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Inhibition of choroidal fibrovascular membrane formation
by new class of RNA interference therapeutic agent targeting
periostin
T Nakama1, S Yoshida1, K Ishikawa1, Y Kobayashi1, Y Zhou1, S Nakao1, Y Sassa1,2, Y Oshima1, K Takao3, A Shimahara3, K Yoshikawa3,
T Hamasaki4, T Ohgi4, H Hayashi4, A Matsuda5, A Kudo6, M Nozaki7, Y Ogura7, M Kuroda8 and T Ishibashi1

Age-related macular degeneration (AMD) is a vision-threatening disease characterized by choroidal fibrovascular membrane (FVM)
formation, choroidal neovascularization (CNV) and choroidal fibrosis. No safe and effective therapeutic method has been developed
for the choroidal fibrosis, although anti-vascular endothelial growth factor therapy can partially shrink the CNV. We recently
reported that periostin (POSTN), which is produced by retinal pigment epithelial cells, has an important role in the formation of
preretinal FVMs, but its role in choroidal FVMs has not been determined. In this study, we used Postn knockout mice to investigate
the role played by POSTN in choroidal FVM formation. In addition, we used a new class of RNA interference (RNAi) agent (NK0144)
that targets POSTN and determined its effect on choroidal FVM development. Genetic ablation of Postn had an inhibitory effect not
only on CNV formation but also on choroidal fibrosis in a mouse CNV model. NK0144 also had a greater inhibitory effect on both
the CNV and choroidal fibrosis than control RNAi with no apparent adverse effects. These findings suggest a causal relationship
between POSTN and choroidal FVM formation, and also a potential therapeutic role of intravitreal NK0144 for AMD.
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INTRODUCTION
Age-related macular degeneration (AMD) is a leading cause of a
severe reduction of vision in the elderly population of developed
countries.1–3 It is estimated that the prevalence of AMD will
increase, which would then increase both the social and medical
burdens of the countries. At the advanced stage of AMD, choroidal
fibrovascular membranes (FVMs), which consist of choroidal
neovascularization (CNV) and choroidal fibrosis form, and they
can lead to severe vision reduction.4–6 In this process, there is
proliferation, adhesion and migration of various types of cells, for
example, vascular endothelial cells, retinal pigment epithelial (RPE)
cells, glial cells, fibroblasts and macrophages/monocytes. There is
also deposition of extracelluar matrices.7–10 Several growth factors,
such as vascular endothelial growth factors (VEGFs), placental
growth factor, connective tissue growth factor and transforming
growth factor βs (TGF-βs) and their receptors, are involved in this
process.6,11–13 Among these, the VEGFs have been well character-
ized and are known to have a critical role in CNV formation. Anti-
VEGF therapies have been proven to inhibit the progression of
CNVs to some degree, but the different types of therapies have
not been able to inhibit choroidal fibrosis.14 In addition, it was
recently reported that the intravitreal injection of anti-VEGF
antibodies can cause retinal damage and promote choroidal
fibrosis.8,14–16 Therefore, choroidal FVM formation, especially
choroidal fibrosis, remains a severe vision-threatening patho-
logical condition.

We have recently demonstrated that there was an increase in
the expression of periostin (POSTN) in the vitreous and FVMs of
patients with proliferative diabetic retinopathy and proliferative
vitreoretinopathy.17–20 POSTN, a 90-kDa secreted matricellular
protein, is a member of the fasciclin (fas) family. It is composed of
an amino-terminal EMI domain, tandem repeat of four fas I
domains and a carboxyl-terminal domain including a heparin-
binding site at its C-terminal end.21 POSTN interacts directly with
the extracelluar matrices, including fibronectin, tenascin c and
collagen type I, through its EMI and fas I domains. Furthermore,
POSTN also serves as a ligand for integrins, such as αvβ3 and αvβ5.
Through these interactions, POSTN is associated with the
development and remodeling of tissues.22 Recent studies have
shown that POSTN promotes a regeneration of heart tissue after
myocardial infarction, cutaneous wound healing and chronic
allergic inflammation.23–28 These findings indicate that POSTN has
fundamental roles in tissue repair in several organs, and thus
raises the possibility that POSTN may also be involved in the
development of choroidal FVMs.
RNA interference (RNAi) is a natural mechanism of post-

transcriptional silencing of gene expression that has been recently
considered to be a new type of therapeutic system.29 As a result of
their high selectivity and potency, RNAi-based therapy has several
advantages over conventional therapeutic approaches such as
antibody, aptamer and antisense therapy. In addition, RNAi agents
can be easily synthesized and the steps that are necessary

1Department of Ophthalmology, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan; 2Department of Ophthalmology, Fukuoka University Chikushi Hospital,
Fukuoka, Japan; 3AQUA Therapeutics Co., Ltd., Kobe, Japan; 4Strategic Headquarters for Research and Development, BONAC Corporation, BIO Factory, Fukuoka, Japan;
5Department of Ophthalmology, Juntendo University School of Medicine, Tokyo, Japan; 6Department of Biological Information, Tokyo Institute of Technology, Yokohama, Japan;
7Department of Ophthalmology and Visual Science, Nagoya City University Graduate School of Medical Sciences, Nagoya, Japan and 8Department of Molecular Pathology, Tokyo
Medical University, Tokyo, Japan. Correspondence: Dr S Yoshida, Department of Ophthalmology, Kyushu University Graduate School of Medical Sciences, Fukuoka, 812-8582,
Japan.
E-mail: yosida@eye.med.kyushu-u.ac.jp
Received 13 May 2014; revised 23 September 2014; accepted 24 October 2014; published online 11 December 2014

Gene Therapy (2015) 22, 127–137
© 2015 Macmillan Publishers Limited All rights reserved 0969-7128/15

www.nature.com/gt

http://dx.doi.org/10.1038/gt.2014.112
mailto:yosida@eye.med.kyushu-u.ac.jp
http://www.nature.com/gt


to identify and optimize them are rapid. However, previous
investigations using canonical double-stranded small interfering
RNAs (siRNAs) showed several obstacles including the lack of a
safe drug delivery system (DDS), adverse off-target effects through
Toll-like receptor 3 (TLR3) activation, and the lack of stability.30–34

In this study, we used a new class of single-stranded RNAi
therapeutic agent, which can overcome those obstacles.35 In
addition, it is expected that the cost of large-scale production of
single-stranded RNAi can be reduced because of the simple
synthesizing method.
Based on these reports including ours, we hypothesized that

POSTN is involved in choroidal FVM formation and can be used as
a therapeutic target. To test this, we determined the expression
and function of POSTN in human FVM specimens and in a mouse
CNV model. We also studied the inhibitory effect of a new class of
single-stranded RNAi agent targeting POSTN on choroidal FVM
formation.

RESULTS
Expression of POSTN in RPE cells of choroidal FVMs in CNV mouse
model and AMD patients
To determine whether POSTN is involved in the development of
choroidal FVMs, real-time reverse transcription-PCR (RT-PCR) was
performed and the expression of the mRNA of Postn in the RPE-
choroid complexes after laser injury were compared with that
in normal RPE-choroid complexes. The expression of Postn mRNA
in a mouse CNV model group was significantly upregulated
compared with the control group and reached a peak on day 14
(Po0.05, n= 4; Figure 1a).
To confirm the result of real-time RT-PCR, we performed

enzyme-linked immunosorbent assay (ELISA) to determine the
concentration of the protein of POSTN. ELISA showed that the
level of POSTN protein in the RPE-choroid complexes of CNV
model mice was significantly higher from day 3 (75.41 ± 10.95 pg
POSTN per mg total protein, Po0.05; n= 4) than that in the
control group (31.97 ± 0.65 pg POSTN per mg total protein; n= 4).
The concentration reached a peak on day 14 (125.18 ± 16.76 pg
POSTN per mg total protein, Po0.001; n= 4; Figure 1b).
Next, sections were stained with antibodies to determine the

localization of the POSTN in the choroidal FVMs. Immunohisto-
chemical analyses showed POSTN-positive staining in RPE65-
positive RPE cells after the laser injury (Figure 2a). In the human
choroidal FVMs, POSTN stained the cytokeratin-positive RPE cells
(Figure 2b). These findings indicated that the expression of the
POSTN was increased in the RPE cells in both mouse CNV model
and in the FVMs of AMD patients.

Choroidal FVM formation is reduced in Postn KO mouse
To investigate whether POSTN enhances the development of
choroidal FVMs, we quantified the volume of the CNVs at day 7
and fibrous volumes at day 21 in both wild-type (WT) and Postn
knockout (KO) mice. The average CNV volumes stained by isolectin
B4 was 63 400± 2891 μm3 in the Postn KO mice group (n= 6),
which was significantly smaller by 34% than that of WT mice
group at 96 222± 311 μm3 (Po0.01, n= 6; Figures 3a and b). There
was a 59% reduction in average fibrosis volume (stained by
collagen type I antibody) in Postn KO mice group at 21
166± 2886 μm3 (n= 6) than in the WT mice at 51 332± 5665 μm3

(Po0.05, n= 6; Figures 3a and b).

NK0144-mediated inhibition of POSTN mRNA in cultured human
RPE cells
Four types of RNAi agents including controls were synthesized as
described in the Materials and methods section. A summary of
RNAi agents were shown in Table 1, and the structure of RNAi
agents were shown in Figure 4 (Figures 4a and b). The synthesized
targeted sequence of RNAi agents for POSTN is present in not only
human POSTN but also in mouse, rat, rabbit and rhesus macaque
POSTN. This indicates that the direct animal testing of NK0144
would also be suitable for human clinical trials.
To determine if transfection with NK0144 inhibited the

expression of the mRNA of POSTN, cell culture studies of human
RPE cells, which are the cellular source of POSTN and important
cells for ocular fibrosis, were carried out. Real-time RT-PCR showed
that the levels of POSTN mRNA were significantly decreased
following exposure of ARPE19 cells to 0.01, 0.1 and 1 nM of NK0144
in a dose-dependent manner, and almost completely blocked the
expression of the mRNA of POSTN following exposure to 1 nM
NK0144 (Po0.0001, n= 4; Figure 4c). In contrast, the expression
was not inhibited after exposure to 0.01, 0.1 and 1 nM of NI0000 as
the negative control siRNA.
To determine whether transfection by NK0144 was cytotoxic,

we performed cell viability assays. No significant difference in cell
viability was observed at 24, 48 and 72 h after transfection
between human primary RPE cells with 10 nM NK0144 transfection
and those with control siRNA transfection (n= 4; Figure 4d).

Inhibitory effect of NK0144 on proliferation, adhesion and
migration of human RPE cells in vitro
Next, we examined the effect of NK0144 on the proliferation,
adhesion and migration of human RPE cells because these
biological processes are involved in FVM formation, and they are
facilitated by POSTN.20 The proliferation of RPE cells was
significantly inhibited by 10 nM NK0144 transfection (Po0.01,
n= 4; Figure 5a) as was cell adhesion (Po0.001, n= 4; Figure 5b).

Figure 1. Expression of the mRNA of POSTN determined by real-time RT-PCR (a) and the concentration of POSTN protein measured by ELISA
(b) in mouse eyes with laser-induced CNV. Bruch’s membrane was ruptured at 20 locations in each eye. On days 3, 7, 14, 21 and 28 after the
laser photocoagulations, mice were killed, eyes were removed, and both the total RNA and protein were extracted from the RPE-choroidal
complexes. The POSTN expression was significantly increased and reached a peak at 14 days after the laser photocoagulation (n= 4 per
group). *Po0.05, **Po0.001 vs control.

New RNAi therapy targeting POSTN for AMD
T Nakama et al

128

Gene Therapy (2015) 127 – 137 © 2015 Macmillan Publishers Limited



In addition, the inhibitory effect of NK0144 on cell adhesion was
by approximately 40%, which was significantly greater than after
NI0079 transfection (Po0.01, n= 4; Figure 5b). Finally, the
migration of RPE cells was significantly impaired by NK0144
transfection (Po0.01, n= 4; Figure 5c).

In situ distribution of fluorescein isothiocyanate (FITC)-labeled
NK0144 in eyes after intravitreal injection
To determine the distribution and kinetics of NK0144 after
intravitreal injection in mouse eyes, we used FITC-labeled
NK0144. Twenty-four hours after the intravitreal injection of 1 μl
of 100 μM FITC-labeled NK0144, there was staining for FITC in the
RPE cells adjacent to the CNV site (Figure 6a). The degree of
staining was increased at 72 h and then decreased at 120 h
although it was still detectable (Figure 6a). These results showed
that NK0144 rapidly diffused to the RPE cells around the CNV sites
after the intravitreal injection and remained in that area for several
days after the injection.

In vivo inhibitory effect of NK0144 on expression of Postn mRNA
and progression of choroidal FVM formation
To determine whether NK0144 also causes a specific knock-down
of Postn in vivo and has therapeutic potential, it was injected

intravitreally in the CNV mouse model. Laser-capture microdissec-
tion was used to extract pure mRNA from the CNV sites
(Figure 6b). On day 14 at the peak of Postn expression, the level
of Postn mRNA in CNV site was significantly decreased after the
intravitreal injection of 10 μM of NK0144, whereas there was no
significant difference between NK0000 injection group and
phosphate-buffered saline (PBS) injection group (Figure 6c).
At 7 days after rupturing Bruch’s membrane, eyes that received

an intravitreal injection of 1 μl of 10 μM NK0000 as a negative
control developed larger areas of CNV than eyes after 1 μl of 10 μM
NK0144 injections (Figure 7a). Compared with the control NK0000-
treated eyes, the volume of the CNV in eyes treated with NK0144
was reduced by 75% (Po0.05, n= 8; Figure 7b).
We further investigated the effect of NK0144 on choroidal fibrosis.

At day 21, the volume of the choroidal fibrous tissues in eyes treated
with 1 μl of 10 μM NK0144 was 30% smaller than that treated with
NK0000 as a negative control (Po0.05, n=8; Figures 7a and b).
These results are consistent with those of Postn KO mice (Figure 3).

No off-target effect on TLR3 activation by NK0144 in CNV
development
As earlier reports showed that naked canonical double-stranded
siRNA can suppress CNV formation not by RNAi but by target

Figure 2. Localization of POSTN in laser-induced CNV in a mouse model (a) and human choroidal FVMs (b). Paraffin-embedded sections of
eyes from the CNV mouse model and human choroidal FVMs resected during vitrectomy were immunohistochemically stained for POSTN,
RPE65 and cytokeratin. Nuclei were stained with DAPI. These sections were examined by fluorescence microscopy. (a) POSTN (red) costained
with RPE65 (green) in the choroidal FVM of CNV mice both at day 7 (top row) and day 14 (bottom row) when the expression of POSTN in RPE-
choroid complexes is maximal. Scale bars= 50 μm. (b) Double staining for POSTN and cytokeratin in the human choroidal FVM. POSTN (green)
staining in cytokeratin-positive RPE cells can be seen. A POSTN-stained section in the top panel is shown at higher magnification at the
bottom. Scale bars= 200 μm.
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sequence-independent activation of cell surface TLR3,31,33 we
examined the effect of a new class of RNAi agents, NK0000 and
NK0144, on TLR3 phosphorylation in RPE cells in vitro by western
blot. TLR3 phosphorylation was not increased 30min after
transfection with NK0000 or NK0144, whereas transfection with
canonical siRNAs, NI0000 and NI0079, promoted TLR3 phosphor-
ylation (Figure 8a). To further confirm the absence of off-target
effects by the new class of RNAi, we performed ELISA of
interleukin-12 (IL-12), which is a downstream signaling marker of
TLR3 activation.31 There was no significant difference between the
level of IL-12 protein in the supernatant from RPE cells transfected
with NK0000 or NK0144 (NK0000; 168.42 ± 26.08 pg IL-12 per mg
total protein, NK0144; 140.86 ± 11.36 pg IL-12 per mg total
protein; n= 4) and that from RPE cells without transfection
(129.50 ± 23.02 pg IL-12 per mg total protein; n= 4). In contrast,
the IL-12 level from RPE cells transfected with NI0000 or NI0079
were significantly higher (NI0000; 243.25 ± 38.06 pg IL-12 per mg
total protein, NI0079; 300.48 ± 71.24 pg IL-12 per mg total protein,
Po0.05; n= 4) compared with the normal control (Figure 8b).
We also performed ELISA of interferon gamma, which is another

downstream signaling marker for TLR3 activation.31 The level of
interferon gamma protein in the supernatant from RPE cells
transfected with 10 nM each NI0000, NI0079, NK0000 or NK0144

and that from RPE cells without transfection was below the level
of detection (data not shown).
We next compared the effect of canonical double-stranded

siRNAs and a new class of RNAi agents on CNV formation in vivo.
The average CNV volumes at day 7 after the injection of 1 μl of
10 μM of each canonical double-stranded siRNAs (NI0000 or
NI0079) tended to be lower than that in the PBS injection group,
although the difference between PBS injection group and NI0000
or NI0079 injection group was not significant (n= 8; Figure 8c). In
contrast, the volume of the CNV in eyes treated with 1 μl of 10 μM
NK0000 was not reduced compared with the PBS-treated eyes. An
intravitreal injection of 1 μl of 10 μM NK0144 led to significantly
smaller volumes of CNV than eyes after 1 μl of 10 μM NK0000
injections (Figures 7a and 8c).
These results indicated that the new class of RNAi agents had

no off-target effects and the observed inhibitory effect of CNV by
NK0144 was the result of a specific knock-down of POSTN.

No obvious adverse effects by NK0144 on retina
To evaluate retinal function after intravitreal injections of NK0144,
we recorded electroretinographies (ERGs) from mice at 21 days
after 1 μl of 10 μM NK0144 injection on days 0 and 7. The mean
amplitude of the a- and b-waves in the mice eyes treated with

Figure 3. The mean volume of the CNV at day 7 and choroidal fibrosis at day 21 in laser-induced CNV mouse model. WT and Postn KO mice
had laser photocoagulation (4–6 shots per eye) on day 0. The choroidal flat mounts were stained with isolectin B4 and collagen type I and
were examined by laser scanning confocal microscopy. The volumes of the CNV on day 7 and choroidal fibrous tissue on day 21 at the laser
sites were measured. (a) Representive immunohistochemical studies showing that the areas of CNV and choroidal fibrosis are smaller in Postn
KO mice than in WTmice. (b) Both CNV and choroidal fibrosis volumes in Postn KO mice were significantly smaller than those in WTmice (n= 6
per group). *Po0.05.

Table 1. Sequence of RNAi agents directed against POSTN mRNA

Name RNA class Sequence

NI0079 Canonical double-stranded target siRNA 5′-GCACCAAAAAGAAAUACUUTT-3′
(sense)/5′-AAGUAUUUCUUUUUGGUGCTT-3′ (antisense)

NI0000 Canonical double-stranded scrambled siRNA 5′-UACUAUUCGACACGCGAAGTT-3′
(sense)/5′-CUUCGCGUGUCGAAUAGUATT-3′ (antisense)

NK0144 New class single-stranded target RNAi agent 5′-AGCACCAAAAAGAAAUACUUUUCCCCACACCGGA
AAAGUAUUUCUUUUUGGUGCUUCUUCGG-3′

NK0000 New class single-stranded scrambled RNAi agent 5′-AUACUAUUCGACACGCGAAGUUCCCCACACCG
GAACUUCGCGUGUCGAAUAGUAUUCUUCGG-3′

Abbreviations: POSTN, periostin; RNAi, RNA interference; siRNA, small interfering RNA.
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NK0144 (scotopic a-wave= 386.1 ± 13.5 μV, scotopic b-wave =
744.8 ± 59.1 μV) were not significantly different from that of the
untreated control eyes (scotopic a-wave = 370.3 ± 10.5 μV, scotopic
b-wave = 703.1 ± 55.0 μV; n= 4; Figure 9a).
The histological structure observed by hematoxylin and eosin

staining of the mouse retina at 21 days after NK0144 injection
appeared normal and did not differ from that of the untreated
eyes (Figure 9b). The retina of the CNV mouse model showed
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive apoptotic cells in the outer nuclear layer.
In contrast, the eyes injected with NK0144 showed no
TUNEL-positive staining in the retina (Figure 9c). These results
showed that NK0144 had no adverse effects on the function and
morphology of the retina.

DISCUSSION
Anti-VEGF therapy has been used to treat the CNV in eyes with
AMD, and this treatment has led to significant advances in the
understanding of the pathogenesis of AMD.36–38 However, the
CNV activity does not respond to multiple treatments as is
required in many patients. In addition, there is currently no
therapy to treat choroidal fibrosis. Therefore, finding additional
therapeutic methods is still a goal.
To the best of our knowledge, this is the first study providing

evidence that POSTN is expressed in choroidal FVMs in both a CNV
mouse model and AMD patients. Furthermore, our results showed
the usefulness of a new class of single-stranded RNAi molecule
that targeted POSTN and can be considered for the treatment of
choroidal FVMs. Intravitreal injections of NK0144 significantly
inhibited the volume of the induced CNVs and subsequent
fibrosis, which supports our findings that POSTN is a positive
regulator of choroidal FVMs formation.

Our data demonstrated that POSTN is expressed by the RPE cells
associated with choroidal FVMs in both a CNV mouse model and
AMD patients. Moreover, genetic ablation of Postn gene can inhibit
both CNV and choroidal fibrosis. Thus, an elevated expression of
POSTN by RPE cells may promote the development of choroidal
FVMs. These findings are in line with our earlier reports showing
that the POSTN produced by RPE cells in eyes with proliferative
vitreoretinopathy promotes preretinal fibrous proliferation of RPE
cells through integrin αv-mediated focal adhesion kinase in an
autocrine manner.17,18,20 In addition, because integrin αvβ3 is
involved in the development of CNVs in eyes with AMD,39,40 the
POSTN expressed by RPE cells may also promote CNV development
through integrin αvβ3 in a paracrine manner.
It was recently reported that anti-VEGF therapy may have a

role in the development of geographic atrophy in AMD patients
compared with that following other treatments.16 This is partly
because VEGF has an important role in the normal function of
the retina and the maintenance of the choriocapillaris.41 Thus,
the therapies that block VEGF to inhibit pathologic neovascular-
ization could result in unexpected disturbances of the normal
homeostasis in the retina and should be used cautiously. In
contrast to VEGF, we have reported that the mRNA and protein
of POSTN were barely detectable in the normal retina.20 Together
with the fact that anti-POSTN therapy in this study showed no
apparent adverse effects, these results raise the possibility that
POSTN may be an attractive therapeutic target to regulate
‘disease-specific’ pathways involved in the development of
choroidal FVMs, while minimizing the unfavorable side effects
to the normal retina.
Although canonical double-stranded siRNAs have attractive and

promising aspects for new therapy, some obstacles still remain to
be overcome before their clinical application.30 These hurdles
include the lack of a safe DDS, adverse off-target effects through
TLR3 activation and the lack of stability. In this study, we tried to

Figure 4. Structure of canonical double-stranded siRNA (a) and new class single-stranded RNAi agent (b), and the NK0144-mediated effects on
POSTNmRNA and cell survival in cultured human RPE cells. Cultured RPE cells were transfected or not transfected with negative control siRNA,
or NI0079, or NK0144. Total RNA was extracted at 24 h after transfection and was analyzed by real-time RT-PCR (c). Cell viability at 24, 48 and
72 h after transfection was assessed by MTT assay (d). (a) Canonical double-stranded siRNA was prepared as double-stranded RNA oligomers.
(b) New class of RNAi agent was prepared as single-stranded RNA oligomers that then self-anneal as shown. Nucleotides in red indicate sense
strand of the target (POSTN), nucleotides in yellow are the antisense strand, and nucleotides in blue are the scaffold. (c) Expression of the
mRNA of POSTN in ARPE19 cells exposed to 0.01, 0.1 and 1 nM of NK0144 was significantly reduced in a dose-dependent manner compared
with those with negative control siRNA treatment (n= 4 per group). *Po0.05, **Po0.0001. (d) No significant difference in cell viability was
observed up to 72 h between RPE cells with NK0144 treatment and those with control siRNA treatment (n= 4 per group).
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overcome these obstacles by using a new class of single-stranded
RNAi agents that self-anneals into a unique structure containing a
canonical double-stranded RNA. Previous studies showed that the
new single-stranded RNAi is not associated with off-target effect
and is more stable against nuclease than canonical double-
stranded siRNA.35,42 Our results showed that naked NK0144 can
significantly inhibit the expression of POSTN, proliferation,
adhesion and migration of RPE cells without target sequence-
independent effect through TLR3 activation and influence on cell
viability. Furthermore, we showed that labeled single-stranded
nkRNA without any DDS was detected in the RPE-choroid for at
least 5 days following an intravitreal injection. This suggests that it
was taken up and retained within cells at the CNV site for a
substantial period of time. Unlike canonical double-stranded
siRNAs, we also demonstrated that naked NK0144 significantly
inhibited choroidal FVM formation and had POSTN sequence-
dependent CNV suppression without serious toxicity. These results
strongly indicate that intravitreal injections of naked NK0144 may
be a safer and more efficient therapeutic method to inhibit
choroidal CNV. This is because the naked single-stranded RNAi
therapy may be safer than canonical siRNA because of its stability,
no DDS need, and much less proinflammatory or toxicological
responses induced by siRNA itself or by accompanying DDS.43

Unlike previous reports, target sequence-independent CNV
suppression by canonical siRNAs was not significant in this study.
This is probably due to the smaller injection amounts of canonical

double-stranded siRNAs (0.1 μg per eye). In the previous reports,
the inhibitory effect was only observed with the 10 times larger
amount (1 μg per eye).31

In conclusion, our results show a causal link between POSTN
and choroidal FVM formation, and the effects of a naked,
unmodified new class of RNAi agent targeting POSTN. Additional
preclinical studies concerning the toxicity, stability and effect of
duration are underway for establishing the new POSTN-targeting
RNAi agent for combating choroidal FVM formation.

MATERIALS AND METHODS
Animals
All animal experiments were performed following the guidelines of the
Association for Research in Vision and Ophthalmology (ARVO) Statement
on 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.
C57BL/6J WT mice (CLEA, Tokyo, Japan) and Postn KO mice between 6

and 8 weeks were used for the animal experiments. PCR was used to
determine the genotype of the experimental mice. Primer sequences for
genotyping were as follows:
5′-GTTCTTACAGAAAGCAGAAGGATAC-3′ and
5′-TTAAATCACTCCACAGCAGAACACG-3′
were used to detect a 436-bp product for the WT allele; and
5′-CATGATAGCTTCTCTCCCAGTTCTC-3′ and
5′-CTTGCAATAAGTAAAACAGCTCCCC-3′
were used to detect a 372-bp product for the Postn KO allele.

Figure 5. NK0144-mediated effects on human RPE cell proliferation, adhesion and migration in vitro. BrdU-ELISA was used to assess the
transfected cell proliferation, and MTT assay was used to assess cell migration. The migration of RPE cells was examined on fibronectin-coated
well after 48-h incubation by staining with calcein AM and quantified with a fluorescence microplate reader. (a) NK0144 significantly inhibited
the proliferation of human RPE compared with negative control siRNA (n= 4 per group). *Po0.01. (b) Human RPE cells adhesion was reduced
more by NK0144 transfection than by both negative control siRNA and NI0079 (n= 4 per group). *Po0.001, **Po0.01. (c) NK0144 significantly
reduced the degree of migration of human RPE cells more than that with negative control siRNA (n= 4 per group). *Po0.01.
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Laser-induced CNV model
CNVs were generated as described in detail.44 Briefly, mice were
anesthetized with intraperitoneal injections of 100 mg kg–1 ketamine
and 10 mg kg–1 xylazine, and the pupils were dilated with a mixture of
0.5% tropicamide and 0.5% phenylephrine hydrochloride (Mydrin P;
Santen, Osaka, Japan). Laser photocoagulation (532 nm, 100 mW,
100 ms, 75 μm; Verdi; Coherent, Santa Clara, CA, USA) was applied to

each fundus using a coverslip as a contact lens on day 0 (4–6 shots per
eye for CNV volume studies: 20 shots per eye for mRNA and protein
analyses). The formation of a bubble at the time of laser application
indicating a rupture of Bruch’s membrane was an important sign
that sufficient injury had been done to induce a CNV. Thus, only burns
with bubble were included in the study. We excluded burns with
bleeding.

Figure 6. Distribution of FITC-labeled NK0144 in the mouse retina at different time points after intravitreal injection (a) and inhibitory effect of
NK0144 on the expression of Postn mRNA in vivo (b, c). FITC-labeled NK0144 was given by intravitreal injection at the same time as laser
treatment. The mice were killed at 24, 72, 120 h after the injection. The eyes were enucleated and cryosections were cut, and the cell nuclei
were stained with DAPI (blue) followed by examination by fluorescence microscopy. The mRNAs at CNV sites were extracted using laser-
capture microdissection at day 14 and analyzed by real-time RT-PCR. (a) NK0144 (green) can be clearly seen at the CNV site from 24 h after
intravitreal injection. The staining for NK0144 at the laser site increased at 72 h, and decreased at 120 h although it was still detectable.
(b) Immunostaining before (left) and after (right) laser microdissection. (c) The level of Postn mRNA in CNV site was significantly decreased by
intravitreal injection of 10 μM NK0144 compared with NK0000 injection group and PBS injection group (n= 4 per group). *Po0.05.

Figure 7. Effect of NK0144 on progression of CNV at day 7 and choroidal fibrosis at day 21 in laser-induced CNV mouse model. On days 0 or 7
after CNV induction, mice were injected intravitreally with 1 μl of 10 μM negative control siRNA in one eye and 1 μl of 10 μM of NK0144 in the
fellow eye. The mice were killed 7 days after the injection for CNV and 21 days after injection for choroidal fibrosis assessments. The eyes were
enucleated and choroidal flat mounts were stained with isolectin B4 and collagen type I and examined by laser scanning confocal microscopy.
(a) Representative immunohistochemical analysis shows that the areas of CNV and choroidal fibrosis in NK0144 treatment group were smaller
than those in negative control siRNA treatment group. (b) Both CNV and choroidal fibrosis volumes in eyes treated with NK0144 were
significantly smaller than that in the negative control siRNA group (NK0000; n= 8 per group). *Po0.05.
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Human specimens
Choroidal FVM was isolated from the sensory retina and RPE using 33G
subretinal canula and incised from the subretinal space of patients with
AMD who were undergoing pars plana vitrectomy.

Quantitative real-time RT-PCR
Total RNA was extracted from the homogenized RPE-choroid complexes at
the selected time points and the human RPE cells treated with RNAi
agents. The MagDEA RNA kit (Precision System Science, Pleasanton, CA,
USA) was used according to the manufacturer’s protocol.44,45 After
quantification of the RNA concentration, complementary DNAs were
synthesized with a First Strand cDNA Synthesis Kit (Roche, Mannheim,
Germany). Quantitative RT-PCR was performed and analyzed using a SYBR
Premix Ex Taq (Takara, Shiga, Japan) and a LightCycler 96 PCR system
(Roche). A volume of 20 μl containing 0.2 μM of primers was loaded into
each LightCycler well. The primer sequences were as follows:
for mouse Postn,
5′-CTTTCGAGAAACTGCCACGAG-3′ and
5′-CCTTCCATGGTCTCAAACACG-3′;
for mouse β-actin,
5′-GATGACCCAGATCATGTTTGA-3′ and
5′-GGAGAGCATAGCCCTCGTAG-3′;
for human POSTN,
5′-TGCCCAGCAGTTTTGCCCAT-3′ and
5′-CGTTGCTCTCCAAACCTCTA-3′;
and for human β-actin,
5′-ATAGCACAGCCTGGATAGCAACGTAC-3′ and 5′-CACCTTCTACAATGAG

CTGCGTGTG-3′.
The quality and specificity of the PCR reaction were determined by

melting curves. A standard curve was used to quantify the expression levels.

Enzyme-linked immunosorbent assay
Total protein was isolated from the sonicated RPE-choroid complexes
using Tissue Protein Extraction Reagent with protease inhibitor (T-PER;
Thermo, Waltham, MA, USA). The concentrations of POSTN in the mouse
RPE-choroid complexes, and IL-12 and interferon gamma in the super-
natant from the cultured human RPE cells were measured with a mouse
POSTN immunoassay kit (R&D Systems, Minneapolis, MN, USA), human
IL-12 ELISA kit (Thermo) and human interferon gamma immunoassay kit
(R&D Systems), respectively, according to the manufacturer’s instructions.

Immunohistochemistry
Eyes enucleated from a CNV mouse model and human choroidal FVMs
resected during vitrectomy were fixed in 4% paraformaldehyde, then
embedded in paraffin and cut at 3 μm thickness. After deparaffinization,
rehydration and blocking, the sections were incubated with the primary
antibodies overnight at 4 °C, and the second antibodies were added for 1 h
at room temperature. Nuclei were counterstained with 4,6-diamidino-2-
phenylindole (DAPI; Hoechst 33342; Molecular Probes, Eugene, OR, USA).
After washing with PBS, the cover slides were mounted with an aqueous
mounting medium (Thermo). A fluorescent microscope (BZ-9000; KEY-
ENCE, Osaka, Japan) was used to examine and analyze the specimens.46–48

The primary antibodies were POSTN (MAB 3548: 5 μgml–1; R&D
Systems), RPE65 (MAB 5428: 5 μgml–1; Millipore, Temecula, CA, USA) and
pan-cytokeratin (sc-8018: 1:100 dilution; Santa Cruz, Dallas, TX, USA). The
second antibodies were Alexa Fluor 488 and 647 (1:100 dilution; Molecular
Probes).

CNV and choroidal fibrosis volume measurement
The volumes of the CNVs on day 7 and that of the choroidal fibrous tissue
on day 21 after laser photocoagulations were measured in choroidal flat
mounts. Choroidal flat mounts were prepared as described in detail.44

Briefly after fixation in 4% paraformaldehyde, the cornea, lens and
neurosensory retina of the enucleated eyes were removed from the eye.
The remaining eyecups were washed with PBS and placed in 50 and 100%
methanol for 10min each at room temperature. The samples were then
placed in PBS containing 1% bovine serum albumin and 0.5% TritonX-100
as a blocking buffer for 1 h at room temperature. This was followed by
incubation with the primary antibodies overnight at 4 °C and second
antibodies for 1 h at room temperature. Several radial cuts were made
from the edge to the equator and the eyecups were flat mounted in
mounting medium. Choroidal flat mounts were observed with a laser
scanning confocal microscope (Nikon A1; Nikon, Tokyo, Japan), and the
volumes at each burn were measured using a software (NIS-Elements
Software; Nikon).
The primary antibodies were fluorescein-labeled isolectin B4 (FL1201;

1:200 dilution; Vector Laboratories, Burlingame, CA, USA) for CNV and

Figure 8. RNAi agent-mediated effects on TLR3 phosphorylation and
IL-12 levels in cultured human RPE cells in vitro, and target sequence-
independent CNV suppression in vivo. In vitro, cultured RPE cells were
transfected or not transfected with NI0000, NI0079, NK0000 or
NK0144. Total protein was extracted at 30min after transfection for
western blot (a) or 24 h after transfection for ELISA (b). In vivo, mice
were injected intravitreally with 1 μl of 10 μM each RNAi agents on day
0 after CNV induction. CNV volumes 7 days after the injection were
analyzed using choroidal flat mounts stained with isolectin B4 (c).
(a) TLR3 phosphorylation was detected in RPE cells after exposure to
NI0000 or NI0079, whereas NK0000 and NK0144 had no effect on TLR3
phosphorylation. β-Actin served as loading control. (b) IL-12 levels in
RPE cells exposed to NI0000 or NI0079 were significant higher,
whereas no significant difference was observed between RPE cells
without treatment and those transfected with NK0000 or NK0144
(n=4 per group). *Po0.05. (c) Target sequence-independent CNV
suppression was observed in the double-stranded scrambled siRNA
(NI0000) injection group, whereas there was no decrease of CNV in the
corresponding single-stranded scrambled RNAi (NK0000) injection
groups compared with PBS injection group (n=8 per group).
Intravitreal injection of NK0144 showed significantly smaller areas of
CNV than eyes after NK0000 injections. *Po0.05.
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collagen type I (600-401-103; 1:100 dilution; ROCKLAND, Gilbertsville, PA,
USA) for choroidal fibrous tissue. The second antibody for collagen type I
was Alexa Fluor 647 (1:100 dilution; Molecular Probes).

Preparation of new class of RNAi agent targeting POSTN
New RNAi agents were synthesized on solid phase as single-stranded RNAs
as described in detail.35 NI0079 was a canonical double-stranded siRNA
designed to target the mRNA of human and mouse Postn (Figure 4a), and
NI0000 was a scrambled double-stranded siRNA. A long single-stranded
oligonucleotides, denoted as NK0144, was constructed by incorporating
the sense and antisense nucleotides of NI0079 into the scaffold of a unique
RNAi platform named nkRNA (Figure 4b).35 The nkRNAs are new class of

RNAi agents that spontaneously anneal to form a helical structure
containing a double-stranded central stem and two loops within a
molecule.35 NK0000 was also a new class of RNAi agent, but the sequences
were scrambled. The sequences of the RNAi agents were described in
detail in Table 1.

Cell culture and transfection
Cells from the ARPE19 cell line and human primary RPE cells isolated from
fetal human eyes (Lonza, Walkersville, MD, USA) were used for the in vitro
studies. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 100 Uml–1 penicillin, 100 μgml–1 streptomycin and
10% heat-inactivated fetal bovine serum at 37 °C in 5% CO2.

Figure 9. Absence of apparent adverse effects of NK0144 intravitreal injection on function and morphology in mouse retinas. Intravitreal
injection of NK0144 was performed on days 0 and 7. (a) Scotopic ERGs recorded on day 21 in eyes without any treatment and eyes with
NK0144 treatment. The differences in the amplitudes of the a-wave and b-wave between untreated group and NK0144 treatment group were
not significant (n= 4). (b) Hematoxylin and eosin (H&E) staining of retinas obtained on day 21 from mice with NK0144 treatment appeared
normal as well as those from untreated mice. (c) TUNEL staining of retinas from CNV model mice (left) was used as a TUNEL-positive control.
No TUNEL-positive cells were observed in retinas of eyes at 21 days after NK0144 treatment (right). Scale bars= 50 μm.
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When the cultured cells in 24-well plates were 50–70% confluent, they
were transfected with canonical double-stranded siRNA (NI0079), or the
new single-stranded RNAi agent (NK0144) for POSTN, or a negative control
RNAi. The incubation time for the transfection was 24 h using the RNAi
MAX reagent (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. The final concentrations of RNAi agents were 0.01, 0.1 and
1 nM to determine the knock-down effect of NK0144 transfection on the
expression of POSTN in ARPE19 cells. To assay the primary RPE cells, a final
concentration of 10 nM RNAi agents was chosen. The reagent mixtures for
transfection were replaced by DMEM containing 3% fetal bovine serum
with recombinant TGF-β2 at a final concentration of 3 ngml–1 as the
inducer of POSTN, followed by each assay.

Cell viability and adhesion assay (MTT assay)
Cell viability was assessed at 24, 48 and 72 h after transfection by staining
with 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide
(MTT: 5 mgml–1; Sigma-Aldrich, St Louis, MO, USA) as described in
detail.49 In brief, the reagent mixture for transfection was removed and
fresh medium with 5mgml–1 MTT was added for 5 h to detect live cells.
The MTT assay was also used to measure cell adhesion as described.20

Briefly, transfected RPE cells were placed in DMEM containing 3% fetal
bovine serum and recombinant TGF-β2 for 24 h. The cells were then
trypsinized and 1× 104 cells were injected on fibronectin-coated wells and
allowed to attach for 60min. After washing gently with PBS twice, fresh
medium with 5mgml–1 MTT was added for 5 h.
Each MTT assay was quantified by measuring the level of formazan

precipitates using 100% DMSO (Sigma-Aldrich). The absorbance at 590 nm
was measured using an Immuno Mini NJ-2300 plate reader (NJ InterMed,
Tokyo, Japan).

Cell proliferation assay
For cell proliferation assays, 1 × 104 transfected RPE cells were seeded in
each well of 96-well plates and incubated with TGF-β2. After 24 h,
bromodeoxyuridine (BrdU)-ELISA (Roche) was used to assess the cell
proliferation according to the manufacturer’s instructions.

Cell migration assay
The Oris 96-well cell migration assay kit (Platypus Technologies, Madison,
WI, USA) was used to assess the degree of cell migration according to the
manufacturer’s instructions. Briefly, 5 × 104 RPE cells were seeded in each
fibronectin-coated well and transfected with each RNAi agents. After 1 h of
pretreatment in DMEM with 3% fetal bovine serum containing recombi-
nant TGF-β2 and 5 μgml–1 aphidicolin (Sigma-Aldrich) to inhibit cell
division, the stoppers were removed to start the migration of cells into the
detection zone. After 48 h from the initiating of migration, the cells were
stained with DMEM containing calcein AM (2 μgml–1, Molecular Probes) for
1 h. Then, the signal intensity of the stained cells that migrated into the
detection zone was measured with a Spectra Max M5 microplate reader in
the fluorescence mode (Molecular Devices, Sunnydale, CA, USA). The
fluorescence filter set (excitation 485 nm and emission 528 nm) with an
Oris detection mask attached to the bottom of the plate was used.

POSTN RNAi treatment in vivo
Immediately after the laser photocoagulation, mice were given an
intravitreal injection of 1 μl PBS containing 10 μM of control siRNA in one
eye and NK0144 in the fellow eye. An additional injection was given on day
7 for the choroidal fibrosis volume assessments. The intravitreal injections
were performed 0.5 mm away from the limbus using a 1ml Hamilton
syringe (Hamilton, Reno, NV, USA) and a 33-gauge needle under a surgical
microscope.

Assessment of distribution of FITC-labeled NK0144 in retina after
intravitreal injections
Mice that received an intravitreal injection of FITC-labeled NK0144 were
killed at 24, 72 and 120 h after the injection, and the enucleated eyes were
frozen in optimal cutting temperature embedding compound (OCT
compound; Sakura Finetek, Tokyo, Japan). Then, 10 μm thick frozen
sections were cut with a cryostat and fixed in acetone. After blocking with
3% skim milk, the nuclei were stained with DAPI and mounted with
aqueous mounting medium. The sections were examined with a
fluorescent microscope.

Laser-capture microdissection
Laser-capture microdissection was used to purify the CNV sites from whole
retinas. Eyes from mice injected with each RNAi agents were enucleated at
day 14 and embedded in OCT compound (4583; Sakura Finetech) and kept
at –80 °C until sectioning. Then, 10 μm thick sections were cut with a
cryostat and placed on glass slides designed for laser microdissection
microscopy (LMD6500; Leica Microsystems, Wetzlar, Germany). Sections
were stained with toluidine blue and only CNV sites were collected by laser
microdissection.

Western blot analysis
RPE cells were seeded in collagen-coated six-well plates. After starvation
with serum-free DMEM for 24 h, the cells were transfected with each RNAi
agents. After 30-min incubation, the total cell lysates were extracted using
lysis buffer with protease inhibitor and phosphatase inhibitor (Thermo).
The extracted cell lysates were subjected to 4–12% sodium dodecyl
sulfate-NuPAGE, and the blots were incubated with an Ab against
phosphorylated TLR3 (Tyr759, NBP2-24904: 0.1 μgml–1; Novus Biologicals,
Littleton, CO, USA). Visualization was performed using a SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo) detection system. Lane-
loading differences were determined by blotting the membranes with an
Ab against β-actin (4970: 1:1000; Cell Signaling Technology, Danvers,
MA, USA).

Electroretinography
ERGs were recorded as described in detail.50 Briefly, mice were dark-
adapted overnight and were anesthesized under dim red light. The pupils
were dilated and recordings were made using the PuREC system (MAYO,
Aichi, Japan). ERGs were recorded on day 21 after the intravitreal injections
of 1 μl PBS containing 100 pmol NK0144 on days 0 and 7. The ERGs of the
untreated eyes were used as controls. The scotopic ERGs were elicited by a
stimulus intensity of 10 000 cdm–2, and the responses were differentially
amplified and filtered between 0.3 and 500 Hz.

Histology and TUNEL
Hematoxylin and eosin and TUNEL staining of paraffin-embedded sections
were performed. An ApopTag Fluorescein In Situ Apoptosis Detection Kit
(Millipore) was used for the TUNEL staining, and the procedures were
according to the manufacturer’s protocol. The sections were costained
with DAPI (Molecular Probes) to observe the cell nuclei, and the stained
sections were examined under a fluorescence microscope. A retina from
the mouse CNV model was used as a TUNEL-positive control.

Statistical analyses
All results are expressed as the means ± s.e.m. All statistical analyses of the
differences between groups were made using the Dunnett's test or
Wilcoxon rank sum test. Differences were considered significant for
Po0.05. Statistical analyses were performed using JMP 9.0.2 (SAS Institute,
Cary, NC, USA).
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