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A Novel Single-Strand RNAi Therapeutic Agent
Targeting the (Pro)renin Receptor Suppresses
Ocular Inflammation
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The receptor-associated prorenin system (RAPS) refers to the
pathogenic mechanism whereby prorenin binding to the
(pro)renin receptor [(P)RR] dually activates the tissue renin-
angiotensin system (RAS) and RAS-independent intracellular
signaling. Here we revealed significant upregulation of prore-
nin and soluble (P)RR levels in the vitreous fluid of patients
with uveitis compared to non-inflammatory controls, together
with a positive correlation between these RAPS components
and monocyte chemotactic protein-1 among several upregu-
lated cytokines. Moreover, we developed a novel single-strand
RNAi agent, proline-modified short hairpin RNA directed
against human and mouse (P)RR [(P)RR-PshRNA], and we
determined its safety and efficacy in vitro and in vivo. Applica-
tion of (P)RR-PshRNA in mice caused significant amelioration
of acute (uveitic) and chronic (diabetic) models of ocular
inflammation with no apparent adverse effects. Our find-
ings demonstrate the significant implication of RAPS in
the pathogenesis of human uveitis and the potential useful-
ness of (P)RR-PshRNA as a therapeutic agent to reduce ocular
inflammation.
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INTRODUCTION
Inflammation is phylogenetically and ontogenetically the oldest de-
fense system that is initiated by harmful irritation and environments
such as infection and tissue injury.1,2 On the other hand, pathogenic
mechanisms associated with inflammatory reactions have been
implicated in various diseases, including diabetes, cancer, and eye
diseases.3,4 In acute inflammation, leukocytes migrate to extravas-
cular tissues to distinguish and eliminate the offending agent,
mostly contributing to tissue repair. Conversely, in chronic inflam-
mation, leukocytes cause damage to tissues because of continuous
secretion of chemical mediators and toxic oxygen radicals, thereby
leading to a functional maladaptation and tissue remodeling.1,2

However, even in acute inflammation, excessive and repeated acute
attacks can frequently lead to severe tissue damage and destruction.
A growing body of evidence shows that inflammation plays a signif-
icant role in the pathogenesis of vision-threatening retinal diseases
such as age-related macular degeneration and diabetic retinop-
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athy,3,4 in addition to the classic type of intraocular inflammation
known as uveitis.

The renin-angiotensin system (RAS), an important controller of
systemic blood pressure (circulatory RAS), plays distinct roles in
inflammation and vascular abnormalities in various target tissues
and organs (tissue RAS).5,6 With regard to the relationship between
the RAS and the eye, a pharmacological blockade of angiotensin-con-
verting enzyme or angiotensin II type 1 receptor (AT1R) resulted in
beneficial effects on the incidence and progression of diabetic
retinopathy in several clinical trials.7,8 In previous studies, we unrav-
eled the molecular mechanisms in which the tissue RAS causes ocular
inflammation in murine models of diabetes, uveitis, and choroidal
neovascularization.9–11

Prorenin binding to (pro)renin receptor [(P)RR] causes a confor-
mational change of the prorenin molecule to acquire renin enzy-
matic activity (i.e., nonproteolytic activation of prorenin),and thus
triggers tissue RAS activation concurrently with (P)RR-medi-
ated intracellular signal transduction. This dual activation of the
tissue RAS and RAS-independent signaling pathways, referred to
as the receptor-associated prorenin system (RAPS), was shown
to be involved in the molecular pathogenesis of various vascular
disorders such as inflammation and pathological angiogen-
esis.12–17 Aliskiren, a direct renin inhibitor, competitively in-
hibited the renin enzymatic activity of both renin and activated
prorenin via interaction with (P)RR in vitro; however, RAS inhib-
itors including aliskiren have no efficacy in blocking (P)RR’s own
downstream signals.18 Interestingly, (P)RR undergoes cleavage by
ors.
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Table 1. Clinical Characteristics of Patients with Uveitis

Case
No.

Age
(yr) Sex Clinical Diagnosis

Surgical
Indication

Inflammatory
Activity/ Steroid Use

1 63 female sarcoidosis ERM quiescent

2 63 female sarcoidosis ERM quiescent

3 76 male sarcoidosis ERM quiescent

4 66 female sarcoidosis ERM mild on PSL

5 59 female sarcoidosis ERM quiescent

6 73 male sarcoidosis ERM quiescent

7 78 female sarcoidosis VH/ERM quiescent

8 81 female sarcoidosis VH mild on PSL

9 60 female sarcoidosis MH quiescent

10 35 female sarcoidosis ERM mild

11 70 female sarcoidosis ERM quiescent

12 62 female sarcoidosis ERM quiescent

13 70 female sarcoidosis ERM quiescent

14 44 female sarcoidosis ERM quiescent

15 84 male VKH VMT quiescent on PLS

16 83 female
uveitis of unknown
origin

ERM quiescent

17 60 female
uveitis of unknown
origin

SRD mild on PSL

18 72 female
uveitis of unknown
origin

ERM quiescent

19 78 female
uveitis of unknown
origin

VH mild on PSL

20 61 female
uveitis of unknown
origin

ERM mild

21 78 female
uveitis of unknown
origin

VH quiescent

22 65 female
uveitis of unknown
origin

ERM quiescent

ERM, epiretinal membrane; MH, macular hole; PSL, prednisolone; SRD, serous retinal
detachment; VH, vitreous hemorrhage; VKH, Vogt-Koyanagi-Harada disease; VMT,
vitreomacular traction.
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proteases to generate a soluble form of (P)RR [s(P)RR] that
retains its capability for nonproteolytic activation of prorenin,
causing the conversion of angiotensin I from angiotensinogen
in vitro.19 In our recent reports, s(P)RR levels increased in the
vitreous fluid of patients with proliferative diabetic retinopathy
and correlated with vitreous levels of prorenin and vascular endo-
thelial growth factor (VEGF).20,21

Thus, we hypothesize that suppressing RAPS by blocking
prorenin-(P)RR interaction may result in beneficial effects on various
vascular abnormalities represented by inflammation. In this study, we
revealed a significant involvement of the RAPS in human uveitis, and
we then designed a new class of single-strand RNAi molecule selec-
tively targeting human and mouse (P)RR and confirmed its efficacy
in suppressing ocular inflammation using acute (uveitic) and chronic
(diabetic) models in mice.
RESULTS
Elevated Protein Levels of Prorenin and s(P)RR in Correlation

with C-C Chemokine Ligand 2/Monocyte Chemotactic Protein-1

in Human Eyes with Uveitis

We previously reported that elevated s(P)RR is associated with
VEGF-driven angiogenic activity in human diabetic retinopathy.20,21

In addition to diabetic retinopathy, uveitis is also characterized by
intraocular inflammation that leads to vision loss and blindness asso-
ciated with occlusive retinal vasculitis, serous retinal detachment, sec-
ondary epiretinal membrane (ERM), and glaucoma in some severe
cases. To investigate prorenin and s(P)RR involvement in uveitis,
we performed ELISA experiments using vitreous aspirates from
uveitic eyes and non-uveitic control eyes with idiopathic ERM and
a macular hole (MH). The clinical diagnosis of uveitis in the present
study included sarcoidosis, Vogt-Koyanagi-Harada (VKH) disease,
and uveitis of unknown origin, which are the common etiologies of
endogenous uveitis in Japan22 (Table 1). Both the ligand and receptor
proteins were detectable in all of the vitreous samples from uveitic
and control eyes. Notably, RAPS components including prorenin,
s(P)RR, and activated (i.e., receptor-associated) prorenin signifi-
cantly increased in the vitreous fluid of uveitic eyes compared with
controls (Table 2). Moreover, increased prorenin and s(P)RR levels
were significantly correlated with each other (p < 0.01, r2 = 0.632)
(Figure 1A).

The vitreous levels of cytokines such as C-C chemokine ligand (CCL)
2/monocyte chemotactic protein (MCP)-1, interleukin (IL)-6,
platelet-derived growth factor (PDGF)-BB, and VEGF-A, key mole-
cules responsible for inflammation and neovascularization, were
elevated in the eyes of patients with sarcoid uveitis.23 To investigate
the relationship between RAPS activation and ocular inflammation,
we checked the protein levels of several cytokines in vitreous samples
from our uveitic case series. Compared to control eyes, protein levels
of CCL2/MCP-1, IL-6, PDGF-BB, and VEGF-A, but not tumor ne-
crosis factor (TNF)-a or IL-1b, significantly increased in uveitic
eyes (Table 2). Moreover, elevated CCL2/MCP-1 levels were signifi-
cantly correlated with increased RAPS parameters, including
(s)PRR (p < 0.01, r2 = 0.697), prorenin (p < 0.01, r2 = 0.581), and
activated prorenin (p < 0.01, r2 = 0.669) (Figures 1B–1D). These re-
sults indicate that the close link between the RAPS components and
CCL2/MCP-1 levels would validate the pathogenic role of (P)RR that
contributes to inflammation in human uveitis.
Structure and In Vitro Characterization of (P)RR-Proline-

Modified Short Hairpin RNA

Based on our current (Figure 1) and previous findings,12–17,20,21 a
blockade of (P)RR is theorized to prevent the cascade of events essen-
tial in various vascular abnormalities represented by inflammation.
To block the pathological function of (P)RR, we designed a new class
of RNAi agent, proline-modified short hairpin RNA (PshRNA), to
knockdown human and mouse (P)RR/ATP6AP2 [i.e., (P)RR’s gene
name] mRNA. First, we performed in silico analysis regarding various
parameters such as length, structure, sequence, and chemical and
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Table 2. Vitreous Levels of RAPS Components and Various Cytokines

Prorenin
(pg/mL)

s(P)RR
(ng/mL)

Activated
Prorenin (fmol/L)

CCL. /MCP-1
(pg/mL) IL-6 (pg/mL)

PDGF-BB
(pg/mL)

VEGF-A
(pg/mL)

TNF-a
(pg/mL)

IL-1b
(pg/mL)

ERM + MH (n = 13) 115.90 ± 15.17 4.96 ± 0.99 129.68 ± 37.34 1,396 ± 279.7 16.84 ± 6.86 3.64 ± 2.48 2.55 ± 0.29 0.24 ± 1.72 0.01 ± 0

Uveitis (n = 22) 187.29 ± 25.52 9.66 ± 1.07 391.83 ± 93.63 2,764 ± 322.1 72.57 ± 13.50 21.14 ± 5.13 37.69 ± 16.78 3.08 ± 0.78 0.03 ± 0.01

p value 0.022 0.003 0.015 0.005 0.001 0.007 0.028 0.622 0.058

Values are expressed as means ± SEM. ERM, epiretinal membrane; MH, macular hole.
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nucleotide compositions, all of which mediate efficient RNAi,24 and
we generated five candidate RNAi agents targeting a different nucle-
otide sequence of the (P)RR/ATP6AP2 gene (Table S1) common to
both species. We then tested their knockdown efficiency in prelimi-
nary experiments (Figure S1) using human and mouse cell lines, so
as to select one candidate (number 1) as (P)RR-PshRNA in terms
of both potency and persistency of (P)RR/ATP6AP2 knockdown.
Figure 2A shows the base sequence and structure of (P)RR-PshRNA
and (P)RR-small interfering RNA (siRNA).

Next, we investigated nuclease resistance to compare the RNA stabil-
ity between the conventional siRNA and the newly designed PshRNA.
Each RNAi was incubated in the presence of micrococcal nuclease
and the degree of degradation was assessed over time. While
(P)RR-siRNA was completely degraded after 5 min of incubation
with micrococcal nuclease at 0.5 U, (P)RR-PshRNA was still intact
after 30 min (Figure 2B), showing a more potent RNA stability in
(P)RR-PshRNA. Incubation for 30 min with R3 U micrococcal
nuclease showed (P)RR-PshRNA degradation (Figure 2C).

To determine how transfection with (P)RR-PshRNA inhibits the
expression of (P)RR/ATP6AP2 mRNA, in vitro studies with human
retinal pigment epithelial (RPE) and mouse brain microvascular
endothelial (bEnd.3) cell lines were carried out. Real-time RT-PCR
showed that the levels of (P)RR/ATP6AP2 mRNA significantly
decreased following exposure to human RPE and mouse bEnd.3 cells
with 0.01, 0.1, and 1 nM (P)RR-PshRNA as well as (P)RR-siRNA in a
dose-dependent manner (Figures 2D and 2E). We further confirmed
the knockdown efficiency of 1 nM (P)RR-PshRNA in protein expres-
sion levels by immunoblot analysis (Figures 2F and 2G).

Moreover, we investigated whether (P)RR-PshRNA affects off-target
transcripts that have mismatches within the core sequence of
(P)RR-PshRNA. There were no human or mouse mRNA sequences
with one- or two-base mismatches hit by in silico analysis. Impor-
tantly, three (two human and one mouse) off-target transcripts
containing three-base mismatches were found, but there was no
significant effect on any of the three candidates (Figure S2).

Cell viability against an excessively high concentration of RNAi
agents at 100 nM was examined to test their in vitro safety using
human RPE and mouse bEnd.3 cells. There were no significant
differences in cell viability among PBS, control-siRNA, (P)RR-siRNA,
control-PshRNA, and (P)RR-PshRNA (Figure S3).
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Tissue Distribution and In Vivo Safety of (P)RR-PshRNA

To determine tissue distribution of (P)RR-PshRNA injected into the
vitreous cavity of murine eyes, we used tetramethylrhodamine
(TAMRA)-labeled (P)RR-PshRNA. One hour after intravitreal injec-
tion at 100 pmol in 1 mL PBS, the labeled (P)RR-PshRNA signals were
deeply penetrated and widely distributed to the ganglion cell layer,
inner and outer nuclear layers, and RPE in the posterior segment of
the eye and to the corneal epithelium and stroma in the anterior
segment of the eye (Figures S4A–S4D). No signals were detected in
eyes injected with non-labeled (P)RR-PshRNA (Figures S4E–S4H).

To evaluate the safety of (P)RR-PshRNA in retinal tissue, histological
assessment was made with H&E-stained sections. The mouse retinas
at 24 and 48 hr after intravitreal (P)RR-PshRNA injection at 100 pmol
in 1 mL PBS appeared normal and did not differ from those of PBS-
injected eyes (Figures 3A–3D). Next, we carried out electro-
retinography (ERG) for mice at 24 and 48 hr after intravitreal
(P)RR-PshRNA injection to analyze its effect on retinal function (Fig-
ures 3E–3H). The mean amplitude values of a- and b-waves in eyes
treated with (P)RR-PshRNA (at 24 hr: a-wave = 254.5 ± 23.1 mV
and b-wave = 474.9 ± 29.2 mV; at 48 hr: a-wave = 317.7 ± 35.6 mV
and b-wave = 631.8 ± 48.4 mV) were not significantly different
from those of PBS-injected eyes (at 24 hr: a-wave = 275.7 ±

13.1 mV and b-wave = 490.1 ± 23.9 mV; at 48 hr: a-wave = 285.8 ±

29.1 mV and b-wave = 664.3 ± 48.1 mV; Figures 3I–3L).

To further explore the long-term safety of (P)RR-PshRNA to the
mouse retina at 7 and 28 days after injection, these morphological
and functional evaluations were repeated and terminal deoxynu-
cleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end
labeling (TUNEL) assays were performed. Consistent with the
short-term results (Figure 3), there were no differences in his-
tology sections or in wave amplitudes between eyes treated with
PBS and (P)RR-PshRNA at 7 and 28 days (Figure S5). TUNEL-
positive cells were observed in the outer nuclear layer at 7 and
28 days after intravitreal injection with PBS or (P)RR-PshRNA
at 100 pmol in 1 mL PBS, but no significant differences were
detected (Figure S6).

Suppression of Cellular Responses by (P)RR-PshRNA in Acute

Inflammation

The endotoxin-induced uveitis (EIU) model is frequently used as a
model of acute inflammation in various organs, including the eye.
We previously reported the significant suppression of intraocular
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Figure 1. Elevated Protein Levels of Prorenin and

s(P)RR in Correlation with CCL2/MCP-1 in Human

Eyes with Uveitis

(A–D) Correlation between vitreous levels of s(P)RR

and prorenin (A), s(P)RR and CCL2/MCP-1 (B), prorenin

and CCL2/MCP-1 (C), and activated prorenin and

CCL2/MCP-1 (D).
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inflammation in this model by blocking AT1R and (P)RR to inhibit
the tissue RAS and the RAPS, respectively.11,15 To check the in vivo
duration of knockdown efficiency, we measured retinal expres-
sion levels of (P)RR/Atp6ap2 in EIU mice injected intravitreally
with PBS or (P)RR-PshRNA at 100 pmol in 1 mL PBS, in com-
parison with untreated normal animals as controls (Figure S7).
(P)RR-PshRNA-mediated suppression of (P)RR/Atp6ap2 gene
expression lasted up to 48 hr after (P)RR-PshRNA application
(i.e., 24 hr after EIU induction), leading us to conduct the following
in vivo inhibition experiments (Figures 4, 5, 6, S8, and S9) within
the time window of 48 hr.

To examine whether intravitreal injection of (P)RR-PshRNA alters
acute retinal inflammation, we evaluated the number of leukocytes
adhering to retinal vessels in mice with EIU. Compared with con-
trol-PshRNA (324.9 ± 20.0 cells/retina), (P)RR-PshRNA adminis-
tration led to a suppression of leukocyte adhesion in the EIU retina
(223.1 ± 16.7 cells; Figures 4A–4E). To further confirm the inhib-
itory effect of (P)RR-PshRNA on acute retinal inflammation, we
quantified the number of leukocytes infiltrating into the vitreous
cavity adjacent to the optic disc in EIU mice. Leukocyte infiltration
anterior to the optic disc, which markedly increased with induc-
tion of EIU, decreased with (P)RR-PshRNA treatment [control-
PshRNA: 31.5 ± 3.8 cells; (P)RR-PshRNA: 14.0 ± 1.5 cells]
(Figures 4F–4H).
Molecu
Suppression of Molecular Responses by (P)

RR-PshRNA in Acute Inflammation

To determine the molecular mechanisms in
which (P)RR inhibition suppressed cellular
responses in the EIU model (Figure 4), retinal
mRNA expression of inflammatory genes
was measured by real-time qPCR. Retinal
mRNA levels of Il-6, Ccl2/Mcp-1, Icam-1,
and Tnf-a were higher in EIU mice treated
with PBS or control-PshRNA than in un-
treated normal animals used as controls.
Intravitreal administration of (P)RR-PshRNA
significantly reduced mRNA expression of
these inflammatory molecules as well as
(P)RR/Atp6ap2 (Figure 5). These suppressive
effects were observed in a dose-dependent
manner (Figure S8).

Several reports showed that inflammatory sig-
nals in EIU caused excessive degradation of
rhodopsin due to activation of the ubiquitin-proteasome system,
leading to shortening of the rod photoreceptor outer segment (OS)
length.25,26 Treatment with (P)RR-PshRNA significantly prevented
shortening of OS length and reduction of rhodopsin protein levels
(Figure S9).

Suppression of Cellular and Molecular Responses by (P)RR-

PshRNA in Chronic Inflammation

Streptozotocin (STZ)-induced diabetes is a model of type 1 dia-
betes due to impaired insulin secretion from pancreatic b cells
injured by STZ toxicity. Given that diabetic retinopathy has
recently been regarded as an inflammatory disorder, we used
this model to study the effect of (P)RR-PshRNA on chronic
inflammation (Figure 6) in contrast with acute inflammation in
the EIU model (Figures 4 and 5). Using the STZ model, we
previously showed that inhibition of AT1R and (P)RR decreased
diabetes-induced retinal inflammation.9,14 In this study, the
total number of retinal adherent leukocytes significantly
decreased in diabetic mice treated with (P)RR-PshRNA (17.9 ±

2.9 cells/retina) compared with control-PshRNA (45.0 ± 4.7
cells/retina) (Figures 6A–6E). Moreover, upregulated gene expres-
sion levels of Il-6, Ccl2/Mcp-1, Icam-1, Tnf-a, and (P)RR/Atp6ap2,
as seen in diabetic mice treated with PBS or control-PshRNA, were
significantly suppressed with administration of (P)RR-PshRNA
(Figures 6F–6J).
lar Therapy: Nucleic Acids Vol. 7 June 2017 119

http://www.moleculartherapy.org


A

B C

D E

F G

Figure 2. Structure and In Vitro Characterization of

(P)RR-PshRNA

(A) Structure of canonical double-strand siRNA and novel

single-strand RNAi (PshRNA) agents. Nucleotides in blue

indicate the sense strand of the target [(P)RR/ATP6AP2],

nucleotides in red are the antisense strand, and nucleo-

tides in yellow are the linker region. P indicates a proline

derivative. (B and C) Each RNAi agent was incubated in

the presence of micrococcal nuclease and then sepa-

rated on gel electrophoresis for incubation with

0.5 U enzyme for several durations (B) or with various

units of enzyme for 30 min (C). (D and E) (P)RR/ATP6AP2

mRNA expression levels in human RPE cells (D) and

mouse endothelial cells (E) exposed to (P)RR-siRNA or

(P)RR-PshRNA compared with control-siRNA or control-

PshRNA, respectively (n = 8 per group). ***p < 0.0001.

(F and G) Immunoblot analysis for (P)RR in human RPE

cells (F) and mouse endothelial cells (G) transfected with

control- or (P)RR-PshRNA.
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DISCUSSION
The RNAi system has been used extensively for silencing the transla-
tion of an active gene and was recently applied to mammalian cells
using siRNAs that are bound to the RNA-induced silencing complex,
which mediate the cleavage of target mRNAs.24,27 The present study
reveals for the first time, to our knowledge, several important data on
the involvement of RAPS in the inflammatory pathogenesis of human
uveitis (Figure 1). Furthermore, we generated and characterized a
novel class of single-strand RNAi (i.e., PshRNA) agent targeting
120 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
human and mouse (P)RR (Figure 2), so as to
suppress ocular inflammation in acute and
chronic models (Figures 4, 5, and 6). Impor-
tantly, the newly designed (P)RR-PshRNA
showed more robust nuclease resistance than
the conventional double-strand (P)RR-siRNA
(Figure 2) and did not affect retinal func-
tion and structure (Figure 3). Intravitreal
(P)RR-PshRNA injection in mice significantly
inhibited inflammatory cell adhesion and infil-
tration (Figures 4 and 6), together with underly-
ing molecular mechanisms (Figures 5 and 6).

We previously revealed the significant contribu-
tion of the AT1R and (P)RR signaling pathways
to upregulated expression of pathogenic mole-
cules such as ICAM-1, IL-6, CCL2/MCP-1,
and VEGF-A, and thus the association of RAS
and RAPS with ocular inflammation and neo-
vascularization in animal disease models and
human clinical samples.9–15,20,21,28,29 In our
current study, we newly demonstrate elevated
vitreous levels of prorenin and s(P)RR in pa-
tients with uveitis, as well as the significant cor-
relation between these RAPS components and
CCL2/MCP-1 levels. CCL2/MCP-1, a key mediator for leukocyte
recruitment, was reported to increase in the vitreous fluid and
aqueous humor in patients with uveitis.23,30 A neutralizing antibody
against CCL2/MCP-1 was shown to reduce pathological retinal neo-
vascularization and inflammation.31 Importantly, we previously indi-
cated that RAS and RAPS blockade with AT1R blocker telmisartan
and (P)RR blocker (PRRB), respectively, suppressed Ccl2/Mcp-1 pro-
tein and mRNA levels in murine models of ocular inflammation such
as EIU and experimental autoimmune uveitis.11,15,32 PRRB is also
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known as a handle-region peptide and has the structure of the handle
region of the prorenin prosegment working as a decoy for (P)RR.
PRRB is currently the only available agent to inhibit prorenin-
(P)RR interaction (i.e., acquisition of renin enzymatic activity) lead-
ing subsequently to RAPS activation.33 We and others have shown
that PRRB potently suppresses the pathogenesis of various disease
models in target organs (e.g., uveitis, age-related macular degenera-
tion, retinopathy of prematurity, diabetic retinopathy, and nephrop-
athy).14,16,20,34 However, a blockade of ligand-receptor protein
interaction using decoy peptides has several limitations, including
(1) the requirement of an excessive amount of peptides, (2) induction
of immune response and autoantibodies, (3) protease resistance, and
(4) high molecular weight. These inherent and serious issues with
decoy peptides are likely to preclude future clinical application.

RNAi is basically thought to have minimal cellular toxicity because
of its endogenous cellular function for controlling gene expression,
and it thus contains attractive and promising aspects for the devel-
opment of new therapies. With regard to clinical application, how-
ever, there are some obstacles that must be overcome. In general,
canonical double-strand siRNAs are recognized by family members
of the Toll-like receptor (TLR) and retinoic acid-inducible gene
I-like receptor, causing the activation of intracellular signaling path-
ways to initiate innate immunity.35 Recently, a single-strand RNAi
proved to be capable of sequence-specific gene silencing through
the RNAi system without off-target expression of inflammatory cy-
tokines via TLR-mediated signal transduction in rodent eyes.36,37

Furthermore, although an annealing process is required for the gen-
eration of a double-strand siRNA, it is not necessary for a single-
strand RNAi because the linker is replaced with proline derivatives
and can therefore self-anneal. Previous studies showed that
PshRNAs were more stable against nucleases than canonical dou-
ble-strand siRNAs,38,39 which is in agreement with our present
data (Figure 2). Taken together, the single-strand RNAi strategy
appears to overcome some of the drawbacks of canonical double-
strand siRNAs.
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 121
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(P)RR was originally found as an N-terminal truncated form of
(P)RR, which is associated with vacuolar H+-ATPase (v-ATPase)
and thus was termed ATP6 accessory protein 2 (ATP6AP2).40,41

Recently, several studies, including ours, using conditional knockout
mice have revealed that (P)RR/Atp6ap2 contributes to physiologically
essential cellular functions that are independent of RAPS.42–45 In our
current study, however, we did not observe any adverse events
following application with (P)RR-PshRNA in vivo (Figures 3, S5,
and S6) and in vitro (Figure S3). It is possible that the in vivo knock-
down at the present dose of 100 pmol in 1 mL PBS per eye is too weak
to cause any side effects, despite its significant efficacy in suppressing
ocular inflammation (Figures 4, 5, 6 and S7–S9). Importantly, the
currently designed sequence for RNAi targeting (P)RR is common
to human and mouse genes, indicating that the multimodal animal
testing with (P)RR-PshRNA would also serve as a useful reference
for human clinical trials. Future studies are warranted to assess the
long-term safety and efficacy of (P)RR-PshRNA in treating inflam-
mation-related ocular disorders.

MATERIALS AND METHODS
Human Surgical Samples

Protein expression analysis of the vitreous fluid was performed
on a total of 35 samples (22 cases and 13 controls). Based on inter-
national criteria, 14 patients (2 males and 12 females, average
age = 64.3 ± 3.3 years) were diagnosed with sarcoidosis, 1male patient
(age = 84 years) had VKH disease, and 7 female patients (average
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age = 71.0 ± 3.5 years) had uveitis of unknown
origin. The clinical characteristics of patients
with uveitis are listed in Table 1. Control vitre-
ous samples were obtained from 13 eyes of
13 non-uveitic patients (3 males and 10 females,
average age = 66.8 ± 1.7 years) with idiopathic
macular diseases, including ERM and MH.
Undiluted vitreous samples were collected at
the start of pars plana vitrectomy and were
frozen rapidly at �80�C. This study was con-
ducted in accordance with the tenets of the
Declaration of Helsinki and was approved by
the institutional review board of Hokkaido
University Hospital. All patients gave written
informed consent after we explained the purpose and procedures of
this study.

ELISA

The protein levels of prorenin and s(P)RR in the vitreous fluid were
determined with human prorenin (Innovative Research) and
s(P)RR (Immuno-Biological Laboratories) ELISA kits per the manu-
facturers’ instructions. Optical density was determined using a
microplate reader (Sunrise; TECAN). Activated prorenin corre-
sponds to prorenin bound with s(P)RR, and the dissociation constant
(KD) for the binding of prorenin with s(P)RR was calculated
in a previous report19 as follows: KD (4.0 nmol/l) = [prorenin] �
[s(P)RR]/[activated prorenin]. Based on the KD, we determined
the activated prorenin concentration in the vitreous fluid.

According a previous report23 comparing the vitreous levels of cyto-
kines between sarcoidosis and ERM, six cytokines were selected for
measurement: CCL2/MCP-1, IL-6, PDGF-BB, VEGF-A, TNF-a,
and IL-1b. Vitreous levels of the six cytokines were determined by
using a commercially available multiplex bead analysis system (Multi-
plex-ELISA; Merck Millipore).

Generation of a New Class of RNAi Agent Targeting

(P)RR/ATP6AP2

A new class of RNAi agent, PshRNA, was synthesized on a solid phase
as a single-strand RNAi segment containing a short hairpin structure.
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The stem loop contains a proline derivative, as recently developed,39

based on the strategy of creating PnkRNA (proline nick RNA).38 We
generated five candidate RNAi agents targeting a different nucleotide
sequence of the (P)RR/ATP6AP2 gene (Table S1) common to both
human and mouse sequences. The 50 region of (P)RR-PshRNA was
attached with a fluorescent pigment TAMRA for drug delivery exper-
iments. The 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 recently established.39

(P)RR-siRNA was a canonical double-strand siRNA designed to
target the same sequence with (P)RR-PshRNA. A negative control-
siRNA oligo (SIC-001) was purchased from Sigma-Aldrich.
Evaluation of RNA Stability

To assess nuclease resistance for the evaluation of RNA
stability, siRNA and PshRNA directed against (P)RR
were incubated at 37�C with micrococcal nuclease (Ta-
kara Bio) as previously described.38 After the specified
times, nuclease reactions were stopped and the samples
were run on a 15%Tris-borate-EDTA (TBE) gel. The gel
was then stained with SYBR Safe (Life Technologies).

Cell Culture and Transfection

Human retinal pigment epithelial (hTERT-RPE1),
mouse brain microvascular endothelial (bEnd.3), and
mouse brain neuroblastoma (Neuro-2a) cells were ob-
tained from American Type Culture Collection and
cultured in DMEM/F12, DMEM, and Eagle’s minimal
essential medium (EMEM) (Wako Pure Chemical In-
dustries), respectively, supplemented with 10% fetal
bovine serum (Life Technologies) at 37�C and 5%
CO2. Cells were transfected with RNAi agents (0.01,
0.1, and 1 nM) using Lipofectamine RNAiMAX Re-
agent (Life Technologies).

Cellular viability was evaluated using Cell Counting
Kit-8 (Dojindo) after cells were applied with RNAi
agents (100 nM) for 24 hr, according to the manufac-
turer’s protocol.

Animals and Drug Application

C57BL/6J mice aged 8–10 weeks (CLEA Japan)
were maintained in the animal facility at Hokkaido
University. Under deep anesthesia, control- or
(P)RR-PshRNA was injected into the vitreous fluid.
The dose of in vivo injection of control- or (P)RR-PshRNAwas deter-
mined to be 100 pM in 1 mL PBS per eye, at which (P)RR-PshRNA
significantly downregulated all of the inflammation-related molecules
examined on top of (P)RR/Atp6ap2 in dose-ranging experiments. All
animal experiments were conducted in accordance with the Associa-
tion for Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research and
were approved by the Ethics Review Committee for Animal Experi-
mentation of Hokkaido University.

Real-Time qPCR Analysis

Total RNA isolation and reverse transcription were performed using
the SuperPrep Cell Lysis & RT Kit for qPCR (TOYOBO) with oligo
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 123
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dT and random primers for cells and using TRIzol (Life Technolo-
gies) and GoScript Reverse Transcriptase (Promega) with oligo
dT(20) primers for retinal tissues, as previously described.20 Real-
time qPCRwas performed using GoTaq qPCRMasterMix (Promega)
and the StepOne Plus System (Life Technologies). All primers are
listed in Table S2. As for in vivo evaluation of pathogenic molecules,
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we selected four representative genes: Il-6, Ccl2/Mcp-1, Icam-1, and
Tnf-a, all of which are known to be commonly involved in both
acute and chronic inflammation models.4,9,11,14,15,46

Immunoblot Analysis

Cell and tissue extracts were lysed in SDS buffer and a protease inhib-
itor cocktail (Roche Applied Science). Proteins were resolved by
10% SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membrane (MerckMillipore) by electroblotting. Membranes
were blocked in Tris-buffered saline (TBS) containing 5% skim milk
and were incubated with the following primary antibodies: anti-
(P)RR antibody (Sigma-Aldrich), anti-rhodopsin antibody (Merck
Millipore), and anti-b-actin antibody (Medical & Biological Labora-
tories). The secondary antibodies for chemoluminescence detection
were peroxidase-conjugated anti-mouse or anti-rabbit immunoglob-
ulin Gs (IgGs) (Jackson ImmunoResearch Laboratories). The signal
was obtained by enhanced chemoluminescence (Western Lightning
Ultra; PerkinElmer).

ERG

ERG recordings were performed with a white light-emitting diode
(LED) luminescent electrode placed on the cornea (PuREC system;
Mayo). Mice were adapted to the dark overnight and were anesthe-
tized under dim red light. The pupils were dilated with a mixed solu-
tion of 0.5% tropicamide and 0.5% phenylephrine (Mydrin-P;
Santen). ERG was recorded at 1, 2, 7, and 28 days after the intravitreal
injection of (P)RR-PshRNA. Eyes injected with PBS were used as con-
trol recordings. The scotopic ERG was elicited by a stimulus intensity
of 10,000 cd m–2, and the responses were differentially amplified and
filtered between 0.3 and 300 Hz. Amplitudes were measured from
baseline to the a-wave trough for a-waves and from the a-wave trough
to the b-wave peak for b-waves.

Histological Sections and TUNEL Assay

For histological analysis, mouse eyes were fixed in 4% paraformalde-
hyde (PFA) at 4�C and then embedded in paraffin and sectioned. The
sections were stained with H&E. To assess neuroprotection, photore-
ceptor outer segment lengths were measured in the posterior retina at
four points (two points on either side of the optic nerve that were 200
and 500 mm apart), and averaged. The TUNEL assay was performed
(Fluorescein Direct In Situ Apoptosis Detection Kit; MerckMillipore)
to detect cleaved DNA in the paraffin-embedded sections, according
to the manufacturer’s instructions. Specimens were embedded in
Frozen Section Compound (Leica) and cut into sections for drug
delivery experiments. A Keyence BZ-9000 microscope was used for
histological evaluation of the sections.

Induction of Acute and Chronic Inflammation Models

EIU and STZ-induced diabetes were used as acute and chronic
inflammation models in mice. For the EIU model, mice were given
an intraperitoneal injection of 0.2-mg lipopolysaccharide (LPS)
from Escherichia coli (Sigma-Aldrich) 24 hr after an intravitreal injec-
tion of PBS, control-, or (P)RR-PshRNA. Mice were evaluated at 6 hr
(for various gene expression) and 24 hr (for leukocyte adhesion and



www.moleculartherapy.org
infiltration, OS length shortening, and rhodopsin degradation) after
LPS injection.

For the STZ model, animals received an intraperitoneal injection of
STZ (Sigma) at a dose of 60 mg/kg body weight for 4 consecutive
days. Animals with plasma glucose levels > 250 mg/dl at 7 days after
injection were considered diabetic. After 2 months, animals received a
single intravitreal injection of PBS, control-, or (P)RR-PshRNA. Mice
were evaluated at 24 hr (for various gene expression) and 48 hr (for
leukocyte adhesion) after the intravitreal injection.
Quantification of Retinal Adherent Leukocytes

The retinal vasculature and adherent leukocytes were imaged by
perfusion labeling with fluorescein isothiocyanate (FITC)-coupled
concanavalin A lectin (Con A; Vector Labs), as described previ-
ously.46 Briefly, the chest cavity was opened and a cannula was
introduced into the left ventricle under deep anesthesia. After
injection of PBS to remove erythrocytes and non-adherent leuko-
cytes, FITC-conjugated Con A was perfused. After the eyes were
enucleated, the retinas were flatmounted. The flatmounts were
visualized under a Keyence BZ-9000 microscope, and the total
number of Con A-stained adherent leukocytes per retina was counted
in a masked fashion.
Quantification of Vitreous Infiltrating Leukocytes

The number of leukocytes infiltrating into the vitreous cavity was
analyzed as described previously.46 Briefly, tissues were fixed and
embedded in paraffin using standard techniques. Three 5-mm sec-
tions were prepared at a distance of 100 mm to each other, with the
middle section passing through the optic nerve. All sections were
stained with H&E, and the number of cells in the vitreous cavity
was counted in a masked fashion.
Statistical Analyses

All results are expressed as means ± SEM. Statistical analyses
were performed using the Student’s t test, Mann-Whitney U test, or
Spearman rank correlation. Differences were considered statistically
significant when p values were < 0.05.
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