. In addition, the anti-angiogenic role of DSCR1
inmRMECs is only effective with immediately treatment with
RGC culture medium after being induced by hypoxia for 36 h.
While, the anti-angiogenic role of DSCR1 in mRMECs be-
cameweakened if treated with culture medium conditioned by
hypoxic RGCs, which have been stored for 12–24 h at 4 °C or
−20 °C. We speculated that the anti-angiogenic role of
DSCR1 in mRMECs is transitorily effective after hypoxic
stimulation in primary RGCs.

Many recent studies have demonstrated that the NFATc1-
dependent pathway is an important mediator of VEGF signal-
ing in endothelial cells [28, 29, 35]. VEGF binds to its primary
receptor (VEGFR-1 and VEGFR-2) and then stimulates a va-
riety of signaling factors, including the rapid increase of intra-
cellular calcium level and the calcineurin activity [28, 36]. The
activated calcineurin induced NFATc1 dephosphorylation and

nuclear translocation in endothelial cells, resulting in the ex-
pression of angiogenesis-related genes, which promoted an-
giogenesis, accompanying with increase of cell proliferation,
migration, tube formation, and inflammatory cytokines pro-
duction [28, 29, 36]. It was reported that NFATc1 inhibitor
(INCA-6 or FK-506) inhibited proliferation and tube forma-
tion in VEGF-induced mRMECs, and significantly reduced
pathologic neovascularization in OIR rat model [35]. DSCR1-
4 has been shown to inhibit calcium-calcineurin-mediated
NFATc1 dephosphorylation, nuclear translocation, and activi-
ty level in endothelial cells [16, 37]. The biological roles of
DSCR1-4 include protection against calcium-mediated oxida-
tive stress and inhibition of VEGF-mediated signaling during
angiogenesis [17]. Therefore, it is crucial to identify whether
the secretion of DSCR1-4 in hypoxic RGCs inhibits angio-
genesis is through NFATc1-dependent pathway. It was note-
worthy that this could be proved in the current study, evi-
denced that DSCR1-4 produced by hypoxic RGCs prevented
NFATc1 dephosphorylation and translocation into nuclear in
VEGF-induced mRMECs. While, the siRNA-mediated
knockdown of DSCR1-4 partly abolished the effect of
DSCR1-4 on NFATc1 activity. On the other hand, CsA, an
immunosuppressant drug, is a potent inhibitor of calcineurin
activity [38]. CsA binds to intracellular proteins called

Fig. 11 Schematic diagram
showed that ischemic RGCs
secreted DSCR1-4, which
displayed anti-angiogenic
properties in mRMECs via
NFATc1-dependent pathway
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immunophilins, and the resultant CsA-cyclophilin A com-
plexes inhibit calcineurin activity [38]. CsA blocked VEGF-
induced nuclear translocation of NFATc1 and simultaneously
inhibited VEGF induced angiogenesis in microvascular endo-
thelial cells [39, 40]. In our present study, CsA not only
inhibited NFATc1 activity, but also partly prevented angiogen-
esis in VEGF-induced mRMECs treated with DSCR1 knock-
down conditioned medium.

DSCR1 is widely expressed in the central nervous sys-
tem during early embryonic development [41]. Previous
studies have shown that DSCR1 is involved in cellular
adaptation to oxidative stress and could regulate the neu-
ronal apoptosis through caspase-3 [34] or activating
CREB-Mediated Bcl-2 expression [14]. Previous studies
have shown that the neuronal cells increased DSCR1 ex-
pression after exposure to damaging stimuli associated
with calcium overloading [42, 43]. We speculated that
increased expression of the DSCR1 in primary RGCs after
hypoxia stimulation may be transiently affected by
calcium-mediated stresses. After DSCR1 was knocked
out, it may affect the specific ion such as calcium or
cytokines secreted from primary RGCs, which may not
only regulate the apoptosis of RGCs, but also affects the
anti-angiogenesis pathway in endothelial cells following
the NFAT inhibition. Our further study will focus on
whether the anti-angiogenic role of DSCR1 is depend on
regulating the specific ion such as calcium or cytokines
secreted from RGCs.

Angiogenesis is initiated by the release of inflammatory
cytokines, which subsequently promotes local endothelial
cells populations, as well as increased local migration and tube
formation [29, 44]. Various studies have determined that
NFATc1 promoted inflammatory cytokines production, which
in turn induced pro-angiogenic behaviors of tumor cells and
endothelial cells [29, 44]. Our results revealed that DSCR1-4
in hypoxic RGCs inhibited NFATc1 translocation and activity,
as well as influenced inflammatory cytokines production in-
cluding COX-2, iNOS, MCP-1, IL-8, ICAM-1, and VCAM-
1, which may in turn mediate vascular growth in VEGF-
induced mRMECs. These results on DSCR1-4 dependent reg-
ulation of NFATc1 are in agreement with previous studies
showing that DSCR1-4 is essential for NFATc1 translocation
and activity, and production of inflammatory cytokines in tu-
mor cells and endothelial cells in response to hypoxia [12, 37].

In our present study, preliminary test was performed to
construct plasmid expression vector of RNA interference
targeting DSCR1-4 via intravitreal injection. However, low
transfection efficiency was detected after intravitreal injection.
To our best knowledge, no successful siRNA transfection
targeting on retinal DSCR1-4 was reported. Nevertheless,
we consider that the present study have strongly indicated that
DSCR1 produced by hypoxic RGCs displayed anti-
angiogenic properties in VEGF-induced mRMECs through

NFATc1-dependent pathway. Further study will be performed
on DSCR1-4 knockout mice to show the anti-angiogenic role
of DSCR1-4 in vivo.

Conclusion

Our study demonstrated for the first time that DSCR1-4 was
significantly upregulated in the RGCs of avascular retina from
OIRmousemodel.Moreover, DSCR1-4 produced by hypoxic
RGCs displayed anti-angiogenic properties in VEGF-induced
mRMECs through NFATc1-dependent pathway (Fig. 11).
Thus, besides its role as a vaso-repulsive molecule, DSCR1-
4 could be used as an anti-angiogenic factor and may be a
potential new target for therapeutic angiogenesis in patients
with PRs.
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