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Retinal neovascularization (NV) due to retinal ischemia re-
mains one of the principal causes of vision impairment in pa-
tients with ischemic retinal diseases. We recently reported
that periostin (POSTN) may play a role in the development
of preretinal fibrovascular membranes, but its role in retinal
NV has not been determined. The purpose of this study was
to examine the expression of POSTN in the ischemic retinas
of a mouse model of oxygen-induced retinal NV. We also stud-
ied the function of POSTN on retinal NV using Postn KOmice
and human retinal endothelial cells (HRECs) in culture. In
addition, we used a novel RNAi agent, NK0144, which targets
POSTN to determine its effect on the development of retinal
NV. Our results showed that the expression of POSTN was
increased in the vascular endothelial cells, pericytes, and M2
macrophages in ischemic retinas. POSTN promoted the
ischemia-induced retinal NV by Akt phosphorylation through
integrin avb3. NK0144 had a greater inhibitory effect than ca-
nonical double-stranded siRNA on preretinal pathological NV
in vivo and in vitro. These findings suggest a causal relationship
between POSTN and retinal NV, and indicate a potential ther-
apeutic role of intravitreal injection of NK0144 for retinal neo-
vascular diseases.

INTRODUCTION
Retinal neovascularization (NV) due to retinal ischemia is one of the
principal causes of vision impairment in patients with ischemic
retinal diseases such as proliferative diabetic retinopathy (PDR),
retinal vein occlusion, and retinopathy of prematurity.1 Retinal NV
can result in macular edema, vitreous hemorrhage, and tractional
retinal detachment, which are the causes of the vision reduction.
Despite recent progress in pharmacological therapies and surgical
techniques, there are still cases of treatment-resistant retinal NV.

Retinal NV is an example of excessive angiogenesis that is character-
ized by proliferation, migration, and tube formation of the retinal
vascular endothelial cells. In this process, the extracellular matrix
This is an open access article under the CC BY-N
(ECM) components play a critical role in regulating retinal NV.2

Previous studies have shown that several growth factors, including
the vascular endothelial growth factors (VEGFs), platelet-derived
growth factors, transforming growth factor bs, and placenta growth
factor, are involved in this process.3–6 Among these factors, the
VEGFs have been well characterized and are known to play a causal
role in retinal NV. Although anti-VEGF therapies have been shown to
inhibit the progression of retinal NV to some degree, it was recently
reported that the intravitreal injection of anti-VEGF antibodies can
cause retinal damage and might promote retinal fibrosis.7–9 There-
fore, retinal NV still remains a vision-threatening pathological
condition.

Several laboratories including ours have demonstrated a higher
expression of periostin (POSTN) in the fibrovascular membranes
(FVMs) of patients with PDR than in those of patients with
normal retinas by comprehensive gene and protein expression
profiling.10–12 We have also detected increased levels of POSTN pro-
tein in the vitreous of patients with PDR.13

POSTN is a 90-kDa matricellular protein belonging to the fasciclin
family that interacts not only with other ECMs but also with the
integrins, such as avb3 and avb5, as a ligand.14,15 POSTN is associ-
ated with tissue development and remodeling through these inter-
actions. POSTN has been reported to promote angiogenesis in an
ischemic limb, in the choroid, in cancerous tissues, in keloids, and
in cardiac valve degeneration.16–20 These findings suggest that
POSTN may play a role in the development of pathological retinal
NV. However, whether POSTN is involved in retinal NV has not
been examined.
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Figure 1. Expression of Periostin in OIR Retina

Expression and localization of POSTN determined by real-time RT-PCR (A), ELISA (B), and immunohistochemistry (C) in OIR retina. The mousemodel of OIR was induced by

exposure of pups to 75% ± 2% oxygen for 5 days from P7 to P12 and then returned to room air. Mice in the control group were kept in room air during the entire postnatal

period. (A) The expression of the PostnmRNA in OIR retinas was significantly upregulated compared to that in control mice retinas and reached a peak on P17 when retinal

NV reaches its peak (n = 4/group). *p < 0.05. (B) The level of POSTN protein in OIR retinas was significantly higher at P17 than that in the control group (n = 4/group).

*p < 0.001. (C) Retinal sections showing that POSTN (green) co-stained with CD31 and aSMA in the preretinal pathological NV and CD206 around the preretinal pathological

NV at P17 when the expression of POSTN in retina is maximal. Retinal flat-mounts show that POSTN (red) staining can be seen in some of the F4/80-positive (green) cells.

Error bars are SEM.
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The silencing of post-transcriptional genes by RNAi is an excellent
method of inhibiting gene expressions because of its high selectivity
and potency, which are advantages over conventional therapies using
antibodies and small molecules.21 Moreover, RNAi agents have other
advantages due to their easy synthesis and rapid identification and
optimization. However, previous investigations have shown that
canonical double-stranded small interfering RNAs (siRNAs) have
several problems for their use, including the need of a drug delivery
system (DDS), low biological stability, off-target gene silencing, and
immunostimulatory effects through the activation of Toll-like recep-
tor 3 (TLR3).22–25 We used a novel single-stranded RNAi agent that
can overcome these obstacles, and we found that the naked single-
stranded RNAi agent had an inhibitory effect on choroidal FVM
formation with good stability, no sequence-independent choroidal
neovascularization (CNV) suppression through TLR3, and no serious
toxicity.17

Based on these findings, we hypothesized that POSTN is involved in
retinal NV and can be used as a therapeutic target. To test this
hypothesis, we investigated the role played by POSTN in retinal
NV using a mouse model of oxygen-induced retinopathy (OIR)
in vivo and human retinal microvascular endothelial cells (HRECs)
in vitro. We also studied the therapeutic effect of the single-stranded
RNAi agent targeting POSTN in retinal NV.
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RESULTS
Expression and Localization of POSTN in OIR Retina

To determine whether POSTN is involved in retinal NV, the expres-
sion of the mRNA of Postn in OIR retinas was determined by real-
time RT-PCR at several time points. The expression of the mRNA
of Postn in the OIR retinas was significantly upregulated compared
to that in the retinas of control mice and reached a peak on postnatal
day 17 (P17) when the retinal NV reaches its peak (p < 0.05, n = 4;
Figure 1A).

To confirm the results of real-time RT-PCR, we performed ELISA
and determined the protein concentration of POSTN. ELISA showed
that the level of POSTN protein in the OIR retinas was significantly
higher at P17 (2,835.54 ± 750.11 pg POSTN/mg total protein,
p < 0.001; n = 4) than that in the control retinas (602.59 ± 52.07 pg
POSTN/mg total protein; n = 4; Figure 1B).

Next, we stained retinal sections and retinal flat-mounts with anti-
bodies to determine the location of the POSTN in the OIR retinas.
Immunohistochemical analyses of retinal sections showed that
POSTN-positive cells were co-stained with both CD31 and a-smooth
muscle actin (aSMA) in the preretinal pathological NVs. In the
retinal flat-mounts, POSTN co-stained with F4/80. In addition,
POSTN co-stained the preretinal pathological NVs with CD206



Figure 2. The Mean Size of the Neovascular Tufts

and Avascular Areas in the OIR Retinas of WT and

Postn KO Mice

The retinas were stained by FITC-conjugated isolectin B4

to observe the vessels, and flat-mounted retinas were

examined with a fluorescence microscope. (A) Repre-

sentative images of the neovascular tufts and avascular

areas at P17 in WT and Postn KO mice. (B) The percent-

age of the neovascular tufts in the OIR retinas of POSTN

KO mice was significantly smaller than that of WT mice,

whereas the mean avascular area in POSTN KO mice

was significantly larger than that in WT mice (n = 6/group).

*p < 0.01. Error bars are SEM.
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(Figure 1C). These findings indicated that the expression of POSTN
was increased in the vascular endothelial cells, pericytes, andM2mac-
rophages in the preretinal pathological NV of OIR retinas.

Attenuation of Ischemia-Induced Retinal Angiogenesis in OIR

Retinas of Postn Knockout Mice

To investigate whether POSTN alters the ischemia-induced retinal
NV, we quantified the size of the neovascular tufts and avascular areas
in the OIR retinas of wild-type (WT) mice and Postn knockout (KO)
mice stained with isolectin B4 at P17. In the OIR retinas, the neovas-
cular tufts indicate preretinal pathological NV, whereas the avascular
areas represent the physiological revascularization.26 The size of the
neovascular tufts was significantly smaller in the OIR retinas of Postn
KO mice than in WT mice (p < 0.01, n = 6; Figures 2A and 2B). The
mean avascular area was significantly larger in Postn KO mice than
that in WT mice (p < 0.01, n = 6; Figures 2A and 2B). These results
indicated that POSTN promotes both preretinal pathological NV
and physiological revascularization in OIR retinas.

In Vitro Effects of POSTN on Proliferation, Migration, and Tube

Formation of HRECs

To test the functional role of POSTN in retinal NV, we examined the
effect of POSTN on proliferation, migration, and tube formation of
HRECs, which are key steps of angiogenesis. POSTN promoted the
proliferation of HRECs in a dose-dependent manner as determined
by bromodeoxyuridine (BrdU) incorporation, and the difference of
proliferation between the 100 ng/mL POSTN group and the control
group was significant (p < 0.05, n = 6; Figure 3A).

The migration of HRECs examined in Boyden chambers was also
significantly promoted by POSTN (p < 0.0001, n = 12; Figure 3B).
Furthermore, POSTN significantly increased the tube formation
Molecula
of HRECs in a dose-dependent manner (p <
0.0001, n = 12; Figure 3C). These results indi-
cated a causal role of POSTN in retinal NV.

Signaling Pathway for Retinal NV Promoted

by POSTN

We next investigated the signaling pathway for
the retinal NV regulated by POSTN. Because
POSTN can bind to integrin avb3 or avb5 as a ligand, and because
FAK/Akt phosphorylation is involved in cell proliferation, migration,
and tube formation through integrin avb3 or avb5, we examined the
effect of POSTN on FAK/Akt phosphorylation in HRECs. FAK-
Tyr397 and Akt-Ser473 phosphorylation was increased at 15 min
after POSTN stimulation (Figures 4A and S1A). In addition, we
observed the integrin-linked kinase 1 (ILK1) phosphorylation, which
is a key mediator between ECMs and integrins. ILK1 phosphorylation
was also increased 15 min after POSTN stimulation (Figure 4A). To
confirm that the FAK/Akt phosphorylation induced by POSTN was
mediated through integrin avb3 or avb5, we used antibodies against
integrin avb3 or avb5 in HRECs 30 min before the POSTN stimula-
tion. Inhibition of integrin avb3 reduced the FAK/Akt phosphoryla-
tion, whereas inhibition of integrin avb5 had no influence on the Akt
phosphorylation (Figures 4B and S1B). These results indicated that
POSTN stimulated FAK/Akt phosphorylation through integrin
avb3 and ILK1 in HRECs.

To confirm that the FAK/Akt phosphorylation enhanced by POSTN
through integrin avb3 is involved in key steps of angiogenesis, we in-
hibited integrin avb3 and Akt by the antibody (Ab) and the inhibitor
(LY294002). The inhibition of integrin avb3 and Akt significantly
suppressed the POSTN-induced migration (p < 0.0001, n = 12; Fig-
ure 4C) and the tube formation of HRECs (p < 0.01 or 0.0001,
n = 4; Figure 4D). These results demonstrated that POSTN stimulated
Akt phosphorylation through integrin avb3, which then resulted in
the promotion of migration and tube formation of HRECs.

In Vitro NK0144-Mediated Inhibition of POSTN Expression in

HRECs

A novel single-stranded RNAi agent targeting POSTN (NK0144) was
used as described in Materials and Methods. The difference in the
r Therapy: Nucleic Acids Vol. 6 March 2017 281
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Figure 3. In Vitro Effect of POSTN on Proliferation, Migration, and Tube Formation of HRECs

Proliferation, migration, and tube formation were determined using BrdU, Boyden chamber, and Matrigel, respectively. (A) POSTN promoted the proliferation of HRECs in a

dose-dependent manner (n = 6/group). *p < 0.05. (B) The migration of HRECs was significantly promoted by POSTN (n = 12/group). **p < 0.0001. (C) POSTN significantly

promoted the tube formation of HRECs in a dose-dependent manner (n = 12/group). *p < 0.05, **p < 0.0001, ***p < 0.01. Error bars are SEM.
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structure of canonical double-stranded siRNA (NI0079) and NK0144
is shown in Figure 5A.

First, we tested the effects of inflammatory cytokines related to PDR
on the synthesis of POSTN by HRECs. Interleukin-6 (IL-6), IL-8,
IL-13, MCP-1, and VEGF were used for stimulation.27,28 The expres-
sion of POSTN in HRECs was significantly increased in a dose-
dependentmanner only by IL-13 (p < 0.01 or 0.0001, n = 4; Figure 5B).
IL-13 was also expressed by CD4-positive cells in OIR retinas (Fig-
ure 5C). HRECs exposed to the other cytokines did not show a signif-
icant induction in the expression of POSTN (data not shown).

Next, the knockdown effect of NK0144 on the expression of the
mRNA of POSTN in HRECs was examined. Real-time RT-PCR
showed that the expression of POSTN mRNA in HRECs induced
by IL-13 was significantly decreased following transfection with
10 nM NK0144 (p < 0.01, n = 4; Figure 5D). Transfection with
10 nM of single-stranded scramble RNAi agent (NK0000) as a nega-
tive control RNAi agent had no significant inhibitory effect on the
expression of POSTN mRNA.

To confirm the results of real-time RT-PCR, we performed ELISA to
examine whether the protein level of POSTN was also decreased in
282 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
the supernatant after transfection with NK0144. ELISA showed
that the level of POSTN protein in the supernatant from HRECs
transfected with NK0144 was significantly decreased (222.4 ±

14.0 pg/mL, p < 0.01; n = 4) compared with that in the control group
(554.0 ± 77.9 pg/mL; n = 4; Figure 5D). These results indicated that
NK0144 can inhibit the expression of POSTN from vascular endothe-
lial cells induced by IL-13.

In Vitro Inhibitory Effect of NK0144 on Migration and Tube

Formation of HRECs

We next investigated whether NK0144 affected the migration and
tube formation of HRECs facilitated by IL-13. The migration of
HRECs induced by 50 ng/mL IL-13 was significantly inhibited by
10 nMNK0144 transfection (p < 0.0001, n = 18; Figure 6A) compared
to that with 10 nM NK0000 transfection. The tube formation of
HRECs was also significantly reduced by 10 nM NK0144 transfection
(p < 0.01, n = 6; Figure 6B). These results indicated that NK0144 can
inhibit the angiogenesis of HREC in vitro.

In Vivo NK0144-Mediated Inhibition of Ischemia-Induced Retinal

Angiogenesis in OIR Retinas

To determine whether NK0144 also inhibits the ischemia-induced
retinal NV in vivo, NK0144 was injected intravitreally in OIR mice



Figure 4. Signaling Pathway in Retinal NV Promoted by POSTN

HRECs were stimulated with POSTN and treated with or without control IgG, integrin avb3 Ab, avb5 Ab, or LY294002 (Akt inhibitor). (A) The phosphorylation of FAK-Tyr397,

Akt-Ser473, ILK1 was increased at 15 min after POSTN stimulation. (B) Inhibition of integrin avb3 effectively reduced the FAK/Akt phosphorylation promoted by POSTN,

whereas inhibition of integrin avb5 had no influence on the Akt phosphorylation. (C) The inhibition of integrin avb3 and Akt significantly suppressed the POSTN-induced

migration (n = 12/group). *p < 0.0001. (D) Tube formation of HRECs was significantly inhibited by integrin avb3 Ab and Akt inhibitor (n = 4/group). *p < 0.0001, **p < 0.01,

***p < 0.05. Error bars are SEM.
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Figure 5. In Vitro Effect of IL-13 and Novel Single-

Stranded RNAi Agent on the Expression of POSTN

of HRECs

Structure of canonical double-stranded siRNA and

novel single-stranded RNAi agent (A), expression of

IL-13 determined by immunohistochemistry in OIR

retina (C), and the NK0144-mediated effects on POSTN

expression induced by IL-13 in HRECs (B and D).

Cultured HRECs transfected or not transfected with

NK0000 or NK0144 were stimulated by IL-13. Total RNA

was extracted at 24 hr after IL-13 stimulation and was

analyzed by real-time RT-PCR (C) and ELISA (D). (A) The

novel single-stranded RNAi agent was prepared as a

single-stranded RNA oligomers that had the sequences

of canonical double-stranded siRNA. (B) The expression

of POSTN in HRECs stimulated by IL-13 was

significantly increased in a dose-dependent manner

(n = 4/group). *p < 0.01, **p < 0.0001. (C) Retinal sec-

tions show that IL-13 (green) is increased in CD4-posi-

tive cells (red) in OIR retina compared with control retina.

(D) The expression of POSTN mRNA in HRECs induced

by IL-13 was significantly reduced following transfection

with 10 nM NK0144, whereas transfection with 10 nM of

single-stranded scramble RNAi agent (NK0000) as a

negative control RNAi agent had no significant inhibitory

effect on the expression (n = 4/group). *p < 0.01. The

protein level of POSTN in the supernatant from HRECs

stimulated by IL-13 after the transfection with NK0144

was significantly decreased compared to that in the

control group (n = 4/group). *p < 0.01, **p < 0.001. Error

bars are SEM.
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at P12. At P17, the eyes that received an intravitreal injection of 1 mL
of 10 mM NK0144 had smaller preretinal pathological NV area than
eyes after 1 mL of 10 mMNK0000 injections (p < 0.001, n = 4; Figures
7A and 7B). In addition, the inhibitory effect of NK0144 on preretinal
pathological NV was significantly greater than that of the canonical
double-stranded siRNA (NI0079; p < 0.05, n = 4; Figures 7A and 7B).

We further investigated the effect of NK0144 on the size of the avas-
cular area. At P17, there was no significant difference in the avascular
area between the NK0000 treatment group and the NK0144 treat-
ment group, whereas the difference between the novel single-stranded
RNAi agents (NK0000 and NK0144) treatment groups and canonical
double-stranded siRNAs (NI0000 and NI0079) treatment groups was
significant (p < 0.05, n = 4; Figures 7A and 7B). These results indi-
cated that the single-stranded RNAi agent (NK0144) had a greater
inhibitory effect on preretinal pathological NV than the canonical
double-stranded siRNA, whereas the inhibitory effect of NK0144
on physiological revascularization was less than that of canonical
double-stranded siRNA.

DISCUSSION
The results of this study showed the functional role of POSTN in the
pathogenesis of ischemia-induced retinal NV, and the possible ther-
284 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
apeutic effect of a novel single-stranded RNAi agent targeting POSTN
in retinal NV. We showed that POSTN promoted Akt phosphoryla-
tion through integrin avb3, which can promote retinal NV. We also
demonstrated that a novel single-stranded RNAi agent targeting
POSTN (NK0144) can inhibit retinal NVmore than a canonical dou-
ble-stranded siRNA targeting POSTN (NI0079) both in vivo and
in vitro. Our studies thus raise the possibility that this single-stranded
RNAi agent targeting POSTN can be considered as a potential ther-
apeutic agent for pathological retinal NV.

Our results demonstrated that POSTN was expressed in vascular
endothelial cells during ischemia-induced preretinal pathological
NV. In addition, IL-13 stimulation enhanced the expression of
POSTN in the vascular endothelial cells. These results are in line
with earlier reports showing that IL-13 induced POSTN production
by human microvascular endothelial cells from lung and skin blood
vessels.19 In this study, IL-13 was increased in CD4-positive cells in
OIR retinas compared with normal retinas. IL-13 is a Th2 cytokine
and has angiogenic activities.29 A previous study has shown that
Th2 cells are one of the cellular components in FVMs of PDR pa-
tients.30 We have also reported an increase of the IL-13 level in
the vitreous of patients with PDR.27,28 Based on these findings,
the IL-13 produced by CD4-positive Th2 cells may be the inducer



Figure 6. In Vitro Inhibitory Effect of NK0144 on

Migration and Tube Formation of HRECs

(A) The migration of HRECs induced by 50 ng/mL IL-13 was

significantly inhibited by 10 nM NK0144 transfection

compared to 10 nM NK0000 transfection (n = 18/group).

*p < 0.0001. (B) The tube formation of HRECs induced by

50 ng/mL IL-13 was significantly impaired by 10 nM NK0144

transfection (n = 6/group). *p < 0.0001, **p < 0.01. Error bars

are SEM.
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of POSTN secreted by the retinal vascular endothelial cells in
ischemic retinas.

Our results showed that POSTN also co-stained with markers of peri-
cytes and M2 macrophages in ischemic retinas. Earlier studies
including ours have reported that aSMA-positive cells can secrete
POSTN.13,31,32 In addition, our earlier studies have shown a strong
positive correlation between M2 macrophage markers and POSTN
in the vitreous of PDR patients.33 We have subsequently shown
that macrophage polarization toward M2 phenotype by IL-13 re-
sulted in the production of POSTN.28 Thus, aSMA-positive pericytes
andM2macrophages polarized by IL-13 may also produce POSTN in
ischemic retinas.

Our data demonstrated that genetic ablation of POSTN resulted in
a reduction of both preretinal pathological NV and physiological
revascularization. Additionally, we observed the promotion effects
of POSTN on the proliferation, migration, and tube formation of
retinal vascular endothelial cells and Akt phosphorylation through
integrin avb3. These findings are consistent with our previous re-
ports showing that POSTN promotes CNV.17 In addition, several
reports have shown that POSTN can promote NV through integ-
rin avb3 in ischemic limbs, cancerous cells, and keloid cells.16,18,19

Furthermore, the expression of integrin avb3 on the vascular cells
in tissues from patients with PDR has been reported.34 Previous
papers including ours also showed the FAK/Akt phosphorylation
through integrin av by POSTN in endothelial cells and epithelial
cells.31,35 Our laboratory has also shown that M2 macrophages
Molec
enhance preretinal pathological NV in OIR ret-
inas.36 Thus, an elevated expression of POSTN
by retinal vascular endothelial cells, pericytes,
and M2 macrophages may promote the devel-
opment of ischemia-induced retinal NV medi-
ated by Akt phosphorylation through integrin
avb3 in both an autocrine and paracrine
fashion.

Although recent studies have shown the attractive
and promising aspects of canonical double-
stranded siRNAs as a new therapy for retinal
NV, some hurdles still remain to be overcome
before their clinical application.37 The obstacles
are the lack of a safe DDS, adverse off-target effects
through TLR3 activation, and the lack of stability. We used a novel
single-stranded RNAi agent that self-anneals into a unique structure
containing a canonical double-stranded RNA to overcome these
obstacles. Our results demonstrated that this single-stranded RNAi
agent targeting POSTN can significantly inhibit the preretinal patho-
logical NV following an intravitreal injection without any DDS.
Moreover, the inhibitory effect of the single-stranded RNAi agent
was greater than the canonical double-stranded siRNA, whereas
treatment with the single-stranded RNAi agent led to a significant
decrease in the avascular areas in OIR retinas compared to treatment
with canonical double-stranded siRNAs. Furthermore, the sequence
used for POSTN knockdown is present in not only human POSTN
but also in mouse, rat, rabbit, and rhesus macaque POSTN.17 This
indicates that NK0144 can be used for both in vitro and in vivo exper-
iments and would also be suitable for future human clinical trials.
Previous studies including ours have shown that, compared with
canonical double-stranded siRNA, the single-stranded RNAi agent
has a greater effect without target sequence-independent NV suppres-
sion through TLR3 activation.17,38–40 The mechanisms causing the
differences of the effect on ischemia-induced retinal NV between
the single-stranded RNAi agent and the canonical double-stranded
siRNA were not completely determined. However, we suggest that
these are because the single-stranded RNAi agent has better stability
against nuclease, no off-target gene silencing, and no immunostimu-
latory effects through TLR3 activation.17,38–40 Thus, intravitreal injec-
tion of naked single-stranded RNAi agent targeting POSTN may be a
safer and a more efficient therapeutic method of inhibiting preretinal
pathological NV.
ular Therapy: Nucleic Acids Vol. 6 March 2017 285
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Figure 7. In Vivo NK0144-Mediated Inhibition of

Ischemia-Induced Retinal NV in OIR Retinas

Each RNAi agent was intravitreally injected at P12

soon after returning to room air. (A) Representative

images of the neovascular tufts and avascular areas at

P17 in each treatment group. (B) The percentage of

the neovascular tufts in NK0144 treatment group was

significantly smaller than that of scramble RNAi

agents. The inhibitory effect of NK0144 on preretinal

pathological NV is significantly greater than that of

NI0079. The avascular area of novel single-stranded

RNAi agents (NK0000 and NK0144) treatment group

was significantly smaller than canonical double-

stranded siRNAs (NI0000 and NI0079) treatment

group (n = 4/group). *p < 0.001, **p < 0.05. Error bars

are SEM.
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Although anti-VEGF therapy for PDR is now a mainstream therapy
to prevent retinal NV, it was recently reported that anti-VEGF ther-
apy might be associated with impairment of the function of normal
retina and the maintenance of the choriocapillaris.8 This is partly
because VEGF plays an important role in retinal homeostasis.
Thus, therapies that block VEGF to inhibit pathological NV could
result in unexpected complications of the normal retina and should
be used cautiously. In contrast to VEGF, we have reported that
POSTN was barely detectable in the normal retina.10,13 We also re-
ported that the correlation between the vitreous concentration of
POSTN and VEGF was weak in patients with PDR.13 In addition,
previous studies have shown that the binding of VEGF with
VEGF receptor-2 (VEGFR2) promoted angiogenesis mainly
through the PLCg/PKC/MAPK pathway,41 whereas the binding of
POSTN with integrin avb3 promotes angiogenesis mainly through
the FAK/Akt pathway. This is good evidence of the concept that
anti-POSTN therapy might have independent effect on retinal NV
from anti-VEGF therapy. Together with the results of anti-POSTN
therapy, POSTN might be an interesting therapeutic target to regu-
late “disease-specific” pathways involved in the development of
retinal NV while minimizing the unfavorable side effects on the
normal retina.

In conclusion, our results show a causal link between POSTN and
retinal NV, and the effects of a naked, unmodified single-stranded
RNAi agent targeting POSTN. Although additional preclinical studies
on the toxicity, stability, and effect on duration are underway, a
POSTN-targeting RNAi agent may be a new therapeutic agent against
preretinal pathological NV.
286 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
MATERIALS AND METHODS
Animals

All animal experiments were performed
following the guidelines of the Association
for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. The
experimental protocols were approved by
the Institutional Animal Care and Use Committee of Kyushu
University.

WT C57BL/6J mice (CLEA) and Postn KOmice were used for the an-
imal experiments. PCR was used to determine the genotype of the
experimental mice as described in detail.17

Mouse Model of OIR

The OIR mice were generated as described in detail.26 Briefly, pups
were exposed to 75 ± 2% oxygen from P7 to P12 and then returned
to room air. Mice in the control group were kept in room air
continuously.

qRT-PCR

Total RNAs were extracted from homogenized retinas at the selected
time points using a MagDEA RNA kit (Precision System Science)
according to the manufacturer’s protocol. Total RNAs were also
extracted from HRECs treated with RNAi agents. cDNAs were syn-
thesized by reverse transcription with a First Strand cDNA Synthesis
Kit (Roche) following the quantification of the RNAs concentration.
qRT-PCR was performed and analyzed using a LightCycler 96 PCR
system (Roche) and a SYBR Premix Ex Taq (Takara). The primer se-
quences were as follows: for mouse Postn, 50-CTTTCGAGAAAC
TGCCACGAG-30 and 50-CCTTCCATGGTCTCAAACACG-30; for
mouse b-actin, 50-GATGACCCAGATCATGTTTGA-30 and 50-
GGAGAGCATAGCCCTCGTAG-30; for human POSTN, 50-TGC
CCAGCAGTTTTGCCCAT-30 and 50-CGTTGCTCTCCAAACCTC
TA-30; and for human b-actin, 50-ATAGCACAGCCTGGATAG
CAACGTAC-30 and 50-CACCTTCTACAATGAGCTGCGTGTG-30.
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The quality and specificity of the PCR were determined by
melting curves, and the relative expression levels by standard
curves.

ELISA

Total protein was isolated from sonicated retinas using Tissue Protein
Extraction Reagent with protease inhibitor (T-PER; Thermo). The
concentrations of POSTN in the mouse retinas and the supernatants
from the cultured HRECs were measured with a mouse POSTN
immunoassay kit (R&D Systems) and human POSTN ELISA accord-
ing to the manufacturer’s instructions.

Immunohistochemistry

Eyes enucleated from OIR mice were fixed in 4% paraformaldehyde
(PFA), embedded in paraffin, and cut at 3-mm thickness. After depar-
affinization, rehydration, antigen retrieval by citric acid, and blocking
with 5% skim milk, the sections were incubated with the primary
antibodies overnight at 4�C, and the secondary antibodies were added
for 1 hr at room temperature. Nuclei were counterstained with
Hoechst 33342 (Molecular Probes). After washing with PBS, the slides
were coverslipped with an aqueous mounting medium (Thermo). A
fluorescent microscope (BZ-9000; Keyence) was used to examine
and analyze the slides.

The primary antibodies were POSTN (MAB 3548: 5 mg/mL; R&D
Systems), CD31 (550274: 1:50 dilution; BD Biosciences), aSMA
(F3777: 1:250 dilution; Sigma-Aldrich), F4/80 (MCA497: 1:100 dilu-
tion; AbD Serotec), CD206 (1:100 dilution; Biolegend), IL-13
(ab106732: 1:100 dilution; Abcam), and CD4 (sc-1140: 1:100 dilution;
Santa Cruz). The secondary antibodies were Alexa Fluor 488 and 647
(1:100 dilution; Molecular Probes).

Quantification of Neovascular Tufts and Avascular Areas

Both preretinal pathological NV and physiological revascularization
in the OIR retinas were quantified at P17 as described in detail.26

Briefly, after fixation in 4% PFA, the neurosensory retinas were iso-
lated from the eye cups. The retinas were washed with PBS and placed
in 50% and 100%methanol for 10 min each at room temperature. The
retinas were then blocked by PBS containing 1% BSA and 0.5% Triton
X-100 for 1 hr at room temperature. This was followed by incubation
with fluorescein-labeled isolectin B4 (FL1201; 1:200 dilution; Vector
Laboratories) overnight at 4�C. The retinal flat mounts were mounted
with mounting medium and were examined with a fluorescent micro-
scope (BZ-9000; Keyence), and each area was quantified with Adobe
Photoshop CS6.

Cell Cultures

HRECs were purchased from Applied Cell Biology Research Insti-
tute and used for the in vitro studies. Cells were grown in complete
medium of the kit with serum and Cultureboost-R (4Z0-500-R; Cell
Systems) containing 100 U/mL penicillin and 100 mg/mL strepto-
mycin at 37�C in 5% CO2. Cultured HRECs with normal
morphology at the fifth to seventh passages were used for these
experiments.
Cell Proliferation Assay

Starved HRECs were seeded in each well of 96-well plates at 1 �
104 cells and incubated with recombinant POSTN. After 48 hr, the
degree of proliferation was assessed using BrdU ELISA (Roche) ac-
cording to the manufacturer’s instructions.

Cell Migration Assay

Migration of HRECs was determined using a modified Boyden cham-
ber containing polycarbonate membranes (Transwell, 8-mmpore size;
Corning) coated with 10 mg/mL of collagen for 1 hr at 37�C. Starved
HRECs were seeded into the upper chamber at 2� 104 cells/insert in
medium containing recombinant POSTN (R&D Systems) or recom-
binant IL-13 (50 ng/mL; R&D Systems). The lower chamber was filled
with medium without serum and growth factors. After 16 hr of incu-
bation at 37�C, non-migrated cells on the upper surface of the mem-
brane were removed by gentle scraping with cotton swabs, and the
migrated cells on the lower surface of the membrane were stained
with Hoechst 33342 (Molecular Probes). Three photographs were
taken of each insert at randomly selected sites with a fluorescence
microscope (BZ-9000; Keyence). The number of migrated cells was
counted using Adobe Photoshop CS6.

Tube Formation Assay

Tube formation assay was performed as described in detail.36 In brief,
starved HRECs were suspended in 96-well plate coated with growth
factor-reduced Matrigel matrix (BD Biosciences) at 2 � 104 cells.
The cells were cultured with recombinant POSTN or recombinant
IL-13 (50 ng/mL). After culturing for 24 hr, the cells were photo-
graphed with a phase contrast microscope (Olympus CK2; Olympus).
The images were analyzed using the Angiogenesis Analyzer toolset for
NIH ImageJ software.

Western Blot Analysis

HRECs were seeded in collagen-coated six-well plates. After starva-
tion with serum-free medium for 24 hr, the cells were cultured with
POSTN following treatment with control IgG, integrin avb3 Ab, in-
tegrin avb5 Ab, or LY294002 for 30 min. Total cell lysates of HRECs
were extracted using lysis buffer with protease inhibitor and phospha-
tase inhibitor (Thermo). The extracted cell lysates were added to
4%–12% SDS-NuPAGE, and the blots were incubated with antibodies
against phosphorylated FAK (Tyr397, 3283: 1:1,000 dilution; Cell
Signaling Technology), FAK (3285: 1:1,000 dilution; Cell Signaling
Technology), phosphorylated Akt (Ser473, 4060: 1:2,000 dilution;
Cell Signaling Technology), Akt (4691: 1:1,000 dilution; Cell
Signaling Technology), or ILK1 (3862: 1:1,000 dilution; Cell Signaling
Technology). The signals were made visible with SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo) detection system.
Differences in lane loading were determined by blotting the mem-
branes with an Ab against b-actin (4970: 1:1,000; Cell Signaling
Technology).

RNAi Agent Targeting POSTN

The novel single-stranded RNAi agent (NK) and the canonical dou-
ble-stranded siRNA (NI) targeting POSTN that were used were as
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follows: canonical double-stranded siRNA (NI0079), sense 50-GCA
CCAAAAAGAAAUACUUTT-30, antisense 50-AAGUAUUUCUU
UUUGGUGCTT-30; canonical double-stranded scramble siRNA
(NI0000), sense 50-UACUAUUCGACACGCGAAGTT-30, antisense
50-CUUCGCGUGUCGAAUAGUATT-30; novel single-stranded RNAi
agent (NK0144), 50-AGCACCAAAAAGAAAUACUUUUCCCCAC
ACCGGAAAAGUAUUUCUUUUUGGUGCUUCUUCGG-30, novel
single-stranded scramble RNAi agent (NK0000), 50-AUACUAUUCGA
CACGCGAAGUUCCCCACACCGGAACUUCGCGUGUCGAAUA
GUAUUCUUCGG-30.

The sequence for the POSTN knockdown was designed to target the
mRNA of both human andmouse POSTN. The novel single-stranded
RNAi agent was constructed by incorporating the sense and antisense
nucleotides of the canonical double-stranded siRNA into the scaffold
of a unique RNAi platform named nkRNA. The nkRNAs spontane-
ously anneal to form a helical structure containing a double-stranded
central stem and two loops within a molecule.

In Vitro Transfection

HRECs were cultured to a confluence of 50%–70%. RNAi agents were
mixed (10 nM, final concentration) with RNA transfection reagent
(Lipofectamine RNAiMAX; Invitrogen) according to the manufac-
turer’s protocol. The mixtures for transfection were replaced after
24 hr by medium containing IL-13 at a final concentration of
50 ng/mL as the inducer of POSTN followed by each assay.

In Vivo RNAi Treatment

Immediately after returning the pups to room air at P12, they were
given an intravitreal injection of 1 mL of PBS containing 10 mM
scramble RNAi agent in one eye and RNAi agent targeting POSTN
in the other eye. The intravitreal injections were performed 0.5 mm
away from the limbus using a 1-mL Hamilton syringe (Hamilton)
and a 33-gauge needle under a surgical microscope.

Statistical Analyses

All results were expressed as means ± SEMs. The statistical signifi-
cance of differences between groups was determined by two-tailed
t tests. For comparisons with the control group, Dunnett’s test
was used. Differences were considered significant with p < 0.05.
Statistical analyses were performed using JMP, version 11.0.0 (SAS
Institute).
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