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The receptor-associated prorenin system refers to the patho-
genic mechanism whereby prorenin binding to (pro)renin re-
ceptor [(P)RR] dually activates the tissue renin-angiotensin
system (RAS) and RAS-independent signaling, and its activa-
tion contributes to the molecular pathogenesis of various
ocular diseases. We recently developed a new single-stranded
RNAi agent targeting both human and mouse (P)RR ((P)RR-
proline-modified short hairpin RNA [(P)RR-PshRNA]), and
confirmed its therapeutic effect on murine models of ocular
inflammation. Here, we investigated the efficacy of (P)RR-
PshRNA against laser-induced choroidal neovascularization
(CNV) and subretinal fibrosis, both of which are involved in
the pathogenesis of age-related macular degeneration (AMD).
Administration of (P)RR-PshRNA in mice significantly
reduced CNV formation, together with the expression of in-
flammatory molecules, macrophage infiltration, and extracel-
lular signal-regulated kinase (ERK) 1/2 activation. In addition,
(P)RR-PshRNA attenuated subretinal fibrosis, together with
epithelial-mesenchymal transition (EMT)-related markers
including phosphorylated SMAD2. The suppressive effect of
(P)RR-PshRNA is comparable with aflibercept, an anti-
vascular endothelial growth factor drug widely used for AMD
therapy. AMD patient specimens demonstrated (P)RR co-
localization with phosphorylated ERK1/2 in neovascular endo-
thelial cells and retinal pigment epithelial cells. These results
indicate that (P)RR contributes to the ocular pathogenesis of
both inflammation-related angiogenesis and EMT-driven
fibrosis, and that (P)RR-PshRNA is a promising therapeutic
agent for AMD.
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INTRODUCTION
Age-related macular degeneration (AMD) is the leading cause of irre-
versible blindness worldwide.1 The wet (neovascular or exudative)
type of AMD usually causes severe vision loss and is characterized
by choroidal neovascularization (CNV), which extends from the
choroid into the subretinal space and disrupts Bruch’s membrane
and the retinal pigment epithelium (RPE). The development of
CNV is subsequently followed by subretinal fibrosis, which accounts
for most cases of the severe vision loss in the late stage of AMD, lead-
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ing to permanent photoreceptor damage and vision loss.2,3 Among
the several molecular players involved in the pathogenesis of CNV,
vascular endothelial growth factor (VEGF)-A plays distinct roles in
pathological angiogenesis and inflammation in AMD.4 Anti-VEGF
therapy has become the standard treatment for improving visual acu-
ity; however, a large percentage of patients suffer from poor visual
prognosis because of subretinal fibrosis.5,6 Therefore, alternative ther-
apeutic approaches, which can attenuate both CNV and subretinal
fibrosis formation, would fulfill an unmet medical need in the treat-
ment of AMD.

The renin-angiotensin system (RAS), a known key regulator of sys-
temic blood pressure and water balance (circulatory RAS), has
distinct roles in pathological angiogenesis and inflammation in
various organs (tissue RAS).7,8 (Pro)renin receptor [(P)RR, encoded
by the ATP6AP2 gene], which locates at the upstream of tissue
RAS, binds with prorenin, leading to not only the activation of tissue
RAS but also its intracellular signaling pathways through phosphor-
ylation of extracellular signal-regulated kinase (ERK) 1/2, and
regulates the expression of various pathogenic molecules including
monocyte chemotactic protein (MCP)-1, also known as C-C motif
chemokine ligand (CCL) 2, and intercellular adhesion molecule
(ICAM)-1.9,10 This dual activation of tissue RAS and the RAS-inde-
pendent signaling, termed as the receptor-associated prorenin system
(RAPS), was revealed to be involved in the molecular pathogenesis
such as inflammation and pathological angiogenesis in various
disorders.9–13 In addition, activation of (P)RR increases the expres-
sion of transforming growth factor (TGF)-b1 and extracellular matrix
proteins (e.g., type I collagen and fibronectin), leading to fibrotic
changes in several renal cell lines and in the heart and kidney of hy-
pertensive rats.14–17 Importantly, we revealed the expression of RAPS
y: Nucleic Acids Vol. 17 September 2019 ª 2019 The Authors. 113
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Figure 1. Suppression of Laser-Induced CNV Formation by (P)RR-PshRNA

(A–E) Representative micrographs of CNV lesions (isolectin B4, green) in the RPE-

choroid flat mounts at post-laser day 7 frommice treated with (A) PBS, (B) 100 pmol

control-PshRNA, or (C) 30, (D) 100, and (E) 300 pmol (P)RR-PshRNA, respectively.

Scale bar, 50 mm. (F) Quantification analysis of the size of CNV [PBS = 8,966 ±

2,040 mm2, 100 pmol control-PshRNA = 8,660 ± 1,819 mm2, 30 pmol (P)RR-

PshRNA = 6,234 ± 1,424 mm2, 100 pmol (P)RR-PshRNA = 5,526 ± 898 mm2, 300

pmol (P)RR-PshRNA = 4,245 ± 1,185 mm2]. **p < 0.01 (n = 5).
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components, including (P)RR, in the surgically excised fibrotic tissues
from patients with idiopathic epiretinal membrane and proliferative
diabetic retinopathy,18,19 indicating that (P)RR contributes to ocular
fibrotic disorders.

RAS blockers including a direct renin inhibitor aliskiren have no
effect on suppressing the (P)RR downstream signaling because of
prorenin-(P)RR interaction.20 Although (P)RR blocker (PRRB), a
peptide with the structure of the handle region of the prorenin pro-
segment working as a decoy for (P)RR, is the only available agent
to block prorenin-(P)RR binding,21 it has several limitations (e.g., in-
duction of immune response and protease resistance), which preclude
its future clinical application. RNAi is a useful method of suppressing
gene expression because of its high selectivity and potency; however,
canonical double-stranded small interfering RNAs (siRNAs) have
114 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
several problems including the activation of innate immunity via
Toll-like receptors.22 Recently, we developed a novel single-stranded
RNAi agent ((P)RR-proline-modified short hairpin RNA [(P)RR-
PshRNA]), which overcame these obstacles, and found that applica-
tion of (P)RR-PshRNA to mice caused significant amelioration of
acute (uveitic) and chronic (diabetic) models of ocular inflammation,
by downregulating the expression of inflammatory molecules without
adverse events in vivo and in vitro.23 In this study, we investigated the
ability of (P)RR-PshRNA to suppress inflammation-related angio-
genesis and fibrosis together with underlying molecular mechanisms
using a CNV mouse model, RPE and endothelial cell culture, and
human AMD specimens.

RESULTS
Suppression of Laser-Induced CNV Formation by (P)RR-

PshRNA

Previously, we reported that inhibition of angiotensin II type 1 recep-
tor (AT1R) and (P)RR attenuated laser-induced CNV and inflamma-
tion using the animal model, and demonstrated that RAPS was
involved in CNV formation through activation of its intracellular
signaling pathways.8,9 To examine whether intravitreal injection of
(P)RR-PshRNA suppresses the formation of CNV, we quantified
the CNV size stained by isolectin B4 in the flat mounts of the RPE-
choroid complex, in which the CNV tissue arises. Notably, (P)RR-
PshRNA injected into the vitreous cavity of murine eyes was revealed
to deeply penetrate to the RPE and choroid.23 Compared with PBS or
100 pmol control-PshRNA-treated eyes, 100 pmol (P)RR-PshRNA
administration led to a significant decrease in the average CNV size
at post-laser day 7 (Figures 1A, 1B, 1D, and 1F). These suppressive
effects were observed in a dose-dependent manner (Figures 1C–1F).

Inhibition of CNV-Related Inflammatory Molecule Expression,

Macrophage Infiltration, and ERK1/2 Activation by (P)RR-

PshRNA

To investigate the mechanisms by which (P)RR-PshRNA attenuates
CNV formation, we examined expression levels of (P)RR/Atp6ap2
and several major inflammatory molecules including Ccl2, Icam1,
Il6 (interleukin-6), and Tnfa (tumor necrosis factor-a), all of which
are induced via (P)RR signaling9–12,23 and also responsible for the
pathogenesis of CNV.24–27 Compared with normalmice, mRNA levels
of (P)RR/Atp6ap2, Ccl2, Icam1, Il6, and Tnfa in the RPE-choroid com-
plex of mice administrated with control-PshRNA significantly
increased 3 days after laser photocoagulation (Figures 2A–2E). Intra-
vitreal injection of (P)RR-PshRNA significantly inhibited mRNA
expression of these inflammatory molecules as well as (P)RR/Atp6ap2
(Figures 2A–2E). Macrophage infiltration to the choroid has been
proposed to contribute to the pathogenesis of CNV through increased
cytokine and chemokine expression.28,29 To investigate whether
administration of (P)RR-PshRNA affects the infiltration of macro-
phages, we assessed the expression of Emr1 (F4/80), a mouse macro-
phage marker,30 in the RPE-choroid complex. Intravitreal admin-
istration of (P)RR-PshRNA significantly reduced Emr1 mRNA
levels compared with the control-PshRNA (Figure 2F). Consistent
with gene expression data, immunofluorescent staining using an
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anti-F4/80 antibody and isolectin B4 for the CNV area showed that (P)
RR-PshRNA administration significantly suppressed the number of
F4/80-positive cells in the CNV area at 3 days after laser photocoagu-
lation (Figures 2G–2M), suggesting that administration of (P)RR-
PshRNA suppressed CNV-associated macrophage infiltration.

(P)RR has been reported to induce activation of ERK1/2 and produc-
tion of various cytokines and growth factors in vivo and
in vitro.9,10,15,16,18 Therefore, we examined the inhibitory effects of
(P)RR-PshRNA on phosphorylation of ERK1/2 in the RPE-choroid
complex of mice with CNV. Consistent with our previous report in
the CNV model,9 CNV-related elevation of phosphorylated ERK1/2
levels in the RPE-choroid complex was reduced by inhibition of (P)
RR with (P)RR-PshRNA at post-laser day 3 (Figures 2N and 2O), sug-
gesting that administration of (P)RR-PshRNA can suppress upregu-
lation of (P)RR/Atp6ap2, together with both inflammatory molecule
expression and CNV formation via ERK1/2 activation.

Suppression of Subretinal Fibrosis and Fibrotic Molecules via

the ERK1/2-Mediated TGF-b/SMAD2/SNAIL Pathway by (P)RR-

PshRNA

Subretinal fibrosis, a wound healing response that follows CNV in
AMD, is accompanied by destruction of photoreceptors, RPE, and
choroidal vessels, leading to severe vision loss.5,6 The epithelial-
mesenchymal transition (EMT) plays physiological roles in embry-
onic development and wound healing, whereas EMT dysfunction
causes pathological reactions including carcinogenesis and fibrogen-
esis.31–33 The activation of (P)RR has been shown to induce the
expression of profibrotic molecules and EMT changes, contributing
to cardiac fibrosis in genetic hypertension rats,14 as well as mesangial
fibrosis in renal cells.15–17 To evaluate whether intravitreal injection of
(P)RR-PshRNA suppresses CNV-associated subretinal fibrosis,
composed mainly of type I collagen, we stained flat mounts of the
RPE-choroid complex with an anti-type I collagen antibody to quan-
tify the size of subretinal fibrosis at 7 and 21 days after laser. The
average fibrosis size significantly decreased in CNV mice treated
with (P)RR-PshRNA compared with controls at both evaluation
points (Figures 3A–3C and S1A–S1C).

To further investigate themolecular mechanism for the attenuation of
fibrosis, we analyzed mRNA expression levels of Tgfb1 (TGF-b1),
Acta2 (a-smooth muscle actin [a-SMA]), Col1a1 (type I collagen),
and Fn1 (fibronectin), all of which are representative EMT-related
mesenchymal markers.31–33 Tgfb1mRNA levels, significantly elevated
at 3 days after laser injury, were reversed by intravitreal injection of
(P)RR-PshRNA (Figure 3D). Given that RPE cells are the major
Figure 2. Inhibition of CNV-Related Inflammatory Molecule Expression, Macro

(A–F) Gene expression levels of inflammatory molecules (P)RR/Atp6ap2 (A),Ccl2 (B), Icam

mice (control) and CNV mice treated with 100 pmol control-PshRNA or (P)RR-PshRNA.

macrophages (red) (G and J) in CNV lesions (isolectin B4, green) (H and K) fromCNVmice

Scale bar, 50 mm. (M) Quantification of CNV area-adjusted number of F4/80-positive m

0.75/1,000 mm2]. **p < 0.01 (n = 4). (N) Immunoblotting analysis for phosphorylated and

pmol control-PshRNA or (P)RR-PshRNA at day 3 after laser injury. (O) Densitometry va
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source of TGF-b1,34 we confirmed whether ERK1/2 signaling is
required for (P)RR-mediated TGF-b1 expression in vitro. Prorenin
stimulation to RPE cells significantly elevated the phosphorylation
of ERK1/2 and the upregulation of TGF-b1, both of which were
significantly abolished by pretreatment with the ERK1/2 inhibitor
(U0126) and (P)RR-PshRNA (Figures 3E and 3F). At 3 days after
laser injury, Acta2, Col1a1, and Fn1mRNA levels increased; however,
these changes were also significantly attenuated by intravitreal injec-
tion of (P)RR-PshRNA (Figures 3G–3I), consistent with our recent
data on TGF-b1-induced EMT changes in this model.34

Moreover, we examined EMT-related key transcription factors
Snai1 (SNAIL), Snai2 (SLUG), and Twist1 (TWIST) expression
levels after CNV induction. Consistent with our previous data that
SNAIL, but not SLUG or TWIST, was expressed in AMD patient
samples,35 we found that the Snai1, but not Snai2 or Twist1,
mRNA was significantly upregulated in the PRE-choroid complex
at 3 days after laser treatment (Figures 3J, S2A, and S2B). Impor-
tantly, the intravitreal injection of (P)RR-PshRNA inhibited the up-
regulation of Snai1 mRNA level in CNV mice (Figure 3J). TGF-b
signaling with activation (i.e., phosphorylation and nuclear translo-
cation) of SMAD family proteins has been recognized as the major
trigger of EMT in tissue remodeling and fibrosis.31,33 We next
examined the effect of (P)RR-PshRNA on the activation of
SMAD2. The protein levels of phosphorylated SMAD2, enhanced
by laser injury, were significantly suppressed by (P)RR-PshRNA
(Figures 3K and 3L). These results suggested that (P)RR-PshRNA
inhibited the development of subretinal fibrosis through ERK1/2-
mediated TGF-b/SMAD2/SNAIL signaling.

Blockade of Inflammatory Responses by (P)RR-PshRNA in TNF-

a-Stimulated Endothelial Cells and RPE Cells

Previously, we and others reported that TNF-a and lipopolysaccha-
ride (LPS) stimulation induced (P)RR activation in retinal vascular
endothelial cells and alveolar epithelial cells, leading to the activation
of RAPS and subsequent expression of inflammatory molecules in an-
imals.11,36,37 To confirm our in vivo data, we further investigated
whether (P)RR-PshRNA suppresses the expression of inflammatory
and profibrotic molecules in TNF-a-stimulated murine microvas-
cular endothelial cells (b.End3) and human RPE cells. TNF-a stimu-
lation to endothelial cells and RPE cells significantly increased the
mRNA levels of Ccl2/CCL2, Icam1/ICAM1, Il6/IL6, and Tnfa/
TNFA, as well as (P)RR/ATP6AP2 (Figures 4A–4E). Tgfb1/TGFB1
did not respond to TNF-a stimulation (Figure 4F), which is rather
complemented by our present and recent data showing the RPE in-
duction of TGF-b by prorenin/(P)RR/ERK1/2 signaling (Figures 3E
phage Infiltration, and ERK1/2 Activation by (P)RR-PshRNA

1 (C), Il6 (D), Tnfa (E), and Emr1 (F) in the RPE-choroid complex of untreated normal

*p < 0.05, **p < 0.01 (n = 6–8). (G–L) Representative micrographs of F4/80-positive

treated with 100 pmol control-PshRNA or (P)RR-PshRNA. (I and L) Merged images.

acrophages [control-PshRNA = 10.83 ± 2.48/1,000 mm2, (P)RR-PshRNA = 3.17 ±

total ERK1/2 in the RPE-choroid complex of control and CNV mice treated with 100

lues of phosphorylated ERK1/2 normalized to total ERK1/2. **p < 0.01 (n = 4).
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Figure 3. Suppression of Subretinal Fibrosis and Fibrotic Molecules via the ERK1/2-Mediated TGF-b/SMAD2/SNAIL Pathway by (P)RR-PshRNA

(A and B) Representative micrographs of subretinal fibrosis lesions (type I collagen, red) in the RPE-choroid flat mounts at post-laser day 7 from mice treated with 100 pmol

control-PshRNA (A) or (P)RR-PshRNA (B). Scale bar, 50 mm. (C) Quantification analysis of the size of subretinal fibrosis [control-PshRNA = 11,149 ± 3,204 mm2, (P)RR-

PshRNA= 8,264 ± 1,376 mm2]. **p < 0.01 (n = 6–8). (D) Gene expression level of profibrotic cytokine Tgfb1 in the RPE-choroid complex of untreated normal mice (control) and

CNV mice treated with 100 pmol control-PshRNA or (P)RR-PshRNA. *p < 0.05, **p < 0.01 (n = 6). (E) Immunoblotting for phosphorylated and total ERK1/2 and (P)RR in

(legend continued on next page)
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and 3F) and by TGF-b/SMAD2 signaling (i.e., autoinduction).34

Consistent with the in vivo results (Figures 2A–2E and 3D), the
silencing of (P)RR/ATP6AP2 by (P)RR-PshRNA prevented mRNA
expression of these inflammatory and profibrotic molecules (Figures
4A–4F). Similarly, LPS-induced inflammatory responses in endothe-
lial cells and RPE cells were also suppressed by (P)RR-PshRNA treat-
ment (Figures S3A–S3F).
Attenuation of CNV and Subretinal Fibrosis Formation in RPE-

Specific (P)RR/Atp6ap2-CKO Mice

To further validate our findings of the anti-angiogenic and -fibrotic
effects of (P)RR-PshRNA in mice (Figures 1 and 3), we generated
RPE-specific (P)RR/Atp6ap2-conditional knockout (CKO) mice by
crossing loxP/Atp6ap2 mice38,39 and BEST1-Cre transgenic mice.
BEST1-Cre is expressed after post-natal day 10 in the RPE.40 Prelim-
inary results confirmed that Atp6ap2 expression significantly
decreased in the RPE-choroid complex of CKO mice compared
with controls (Figures S4A and S4B). Next, we checked the impact
of CNV induction on angiogenesis and fibrosis in Atp6ap2-CKO
mice at 7 days after laser treatment. Both CNV and fibrosis sizes
were significantly attenuated in Atp6ap2-CKO mice compared with
those in controls (Figures 5A–5F).
Comparison between (P)RR-PshRNA and Aflibercept in the

Suppressive Effects of CNV and Subretinal Fibrosis Formation

Because (P)RR-PshRNA was shown to have potential as a possible
candidate drug for the treatment of AMD (Figures 1, 2, and 3), we
further compared the efficiency of (P)RR-PshRNA with that of afli-
bercept, one of the first-line anti-VEGF drugs in clinical practice,41

for CNV and subretinal fibrosis formation. The sizes of CNV and sub-
retinal fibrosis were quantified in CNVmice that received intravitreal
injection of PBS, aflibercept at the clinically applied dose, (P)RR-
PshRNA, and combination of aflibercept and (P)RR-PshRNA.
CNV significantly decreased and subretinal fibrosis tended to
decrease without statistical significance in mice treated with afliber-
cept (Figures 6A–6D, 6I, and 6J), whereas animals treated with (P)
RR-PshRNA showed significant decreases in both CNV and subreti-
nal fibrosis compared with those treated with PBS (Figures 6E, 6F, 6I,
and 6J), in accordance with data shown in Figures 1 and 3. We also
determined whether injection of a mixture of aflibercept and (P)
RR-PshRNA achieves a larger inhibition than produced by each
alone. Compared with PBS-treated animals, combination of afliber-
cept and (P)RR-PshRNA significantly decreased both CNV and sub-
retinal fibrosis (Figures 6G–6J); however, we could detect no additive
effect under this condition. These results suggested that the therapeu-
tic effect of (P)RR-PshRNA was comparable with that of aflibercept.
human RPE cells stimulated with prorenin at 20 nM for 24 h following pretreatment with

for 24 h. (F) Relative gene expression levels of TGFB1 in prorenin-stimulated human RPE

(G–J) Gene expression level of EMTmarkers Acta2 (G),Col1a1 (H), Fn1 (I), and Snai1 (J) i

with 100 pmol control-PshRNA or (P)RR-PshRNA. *p < 0.05, **p < 0.01 (n = 6). (K) Im

control and CNVmice treated with control-PshRNA or (P)RR-PshRNA at day 3 after laser

total SMAD2. **p < 0.01 (n = 4).
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Co-localization of (P)RR with Phosphorylated ERK1/2 in AMD

Patient Specimens

Previously, we demonstrated (P)RR localization in neovascular endo-
thelial cells in the fibrovascular tissue from eyes with proliferative dia-
betic retinopathy and RPE cells of a postmortem human eye;18,42

however, no data on AMD patient samples have been reported. To
examine the tissue localization of (P)RR, we performed immunoflu-
orescence for the CNV tissue in AMD patient specimens. Double-
staining experiments demonstrated that (P)RR immunoreactivity
was detected in CD34-positive neovascular endothelial cells (Figures
7A–7C) and RPE65-positive RPE cells (Figures 7G–7I), both of which
showed co-localization with phosphorylated ERK1/2 (Figures 7D–7F
and 7J–7L). (P)RR co-localization with phosphorylated ERK1/2-pos-
itive new vessels is comparable with our previous report on prolifer-
ative diabetic retinopathy.18 These results indicated the involvement
of (P)RR and its downstream ERK1/2 signaling activation in the path-
ogenesis of CNV and subretinal fibrosis in human AMD.

DISCUSSION
The current study reveals, for the first time, several important findings
concerning the involvement of (P)RR in the pathogenesis of CNV and
subretinal fibrosis. Inhibition of (P)RR by intravitreal injection of (P)
RR-PshRNA significantly suppressed CNV formation (Figure 1), the
expression of CNV-related inflammatory molecules via the ERK1/2
pathway, and macrophage influx into the RPE-choroid complex in
the murine model (Figure 2). Application of (P)RR-PshRNA sup-
pressed the expression of Tgfb1, thereby suppressing subretinal
fibrosis formation together with EMT-related markers including
phosphorylated SMAD2 (Figure 3). Notably, prorenin stimulation
to RPE cells significantly increased ERK1/2 phosphorylation, leading
to upregulation of TGF-b1 expression (Figure 3). Consistent with the
in vivo findings, (P)RR-PshRNA suppressed TNF-a-induced inflam-
matory and profibrotic molecules in endothelial cells and RPE cells
(Figure 4). RPE-specific (P)RR/Atp6ap2-CKO mice exhibited amelio-
ration of both CNV and subretinal fibrosis (Figure 5). In addition, the
therapeutic effect of (P)RR-PshRNA was comparable with that of
aflibercept (Figure 6). Importantly, AMD patient specimens demon-
strated the co-localization of (P)RR with phosphorylated ERK1/2 in
neovascular endothelial cells and RPE cells (Figure 7). These results
suggest that the activation of (P)RR triggers molecular cascades for
inflammation-related angiogenesis and EMT-driven fibrosis; conse-
quently, intravitreal (P)RR-PshRNA injection to mice significantly
inhibits the development of CNV and subretinal fibrosis (Figure 8).

A growing body of evidence has shown that tissue RAS and RAPS
play several important roles in pathological vascular abnormalities,
such as angiogenesis and inflammation, in various organs.7–19,23,37
DMSO, and ERK1/2 inhibitor (U0126) at 10 mM for 30 min or (P)RR-PshRNA at 1 nM

cells pretreated with DMSO, U0126, or (P)RR-PshRNA. *p < 0.05, **p < 0.01 (n = 6).

n the RPE-choroid complex of untreated normal mice (control) and CNVmice treated

munoblotting for phosphorylated and total SMAD2 in the RPE-choroid complex of

photocoagulation. (L) Densitometry values of phosphorylated SMAD2 normalized to
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Inflammation plays important roles in the pathogenesis of CNV
caused by endothelial production of CCL2/MCP-1,24 ICAM-1,25

IL-6,26 and TNF-a,27 all of which proved to be regulated by (P)
RR,9–12,23 as well as ERK1/2,9,10,18 and responsible for the recruitment
of proangiogenic macrophages.25,29 Importantly, we previously re-
ported that (P)RR co-localized with phosphorylated ERK1/2-express-
ing endothelial cells in the fibrovascular tissue surgically excised from
human eyes with proliferative diabetic retinopathy,18 and that RAS-
independent intracellular signaling via (P)RR contributed to the acti-
vation of ERK1/2 in the retina of diabetic mice.10 The current study is
the first to show (P)RR expression in neovascular endothelial cells and
its co-localization with phosphorylated ERK1/2 in the CNV tissue of
AMD patient specimens (Figures 7A–7F). Inhibition of (P)RR using
(P)RR-PshRNA significantly inhibited the inflammatory pathogen-
esis of CNV both in vivo and in vitro (Figures 1, 2, 4, and S3) followed
by macrophage infiltration, consistent with our previous report.9

Taken together, (P)RR activation would be a common mechanism
for enhancing inflammation-related angiogenesis in the eye, which
is driven in part by ERK1/2 phosphorylation and subsequent expres-
sion of inflammatory molecules.

Clinically, subretinal fibrosis has recently been regarded as a key path-
ological event in CNV, basically a form of fibrovascular proliferation
consisting of both vascular and fibrous components, the latter of
which would theoretically be and actually seemed to be resistant to
anti-VEGF therapy.5,6 As a major trigger for fibrotic changes, TGF-
b1, a key multifunctional cytokine stimulated by ERK1/2 activation,43

is known to induce the phosphorylation and translocation of SMAD
proteins, leading to the differentiation of fibroblasts into myofibro-
blasts both in vitro and in vivo.31–33 Indeed, AMD patient specimens
previously demonstrated the potent immunoreactivity of TGF-b1 in
CNV-associated RPE cells,44 and the process of CNV-associated sub-
retinal fibrosis was shown to be mainly caused by TGF-b1-SMAD2/3
signal transduction, leading to SNAIL-mediated EMT changes in RPE
120 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
cells.34,35,45,46 Our in vivo data showed that
administration of (P)RR-PshRNA significantly
suppressed CNV-related TGF-b1 expression,
leading to reduction in phosphorylated
SMAD2 and Snai1 expression levels, thereby
ameliorating subretinal fibrosis formation (Figure 3). Although RPE
cells were shown to be equipped with an autoinduction system for
TGF-b1 expression via TGF-b1/SMAD2 signaling,34 little is known
about upstream stimuli for triggering TGF-b1 upregulation in the
first place during CNV-associated subretinal fibrosis formation. The
current study is the first to show the contribution of the prorenin/
(P)RR/ERK1/2 axis to the induction of TGF-b1 expression in RPE
cells. Importantly, we revealed that (P)RR was expressed in RPE cells
and co-localized with phosphorylated ERK1/2 in the CNV tissue of
AMD patient specimens (Figures 7G–7L). Supporting our current re-
sults, previous studies using a genetic hypertension rat model and
renal cell lines indicated that activation of (P)RR significantly
increased the expression of TGF-b1, type I collagen, and fibronectin
via the ERK1/2 pathway, all of which were abolished by (P)RR
blockade,14–17 suggesting the biological significance of (P)RR as a
key promotor for fibrosis in various organs.

Intravitreal injection of VEGF blockers is a first-line therapy for
several ocular disorders including AMD; however, the anti-VEGF
strategy is not necessarily effective for all patients.47,48 Despite the
successful results of numerous prospective clinical trials, 10% to
30% of patients have been shown to be non-responders for anti-
VEGF drugs. We revealed that the therapeutic effect of (P)RR-
PshRNA was comparable with that of aflibercept, indicating its
possibility of an alternative treatment option for AMD. In conclusion,
our present data indicate that (P)RR plays pivotal roles in the patho-
genesis of both inflammation-related angiogenesis and EMT-driven
subretinal fibrosis in AMD, and also provide evidence that inhibition
of (P)RR is a promising strategy in clinical practice.

MATERIALS AND METHODS
RNAi Agent Targeting (P)RR/Atp6ap2

A new class of single-stranded RNAi agent targeting both human and
mouse (P)RR/ATP6AP2, (P)RR-PshRNA, was synthesized on a solid
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phase as a single-strand RNAi segment containing a short hairpin
structure and used as follows: 50-GUU UUC CGA AAU GGA AAU
CC-P-GGA UUU CCA UUU CGG AAA ACA G-30.23 P indicates a
proline derivative. A negative control-PshRNA was 50-UAC UAU
UCG ACA CGC GAA GUU CC-P-GGA ACU UCG CGU GUC
GAA UAG UAU U-30, as established previously.23

Animals

C57BL/6Jmice aged6–8weeks (CLEAJapan,Tokyo, Japan)weremain-
tained in the animal facility at Hokkaido University. Atp6ap2-floxed
mice38,39 were bred with a bestrophin 1 (BEST1)-Cre transgenic mouse
line (Jackson Laboratory, Bar Harbor, ME, USA), which express Cre
recombinase specifically in the RPE.40All animal experimentswere per-
formed 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 Ethics ReviewCommittee forAnimal Experimentation
of Hokkaido University.

Laser-Induced CNV Model and Drug Application

CNVs were generated as described previously.49 In brief, under deep
anesthesia, laser photocoagulation (532 nm, 180 mW, 75 mm, 100 ms;
Molecular Therap
Novus Spectra; Lumenis, Tokyo, Japan) was per-
formed around the optic disc using a slit-lamp de-
livery system with a cover glass as a contact lens.
Four laser spots per eye for immunohistochem-
istry and six laser spots for mRNA and protein
analysis were placed. The formation of a subreti-
nal bubble at the time of laser photocoagulation
indicated the rupture of Bruch’s membrane.
(P)RR-PshRNA, aflibercept (2.5mg; Bayer, Lever-
kusen,Germany), or amixture of (P)RR-PshRNA
and aflibercept in 1 mL PBS per eye was injected
into the vitreous cavity of mice immediately after
laser injury. An additional injection was given on
day 7 for quantification of subretinal fibrosis at day 21 after laser.
Controls received control-PshRNAorPBS. The dose of in vivo injection
of control or (P)RR-PshRNAwas determined to be 100 pM in 1 mL PBS
per eye, at which (P)RR-PshRNA significantly suppresses the size of
CNV in dose-ranging experiments.

Measurement of CNV and Choroidal Fibrosis

Seven days after laser injury, eyes were enucleated and fixed in 4%
paraformaldehyde. After removal of the anterior segment and
retina, four radial incisions were made, and the remaining RPE-
choroid complexes were incubated with isolectin B4-Alexa 488
(1:100; Thermo Fisher Scientific, Waltham, MA, USA) and rabbit
anti-collagen type I antibody (1:100; Rockland Immunochemicals,
Limerick, PA, USA) to detect CNV and choroidal fibrosis, respec-
tively. The secondary antibody for type I collagen was Alexa 546
(1:200; Thermo Fisher Scientific). A fluorescence microscope (Bio-
revo; Keyence, Tokyo, Japan) was used to measure the area of CNV
and choroidal fibrosis.

RNA Isolation and Real-Time PCR Analyses

Total RNA isolation and reverse transcription were performed us-
ing TRIzol (Thermo Fisher Scientific) and GoScript Reverse
y: Nucleic Acids Vol. 17 September 2019 121
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Transcriptase (Promega, Madison, WI, USA) according to the
manufacturer’s protocols. All primers are listed in Table S1.
Real-time qPCR was performed using the GoTaq qPCR Master
mix (Promega) and StepOne Plus Systems (Thermo Fisher Scien-
tific). Gene expression levels were calculated using the 2�ddCt

method, and all experimental samples were normalized using glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh) as an internal
control.

Quantification of Infiltrating Macrophages

Three days after laser injury, the RPE-choroid complex was incu-
bated with isolectin B4-Alexa 488 and rat anti-F4/80 antibody
(1:100; Serotec, Oxford, UK). Alexa 546 goat anti-rat secondary
antibody (1:200; Thermo Fisher Scientific) was then applied. The
isolectin B4-stained area of CNV and F4/80-positive macrophages
122 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
were quantified, and the area-adjusted num-
ber of macrophages was calculated.

Immunoblot Analyses

The tissues and cells were lysed in SDS buffer.
After quantifying protein concentrations
using BCA reagent (Thermo Fisher Scientific),
proteins (20 mg) were resolved by SDS-
PAGE and transferred to the polyvinylidene
difluoride (PVDF) membrane (Merck Milli-
pore, Burlington, MA, USA) by electroblot-
ting. Membranes were incubated with
the following primary antibodies: rabbit
anti-phosphorylated ERK1/2 (1:1,000), rabbit
anti-ERK1/2 (1:1,000), rabbit anti-phosphory-
lated SMAD2 (1:1,000), rabbit anti-SMAD2
(1:1,000; Cell Signaling Technology, Danvers,
MA, USA), rabbit anti-(P)RR antibody
(1:1,000; Sigma-Aldrich), and mouse anti-
GAPDH (1:2,000; Thermo Fisher Scientific).
Horseradish peroxidase-conjugated anti-
mouse and anti-rabbit IgGs (1:4,000; Jackson
ImmunoResearch Laboratories, West Grove,
PA, USA) were used as secondary antibodies
for chemoluminescence detection. Signals
were obtained by enhanced chemolumines-
cence (Western Lightning Ultra; Perkin
Elmer, Waltham, MA, USA). The bands
were analyzed by densitometry using ImageJ software (NIH,
Bethesda, MD, USA).

Cell Cultures and Transfection

Murine brain-derived capillary endothelial (b.End.3) and human
RPE (hTERT-RPE1) cells were purchased from American Type
Culture Collection (Manassas, VA, USA) and cultured in DMEM
and DMEM/F12 (Fuji Film Wako Pure Chemicals, Osaka, Japan),
respectively, supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific) at 37�C and 5% CO2. Cells were transfected
with RNAi agents using Lipofectamine RNAiMAX Reagent
(Thermo Fisher Scientific) following the manufacturer’s protocols.
Twenty-four hours after transfection, the composite transfection
mixture was removed and replaced with 1% FBS/DMEM for 24 h,
followed with treatments before each assay. LPS and DMSO were
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purchased from Sigma-Aldrich (St. Louis, MO, USA), human and
mouse TNF-a recombinant protein from PeproTech (Rocky Hill,
NJ, USA), human recombinant prorenin protein from Innovative
Research (Novi, MI, USA), and ERK1/2 inhibitor (U0126) from
Promega.

Immunofluorescence Microscopy

AMD patient specimens were obtained in our clinic by enucleation
due to suspected melanoma from an 82-year-old male with massive
subretinal and vitreous hemorrhage secondary to CNV. This study
was approved by the Ethics Committee of Hokkaido University
Hospital, and written informed consent was obtained from the
patient after an explanation of the purpose and consequence of this
study. The enucleated globe was fixed with 4% paraformaldehyde
and embedded with paraffin. Sections were deparaffinized and hy-
drated through exposure with xylene and graded alcohols followed
by water. As a pretreatment, microwave-based antigen retrieval was
performed in 10 mM citrate buffer (pH 6). These slides were incu-
bated with the following primary antibodies: mouse anti-(P)RR
(1:50),18 rabbit anti-(P)RR (1:50; Sigma-Aldrich), rabbit anti-CD34
(1:100) and mouse anti-RPE65 (1:100; Abcam), and rabbit anti-phos-
phorylated ERK1/2 (1:100; Cell Signaling Technology) antibodies.

Statistical Analysis

All the results are expressed as the mean ± SEM. Student’s t test was
used for statistical comparison between groups, and one-way
ANOVA followed by the Tukey-Kramer method as a post hoc
test was used for multiple comparison procedures. Differences be-
tween means were considered statistically significant when p values
were <0.05.
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Figure S1.  Suppression of subretinal fibrosis at 21 days after laser photocoagulation by (P)RR-
PshRNA
(A,  B)  Representative micrographs of  subretinal  fibrosis  lesions (type I  collagen,  red)  in  the RPE-
choroid flat  mounts  at  post-laser  day 21 from mice treated with 100 pmol control-PshRNA (A) or 
(P)RR-PshRNA (B).  Scale bar, 50 μm.  (C) Quantification analysis of the size of subretinal fibrosis 
[control-PshRNA = 13,695 ± 4,566 μm2, (P)RR-PshRNA = 6,381 ± 2,236 μm2].  **p < 0.01 (n = 5).
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Figure S2. Neither SNAI2 nor TWIST1 is associated with CNV induction in mice  
(A, B) Relative mRNA expression levels of Snai2 (A) and Twist1 (B) in the RPE-choroid complex from 
untreated normal mice (control) and CNV mice treated with 100 pmol control-PshRNA or (P)RR-
PshRNA.  n.s., not significant (n = 6).
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Figure S3. Blockade of inflammatory responses by (P)RR-PshRNA in LPS-stimulated endothelial 
cells and RPE cells 
(A-E) Gene expression levels of inflammatory molecules Atp6ap2/ATP6AP2 (A), Ccl2/CCL2 (B), 
Icam1/ICAM1 (C), Il6/IL6 (D), Tnfa/TNFA (E) and profibrotic cytokine Tgfb1/TGFB1 (F) in 1 nM 
control-PshRNA or (P)RR-PshRNA transfected mouse microvascular endothelial cells stimulated with 
10 ng/ml LPS for 8 hours and 1 nM control-PshRNA or (P)RR-PshRNA transfected human RPE cells 
stimulated with 10 ng/ml LPS for 12 hours.  *p < 0.05, **p < 0.01 (n = 6).
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Figure S4. Gene expression of (P)RR/Atp6ap2 in the RPE-choroid complex of (P)RR/Atp6ap2-CKO 
mice 
(A) Gene expression analysis of (P)RR/Atp6ap2 in the RPE-choroid complex of control and (P)RR/
Atp6ap2-CKO mice. Gapdh was used as an internal control.  (B) Quantification analysis of the relative 
expression of (P)RR/Atp6ap2.  *p < 0.05 (n = 3).



Table S1. Primer sequences used in quantitative RT-PCR

Target gene Sequence

Mouse
(P)RR/Atp6ap2 forward 5'- CCTCATTAGGAAGACAAGGACTATCC -3'

reverse 5'- GGGTTCTTCGCTTGTTTTGC -3'
Ccl2 forward 5'- TTGGCTCAGCCAGATGCA -3'

reverse 5'- CCTACTCATTGGGATCATCTTGC -3'
Icam1 forward 5'- CCTGTTTCCTGGCTCTGAAG -3'

reverse 5'- GTCTGCTGAGACCCCTCTTG -3'
Il6 forward 5'- CACAGAGGATACCACTCCCAACA -3'

reverse 5'- TCCACGATTTCCCAGAGAAACA -3'
Tnfa forward 5'- GGTGCCTATGTCTCAGCCTCTT -3'

reverse 5'- CGATCACCCCGAAGTTCAGTA -3'
Emr1 forward 5'- CTTTGGCTATGGGCTTCCAGTC -3'

reverse 5'- GCAAGGAGGACAGAGTTTATCGTG -3'
Tgfb1 forward 5'- CAGTGGCTGAACCAAGGAGAC -3'

reverse 5'- ATCCCGTTGATTTCCACGTG -3'
Acta2 forward 5'- TCTGTAAGGCCGGCTTTGC -3'

reverse 5'- TGTCCCATTCCCACCATCA -3'
Col1a1 forward 5'- TGACTGGAAGAGCGGAGAGT -3'

reverse 5'- GACGGCTGAGTAGGGAACAC -3'
Fn1 forward 5'- GTCAGTGTCTCCAGTGTCTAC -3'

reverse 5'- TGGCTTGCTGGCCAATCAGT -3'
Snai1 forward 5'- CACACGCTGCCTTGTGTCT -3'

reverse 5'- GGTCAGCAAAAGCACGGTT -3'
Snai2 forward 5'- CAGCGAACTGGACACACACA -3'

reverse 5'- ATAGGGCTGTATGCTCCCGAG -3'
Twist1 forward 5'- GGACAAGCTGAGCAAGATTCA -3'

reverse 5'- CGGAGAAGGCGTAGCTGAG -3'
Gapdh forward 5'- AGGTCGGTGTGAACGGATTTG -3'

reverse 5'- TGTAGACCATGTAGTTGAGGTCA -3'

Human
(P)RR/ATP6AP2 forward 5'- AGGCAGTGTCATTTCGTACC -3'

reverse 5'- GCCTTCCCTACCATATACACTC -3'
CCL2 forward 5'- CGCCTCCAGCATGAAAGTCT -3'

reverse 5'- ATGAAGGTGGCTGCTATG -3'
ICAM1 forward 5'- GCAAGCTCCCAGTGAAATGCAAAC -3'

reverse 5'- TGTCTACTGACCCCAACCCTTGATG -3'
IL6 forward 5'- CCACTCACCTCTTCAGAACG -3'

reverse 5'- CATCTTTGGAAGGTTCAGGTTG -3'
TNFA forward 5'- ACTTTGGAGTGATCGGCC -3'

reverse 5'- GCTTGAGGGTTTGCTACAAC -3'
TGFB1 forward 5'- GCCCTGGACACCAACTATTG -3'

reverse 5'- CGTGTCCAGGCTCCAAATG -3'
GAPDH forward 5'- CCTGGCCAAGGTCATCCATG -3'

reverse 5'- GGAAGGCCATGCCAGTGAGC -3'
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