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PURPOSE. To reveal the molecular mechanism underlying degeneration in human retinal
pigment epithelial (hRPE) cells with dysfunctional mitochondrial homeostasis.

METHODS. The expression of recently identified miR-494-3p in extracellular vesicles (EV)
released from induced-pluripotential-stem-cell–derived human RPE (iPS-hRPE), during
coculture with macrophages (Mps) was investigated in iPS-hRPE and ARPE cells differ-
entiated in the presence of nicotinamide (Nic-ARPE). The expression of phosphatase and
tensin homolog (PTEN), sirtuin3 (SIRT3), and mitochondrial marker proteins before and
after the transfection of miR-494-3p inhibitor and mimic, and the changes in mitochon-
drial metabolism, membrane potential, and oxidative phosphorylation (OXPHOS) were
monitored.

RESULTS. Compared with senescent dedifferentiated ARPE19 cells, iPS-hRPE and Nic-ARPE
cells expressed elevated levels of mitochondrial marker proteins but a repressed cellular
miR-494-3p level. The expression of target proteins of miR-494-3p, PTEN, and SIRT3 was
upregulated along with the differentiation disposition of these RPE cells. The ratio of
PTEN/SIRT3 in de-differentiated ARPE19 cells was surprisingly elevated by around 20
times compared with that in iPS-hRPE and Nic-ARPE cells. The novel molecular interplay
of EV miR-494-3p either with mitochondria selective SIRT3 or organelle nonselective
PTEN was found to participate in the degeneration of hRPE cells by inducing mitochon-
drial dysfunctions and repressed OXPHOS, mitochondrial membrane potential, and ATP
and NAD+ production.

CONCLUSIONS. Our results demonstrate a clear causal link between miR-494-3p and hRPE
cell degeneration via the regulation of mitochondrial integrity. EV miR-494-3p may play a
pivotal role in pathogenic spreading of degenerated hRPE cells from the local perifovea
throughout the macula.
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Age-related macular degeneration (AMD) is a leading
cause of blindness in elderly persons in developed

countries.1,2 Ocular-infiltrating macrophages (Mps) aggra-
vate the pathogenesis of AMD-associated chronic inflam-
mation.3–10 Photoreceptors, retinal pigment epithelial (RPE)
cells, and the choroid form a functional unit that is
required for visual function.11 RPE tissues form a single
layer of highly polarized cells that is located between the
photoreceptors and the choroid. In early AMD, RPE cells
exhibit mitochondrial dysfunction and constitute cellular
heterogeneity with degenerated and nondegenerated RPE
cells.12–14 Our research group and those of others have
reported on the epigenetic regulation of the epithelial
mesenchymal transition (EMT), a typical form of degen-
eration, induced in RPE cells by the synergistic action of
TNF-α and TGF-β.15–17 The integrity of RPE tissues will
be either further injured or restrained by the expansion

of degenerated cell clusters, depending on the exposed
paracrine signals provided by ambient microenvironmental
niches.

RPE cells cultured with undifferentiated human mono-
cytes can induce an immune-regulatory phenotype.18 A
number of microRNAs (miRs) associated with inflammatory
responses have been identified in both Mps and RPE cells;
however, miRs associated with exosomes (Exo) or extra-
cellular vesicles (EVs) from human RPE (hRPE) cells have
not yet been functionally characterized. In a previous study,
we revealed that EVs produced by hRPE cells can trigger a
vicious inflammatory cycle to produce MCP-1, IL-6, and IL-8,
partially mediated through EV miRs. Microarray analysis of
the miRs in EVs revealed a selective increase in the secretion
of miR-494-3p in EVs released from induced-pluripotential-
stem-cell–derived hRPE (iPS-hRPE) cells during their cellular
interplay with Mps.
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Studies of the interesting interactions between Mps and
RPE cells19,20 have identified a novel paracrine mode of
EV cargo-mediated RPE cell degeneration that extended to
neighboring innocent RPE cells in hRPE tissues. Microarray
analysis of miRs in EV cargo identified a selective increase
of miR-494-3p in EVs released from iPS-hRPE cells during
their interplay with Mps.21,22 In this article, we describe
the newly found molecular network regulating RPE mito-
chondrial functions by miR-494-3p (Supplementary Fig. S1).
Considering our recent findings and hypothesis,22 EV-miR-
494-3 may induce the spread of degenerated foci in a single-
cell layer of RPE tissues into the neighbors through the regu-
lation of either mitochondria localized sirtuin-3 (SIRT3) or
organelle nonselectively distributed phosphatase and tensin
homolog (PTEN). A diagram of the general experimental set
up would help understand the complex figures (Supplemen-
tary Table S1, Supplementary Fig. S2).

Stem-cell–derived RPE cells, such as iPS-hRPE cells, have
been found to lose their polarized organization and RPE
functions after only a few passages in culture.23 However,
the human RPE cell line ARPE-19 no longer forms a differ-
entiated morphology24 after two decades of passages. In
contrast, nicotinamide (NAM) has been shown to enhance
the RPE phenotype and to prevent EMT and senescence in
multiple RPE cell model systems.17,25,26 NAM prevents and
reverses the RPE cell EMT that is induced by TGF-β and
TNF-α treatment.17 However, in the absence of NAM in the
culture medium, hRPE cell will lose its cobblestone appear-
ance and undergo dedifferentiation.27 Furthermore, owing to
the Japanese government‘s legal prohibition on the handling
of primary hRPE from eye donors, we have been obliged to
apply two types of hRPE cells in this study: iPS-hRPE and
Nic-ARPE cells (i.e., ARPE19-derived hRPE cells obtained in
the presence of NAM).26,27 The current study may provide

insights into the paracrine cellular interplay among hetero-
geneous RPE cells during diseased perturbations through EV
miR-494-3p.

MATERIAL AND METHODS

Reagents

Dulbecco’s modified Eagle medium (DMEM), F-12 Ham
nutrient mixture, and L-glutamine were purchased from
Sigma-Aldrich Corp. (St. Louis, MO, USA); penicillin-
streptomycin and B-27 were purchased from Life Technolo-
gies, Inc. (Grand Island, NY, USA); RPMI medium 1640
and fetal bovine serum (FBS) were obtained from Gibco
Industries Inc. (Thermo Fisher Scientific, Waltham, MA,
USA); and plastic culture plates were obtained from Corn-
ing (Corning, NY, USA). The serum-free medium for iPS-
hRPE culture was DMEM/F-12 (7:3) with 2 mM glutamine
supplemented with 1% B-27 and 1% penicillin-streptomycin,
and that for Nic-ARPE cells was MEM-Nic (MEM alpha
with GlutaMAX; Thermo Fisher Scientific), 1% fetal bovine
serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 1%
N2 supplement (Thermo Fisher Scientific), taurine (0.25
mg/mL) (Sigma-Aldrich), hydrocortisone (20 ng/mL) (Sigma-
Aldrich), triiodothyronine (0.013 ng/mL) (Sigma-Aldrich),
and 10 mM NAM (Sigma-Aldrich).26,27 The media were
changed every three days. The culture and passages for
iPS-hRPE and Nic-ARPE cells are illustrated in Figure 1.

Antibodies

The primary antibodies used for immunocytochemistry
included rabbit anti-zonula occludin (ZO)-1 (617300; Invit-
rogen, Carlsbad, CA, USA), mouse anti-ZO-1 (339100;

FIGURE 1. Preparation of Nic-ARPE and iPS-hRPE cell cultures to estimate the culture period required for differentiation disposition. ARPE-19
cell line cultured for three days in DMEM/F12 was reseeded into 48 well plates (wp) with a cell density of 6 × 105 cells/ml × 0.25 ml/well in
the presence of nicotinamide (NAM, 10mM) for 14 days (preculture). Thereafter, the harvested cells were reseeded into a new wp with a cell
density of 1.3 × 104 cells/cm2 in the presence of NAM (10mM) for 45-65 days to gain Nic-ARPE cells for the functional evaluation. iPS-hRPE
cells (P3 or P5) were seeded into a wp with a cell density of 5 × 105 cells/cm2 and cultured for 3-14 days. The medium was changed every
three days for both cultures.
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Invitrogen), mouse anti-cellular retinaldehyde-binding
protein (CRALBP; ab15051; Abcam, Cambridge, MA, USA),
rabbit anti-paired box 6 (Pax-6; PRB-278P; BioLegend,
San Diego, CA, USA), and mouse anti-Bestrophin (BEST)1
(ab2182; Abcam). The secondary antibodies used were goat
anti-mouse and goat anti-rabbit IgG conjugated to Alexa
Fluor 488, 594, or 647 (Life Technologies). For Western
blotting, the antibodies used included rabbit anti-PGC1
alpha (NBP1-04676; Novus Biologicals, Littleton, CO, USA),
rabbit anti-b-Actin (CST 4967S; Cell Signaling Technol-
ogy, Danvers, MA, USA), rabbit anti-PTEN (CST 9552S;
Cell Signaling Technology), rabbit anti-SIRT1 (CST 9475;
Cell Signaling Technology), rabbit anti-SIRT3 (ab217319;
Abcam), rabbit anti-TFAM (CST 8076S; Cell Signaling
Technology), mouse anti-TOMM20 (ab56783; Abcam), and
mouse anti-VDAC (ab14734; Abcam). The secondary anti-
bodies used were goat anti-mouse IgG and goat anti-rabbit
IgG (H+L; Southern Biotech, Birmingham, AL, USA). The
details of the antibodies used are listed in Supplementary
Table S2.

Cell Culture

ARPE-19 cells were obtained from the American Type
Culture Collection (passage 21). ARPE-19 cells were thawed
and cultured in DMEM/F12, 10% certified FBS, and 1%
penicillin/streptomycin until the culture vessel was 95% to
100% confluent. The media were changed every three days.
ARPE-19 cells at passage 24 or 25 and showing the de-
differentiated phenotypes (Supplementary Fig. S3), detected
by the primers listed in Supplementary Table S3, were
used for the experiment. Primary cultures of iPS-cell–derived
hRPE (iPS-hRPE) cells, which were originally donated by
Prof. Masayo Takahashi, followed the procedures described
previously.28,29 The primary hRPE cells, iPS-hRPE cells were
cultured and propagated in serum-free DMEM, seeded at
passages 4 to 6 at 1.25 to 1.33 × 105 cells/cm2 on plas-
tic culture plates (Corning) coated with iMatrix 511 (385-
07361; Wako, Osaka, Japan), and grown to 100% conflu-
ence as described previously.22 Briefly, 15 mL of cell suspen-
sion was seeded in the medium with a cell density of 1.25
to 1.333 × 105 cells/cm2 in a T75 flask precoated with
Matrigel 511. The passage was limited until the sixth life
span to gain mature differentiated phenotypes. The differ-
entiation inclined phenotypes of primary iPS-hRPE cells
were evaluated by immunohistochemistry for the expres-
sion of microphthalmia-associated transcription factor, ZO-
1, RPE65, BEST, and Pax-6. The ARPE-19 cells cultured in
media with added NAM (Nic-ARPE) were cultured in MEM-
Nic and propagated following the procedures reported by
Hazim et al.26 NAM serves as a precursor for the produc-
tion of NAD+, NADP+, and other substrates that partici-
pate in metabolic pathways.30 The typical procedures of the
cultures and passage are also illustrated in Figure 1. In all
experiments, ARPE-19 cells were used within five additional
passages after freeze-thawing the cells from the American
Type Culture Collection.

Immunocytochemistry

The collected hRPE cells were washed three times with
Dulbecco’s phosphate-buffered saline solution (Nacalai
Tesque, Kyoto, Japan) before being fixed with cold methanol
for 10 minutes at 30°C following the procedures reported
previously.16 Briefly, cell permeabilization was achieved with
0.2% Triton X-100 for 15 minutes at room temperature

(RT). The appropriate Alexa Fluor-conjugated secondary
antibodies were used for one hour at RT in the dark.
Then, fluorescence microscopy imaging was performed
(BZ9000; Keyence, Osaka, Japan). The primary antibodies
used included ZO-1 (1:500 dilution) (Invitrogen 617300),
mouse anti-ZO-1 (1:500 dilution; Invitrogen 339100), mouse
anti-CRALBP (1:200 dilution; Abcam ab15051), rabbit anti
Pax-6 (1:500 dilution; Biolegend PRB-278P), and mouse anti-
BEST1 (1:500 dilution; Abcam ab2182).

Phase Contrast and Fluorescence Microscopy

Phase contrast microscopy and fluorescence microscopy
images were obtained using a Keyence fluorescence micro-
scope (BZ9000).

ELISA

The procedures followed our recent publication.21 Briefly,
the culture supernatants (CSs) were harvested after a 48-
hour culture period. The ELISA kits for human VEGF, PEDF,
MCP-1, IL-8, and IL-6 were obtained from BD Biosciences
(San Diego, CA, USA). The measurements were performed
in quadruplicate and repeated as three independent exper-
iments. The averages of the quadruplicates are shown
(Fig. 2).

RNA Extraction and miRNA Profiling 3D-Gene
Microarray Analysis

RNA extraction was performed as described previously.31

For miR expression profiling, 3D-Gene Human miRNA Oligo
Chips (miR Base, version 17-19; Toray Industries, Tokyo,
Japan) were used and analyzed as reported previously.31

All data were globally normalized per microarray such
that the median of the signal intensity was adjusted to 25
(Fig. 3).

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from hRPE cells using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The miRNA and gene expres-
sions were normalized to RNU44 or 18S using the compar-
ative cycle threshold method (2ˆ-�CT). Primers and probes
were purchased from Thermo Fisher Scientific (Supplemen-
tary Table S3).

miR Mimics or Inhibitors and a Pharmacological
Inhibitor

The transfection of either miR mimics or inhibitors at 50nM
was conducted using a DharmaFECT 1 reagent (Horizon
Discovery, Cambridge, UK) in accordance with the manu-
facturer’s protocol. The mimics and inhibitors targeting
miRNA-494-3p and the negative control (NC) of mimics and
inhibitors were purchased from Thermo Fisher Scientific
(Supplementary Table S4). The NC inhibitor is a negative
control for the inhibitor, which does not show the inhi-
bition of miR-494-3p activity, although it shares with the
sequence analogy with the inhibitor. Across experiments,
the efficiency of the transduction of either miR mimics or
inhibitors was evaluated by the quantitative real-time PCR
(qRT-PCR) and normalized to RNU44 using the comparative
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FIGURE 2. (a) Cell phenotypes. ARPE-19 line (P24) cultured for 3 days in DMEM/F12 was reseeded into 48-well culture plates (wp) with
a cell density of 6 × 105 cells/ml × 0.25 ml/well in the presence of NAM (10mM) for 14 days (preculture). Then, the harvested cells were
reseeded into 24 wp with a cell density of 5 × 104 cells/ml × 0.5 ml/well in the presence of NAM (10mM) for 63 days to obtain Nic-ARPE
cells (the culture principle the same as shown in Fig. 1). iPS-hRPE cells (P5) were seeded into 24 wp with a cell density of 5 × 105 cells/ml
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× 0.5 ml/well and cultured for 14 days. The cell phenotypes were confirmed by phase contrast microscopy and fluorescence microscopy for
ZO-1, CRALBP, BEST, and Pax-6. Nic-ARPE cells exhibited a clear cobblestone appearance and were positive for BEST, CRALBP, and ZO-1
in immunostaining (left) but not for Pax-6. iPS-RPE cells were positive for all four of these antigens, including Pax-6 (right). The staining
experiments were repeated more than three times to confirm the results. Scale bar: 100 μm. (b) Mitochondrial phenotypes. Changes in
the mitochondria membrane potential (MMP) were detected with JC-1 dye using the JC-1 Mito MP Detection Kit. The collected cells were
incubated with 2 mM JC-1 for 30 min at 37°C and then analyzed with BD FACS Canto Ⅱ for fluorescence FITC (green) and PE (red). The upper
lane shows the dot plot indicating the presence of human (h) RPE cell subpopulations (SPs) distinct in MMP, and the second and third lanes
respectively show histograms of green FITC by monomeric JC-1 and red PE fluorescence by aggregated polymeric JC-1. Three SPs, green+
and red +++ (P1), green+++ and red+++ (P2), and green+ and red+ (P3) were detected in gate B. Proportions of subpopulations (SPs) are
shown in the lower lanes. Both Nic-ARPE cells at day 9 (namely, P25, 5 × 104 cells/mL × 0.5 ml/well in 24 wp) and those after differentiation
disposition at day 63 were analyzed. As a control, de-differentiated ARPE19 cells cultured for nine days (P25, 5 × 104 cells/mL × 0.5 mL/well
in 24 wp) in DMEN/F12 were applied. Both iPS-hRPE cells at day 4 (P5, 5 × 105 cells/ml × 0.5 mL/well/24 wp) and those after differentiation
disposition at day 14 were analyzed. N = 3 in the staining experiments, and representative pictures are shown. (c) Mitochondrial membrane
potential. For fluorescence imaging analysis, some hRPE cells shown in Figure 2b were analyzed using a BZ X-700 Microscope System. The
morphology of mitochondria in Nic-ARPE and iPS-hRPE cells showed large differences, indicating more enlarged sizes in iPS-hRPE cells.
Scale bar: 100 and 50 μm for Nic-ARPE and iPS-hRPE cells, respectively. (d, e) Production of proinflammatory and angiogenesis-related
cytokines. The production of proinflammatory and angiogenesis-related cytokines by Nic-ARPE cells (P27) and de-differentiated ARPE19
cells (P25) (d), as well as by de-differentiated ARPE19 cells (P26) and iPS-hRPE cells (P3 or P5) (e) were compared. The culture supernatants
(CSs) were harvested 48 h after the final medium changes, and ELISA was performed. De-differentiated ARPE19 cells were cultured for three
days with a cell density of 0.8 × 105 cells/ml × 0.5 mL/well in 24 wp (d, e). Nic-ARPE cells were cultured for 52, 53, 63, 65, and 66 days
after seeding with a cell density of 1 × 105 cells/mL × 0.5 mL in 24 wp (d). The iPS-hRPE cells were cultured for 14 days with a cell density
of 5 × 105 cells/mL × 0.5 ml in 24 wp (e). Each column shows the standard deviation bars from four measurements. The experiments were
repeated three times independently, and the representative results were presented.

cycle threshold method (2ˆ-�CT). The efficiency of transduc-
tion of miR-494-3p mimics into ARPE19 and iPS-hRPE cells
is depicted (Supplementary Fig. S4). VO-OHpic trihydrate
(VO), a pharmacological inhibitor of PTEN, was purchased
from Abcam (Cambridge, UK).

Mitochondrial Membrane Potential

Changes in the mitochondrial membrane potential (MMP)
were detected using the JC-1 MitoMP Detection Kit (Dojindo
Laboratories, Kumamoto, Japan). After the treatment, cells
were harvested via Trypsin (Sigma-Aldrich) treatment and
suspended at a density of 106 cells/mL. The collected cells
were incubated with 2 mM JC-1 for 30 minutes at 37°C. After
washing with Hanks balanced salt solution, the cells were
analyzed using a BD FACS Canto II Flow Cytometry System
(BD Biosciences, Franklin Lakes, NJ, USA). For fluorescence
imaging analysis, cells were incubated with 2 mM JC-1 for
30 minutes at 37°C and analyzed using a BZ X-700 Micro-
scope System (Keyence). Red stains indicate JC-1 aggregates
(dimers) in intact mitochondria, and green stains indicate
JC-1 monomers in apoptotic cells with the depolarization of
MMP.

Mitochondrial Respiration Assay

The effects of miR-494-3p inhibition on the mitochondrial
oxygen consumption rate (OCR) in ARPE-19, Nic-RPE, and
iPS-RPE cells were assessed using a Seahorse Bioscience
XFe96 analyzer (Agilent Technologies, Santa Clara, CA, USA)
in combination with the Seahorse Bioscience XF Cell Mito
Stress Test assay kit following the manufacturer’s protocol.
A real-time metabolic analysis of live cells was performed
using the Seahorse XFe24 extracellular flux analyzer (Agilent
Technologies). The cultured cells were seeded on an XF24
flux analyzer plate. The Mito stress test was performed
according to the manufacturer’s protocol. The cell culture
medium was replaced one hour before the assay with
minimal XF DMEM medium supplemented with 2 mmol/L
glutamine, 10 mmol/L glucose, and 1 mmol/L sodium pyru-
vate (pH 7.4). The OCR was analyzed under basal condi-
tions and after sequential injections of 1 μM oligomycin, 1
μM FCCP, 0.5 μM rotenone, and antimycin. The assay results

were normalized on the basis of the viable cell number
counted by Cell Insight NXT (Thermo Fisher Scientific).

ATP and NAD+/NADH Assay

The cellular ATP concentration was measured using ATP
Assay Kit-Luminescence (Dojindo Laboratories) according
to the manufacturer’s protocol. Cells were detached using
trypsin (Sigma-Aldrich), and 5 × 104 cells/mL were used
for the ATP assay. The luminescence was measured using
GloMax Explorer (Promega Corporation, Madison, WI,
USA) according to the manufacturer’s instructions. The
NAD+/NADH Assay Kit-WST (Dojindo Laboratories) was
used to measure the total NAD+/NADH and NADH amounts
in hRPE cells according to the manufacturer’s instructions.
Specifically, 2.5 × 105 cells were used for the NAD+/NADH
assay. These cells were lysed with NAD/NADH Extraction
buffer, spun in a centrifuge at 12,000g for five minutes, trans-
ferred into the MWCO 10K filtration tube, and centrifuged
further at 12,000g for 10 minutes. The filtrates (100 μl/tube)
were transferred into two 1.5 mL tubes. For disassembling
NAD+, one of the tubes was incubated for 60 minutes at
60°C. The samples lysed with NAD/NADH control buffer and
the lysates were transferred to a 96-well plate and incubated
for 60 minutes at 37°C. The absorbance was measured using
iMark microplate reader (Bio-Rad Laboratories, Hercules,
CA, USA) at 450 nm.

Western Blotting

The procedures followed those described previously.32

MagicMark XP Western Protein Standard (Thermo Fisher
Scientific) was used as the molecular weight marker. The
protein bands were visualized using a Western BLoT HRP
substrate series (TakaraBio, Shiga, Japan).

Statistical Analysis

The data are presented as mean± SD. A statistical analy-
sis of differences was performed using Student’s t-test for
comparisons between two groups. For analysis of variance,
this was followed by either Tukey’s or Dunnett’s test. The
values shown in the graphs represent the mean ± SD. In
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FIGURE 3. Expression levels of miR-494-3p, its target proteins, PTEN and SIRT3 between Nic- and iPS-hRPE cells. (a) Target sites of miR-
494-3p. To explore the mechanisms of action of miR-494-3p, Target Scan Human 8.0 (www.targetscan.org) was used to predict the potential
targets of miR-494-3p. Among 627 candidates, PTEN, SIRT3, and PGC1α were selected as the potential targets involved in mitochondrial
homeostasis. The Kd values of the latter two were far lower than that of PTEN.33 In addition, the context++ score represents the efficacy
of repression of the targeting mRNA.50 PTEN: phosphatase and tensin homolog, SIRT3: sirtuin3, PGC1α: peroxisome proliferators–activated
receptor-γ co-activator-1α. (b) Illustrated plausible molecular interplays. Inhibition of PI3K/Akt pathway by PTEN. Both activated Akt and
SIRT3 serve to enhance mitochondria OXPHOS, ATP synthesis, and NAD+ elevation. In contrast, PTEN inhibits PI3K-mediated activation of
Akt. MiR-494-3p localized in or near mitochondria binds to its target mRNAs and then reduces the expression level in a binding-affinity–
dependent manner. PI3K, phosphatidylinositol-3 kinase; Akt, protein kinase B; ATP, adenosine triphosphate; NAD+, nicotinamide adenine
dinucleotide. (c) Expression intensity of miR-494-3p, PTEN, and SIRT3. The expression levels of miR-494-3p were quantified by qRT-PCR at
the same time by using RNA extracted from the three cultured hRPE cells. Gene expressions were normalized to RNU44 using the comparative
cycle threshold method (2ˆ-�CT). The relative intensity was expressed by arbitrarily adjusting that of iPS-hRPE (P3, day 33) to 1. The cells
tested are as follows: Nic-ARPE cells, days 45, 50, 52, 63 (P27, 24 wp, 5 × 104 cells/mL × 0.5 mL/well), on day 50, cells in the culture were
supplemented with N2 instead of N1. De-differentiated ARPE19 cell linesP25, day 2, 12 wp, 8 × 104 cells × 1 mL/well; P26, day 2, 24 wp,
8 × 104 cells/mL × 0.5 mL/well; and P25, day 2, 12 wp, 1 × 105 cells/mL × 1 mL/well and for iPS-hRPE, P5 and P3, 5 × 105 cells/mL ×
1 mL/well, 12 wp. Each column shows the standard deviation bars from four measurements. The experiments were repeated three times
independently (*P < 0.05, **P < 0.01). (d) Relative expression levels of PTEN and SIRT3. The expression levels of PTEN and SIRT3 were
compared by Western blotting and quantified using Image J. The relative expression intensity was calculated against control β-actin. The
RPE cells used are the same as those shown in c. (d) Columns are shown with the standard deviation bars from three measurements. The
experiments were repeated three times independently. (*P < 0.05, **P < 0.01).

http://www.targetscan.org
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all the experiments, the measurements were performed in
quadruplicate or triplicate (n = 4 or 3) and three indepen-
dent experiments were performed (N = 3), unless otherwise
stated.

RESULTS

Cell Phenotypes and Culture Conditions

The ARPE-19 line is the most commonly used hRPE cell line.
However, after 20 years of passaging, it no longer forms
a cobblestone morphology.24 All the ARPE19 cells used
here also showed the de-differentiated (senescent and EMT)
phenotypes as exemplified in Supplementary Figure S3.
NAM, a form of vitamin B3, participates in metabolic path-
ways.30 Although the ARPE-19 line cultured in the presence
of NAM continued to differentiate, the ARPE-19 line cultured
in the absence of NAM lost the cobblestone appearance and
appeared to have undergone de-differentiation.26,27 In the
present study (cultures without Transwell inserts, different
from those of Hazim et al.26,27), the ARPE-19 line cultured
in the presence of NAM in DMEM/F12 was confirmed to
differentiation disposed around day 50, and on day 55 to
66, it exhibited a maximally clear cobblestone appearance,
as well as positivity for BEST, CRALBP, and ZO-1 (Fig. 2a
upper) but not for Pax-6. One type of primary hRPE cells,
iPS-RPE cells cultured until five passages showed positivity
to all four of these antigens (Fig. 2a lower). Stem-cell-derived
RPE cells have been found to lose their polarized organiza-
tion and RPE functions after only a few passages in culture.23

Accordingly, in this study, we compared ARPE cells cultured
in the presence of NAM (Nic-ARPE cells) and iPS-hRPE cells
cultured for three to five passages. The standard methods for
the preparation of Nic-ARPE and iPS-hRPE cells are summa-
rized in Figure 1.

Mitochondria Phenotypes and Membrane
Potential

The changes in the MMP were detected using the JC-1 Mito
MP Detection Kit (Dojin Laboratories). The collected cells
were incubated with 2 μM JC-1 for 30 minutes at 37°C. The
cells were analyzed using a flow cytometry system (Fig. 2b).
The upper lane shows a dot plot indicating the presence
of distinct RPE cell subpopulations (SPs) in the MMP, and
the second and third lanes, respectively, show histograms of
red PE fluorescence by aggregated JC-1 and green FITC by
monomeric JC-1. The intensity of the aggregated JC-1dimers
was divided into three SPs, two in gate D and one in gate
B (Fig. 2b). Continuous NAM addition in ARPE19 cultures
in MEM medium induced the disappearance of red PE fluo-
rescence by aggregated JC-1 positive SPs in gate D, indicat-
ing the advanced maturation of ARPE19 cells with highly
active MMP mitochondria. In the dot plot, three cell SPs -P1,
P2, and P3- were distinguished in gate B and were popu-
lated with cells showing a strong intensity of both dimeric
and monomeric JC-1. Nic-ARPE cells cultured for 63 days
clearly showed a decrease in low- to medium-intensity red
PE fluorescence, indicating the cell maturation into RPE cells
with highly active MMP mitochondria. In this context, iPS-
hRPE cells at day 14 showed a red PE fluorescence inten-
sity that was almost the same as that of Nic-ARPE cells at
day 63, whereas green FITC fluorescence positive SPs were
clearly diminished (indicated by the change in the ratio of
P2 SP from 9.9% to 26.9%) during days 4-14 of the culture
period (Fig. 2b). Furthermore, for fluorescence imaging anal-

ysis, cells were analyzed using a BZ9000 Microscope System
(Fig. 2c).

Cell Phenotypes and Culture Conditions

The ARPE-19 line is the most commonly used hRPE cell line.
However, after 20 years of passaging, it no longer forms a
cobblestone morphology.24 All the ARPE19 cells here used
showed the de-differentiated (senescent and EMT) pheno-
types as exemplified in Supplementary Figure S3. NAM, a
form of vitamin B3, participates in metabolic pathways.30

The morphology of mitochondria in Nic-ARPE cells and iPS-
hRPE cells showed large differences, with enlarged sizes in
the latter, indicating that both RPE cells are not fully identical
at least in terms of their mitochondrial morphology.

Production of ProInflammatory and
Angiogenesis-Related Cytokines

The production of proinflammatory and angiogenesis-
related cytokines by Nic-hRPE cells (P27) and ARPE19 cells
(P25) (Fig. 2d), as well as that by ARPE19 cells (P26) and
iPS-hRPE cells (P3 or P5) (Fig. 2e) was compared. The CSs
were harvested 48 hours after seeding the cells, and ELISA
was performed. The production of the proinflammatory
cytokines IL-8 and IL-6 was lower in Nic-ARPE and iPS-hRPE
cells compared with that in de-differentiated ARPE19 cells,
whereas no significant changes were observed for MCP-1
(Fig. 2d). In contrast, the production of both angiogenic
VEGF and anti-angiogenic PEDF was higher in the former
two hRPE cells.

miR-494-3p/SIRT3/PTEN Axis in Regulating
Mitochondria Quality

To further explore the mechanisms underlying the action
of miR-494-3p, Target Scan Human 8.0 (www.targetscan.
org) was used to predict the potential molecular targets
of miR-494-3p. Among 627 candidates, PTEN, SIRT3, and
PGC1α were selected as the candidate molecules involved
in mitochondrial homeostasis, although the Kd values33 of
the latter two were far lower than that of PTEN (Fig. 3a).
Figure 3b illustrates the hypothetical molecular interac-
tions between miR-494-3p and these targets, as well as the
inhibition of the PI3K/Akt pathway by PTEN. Both acti-
vated Akt and SIRT3 serve to enhance mitochondria oxida-
tive phosphorylation (OXPHOS), ATP synthesis, and NAD+

synthesis.34–38 In contrast, PTEN inhibits the PI3K-mediated
activation of Akt.39 MiR-494-3p localized in or near mito-
chondria binds to its target mRNAs and then reduces the
expression level in a binding-affinity-dependent manner
(Fig. 3b). Although PGC1α regulates mitochondrial biogen-
esis, it localizes mainly in the nucleus;40 thus PGC1α is not
shown in Figure 3b. As shown in Supplementary Figure S5,
the miR-494-3p mimic was mostly transduced into mitochon-
dria (Supplementary Fig. S5 and Supplementary).

Expression Intensity of miR-494-3p, PTEN, and
SIRT3

Nic-ARPE and iPS-hRPE cells exhibited dynamic changes of
MMP. To clarify whether the cellular expression of miR-494-
3p will also be dynamically up- or downregulated during
cell maturation, qRT-PCR was applied to the RNA extracted
from Nic-ARPE, iPS-hRPE, and de-differentiated ARPE19

http://www.targetscan.org
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cells for miR-494-3p expression, and the relative inten-
sity was calculated by normalizing that of iPS-hRPE cells
(P3 day 33) to 1 (Fig. 3c). To compare the expression levels
of SIRT3 and PTEN, the intensity of bands in Western blot-
ting was detected by Image J, and their relative intensity
ratios over the control β-actin were shown together with
the PTEN/SIRT3 ratio (Fig. 3d). The expression of miR-494-
3p was reduced with hRPE cell differentiation disposition,
whereas those of PTEN and SIRT3 were elevated. Notably,
the PTEN/SIRT3 ratio in de-differentiated ARPE19 cells was

around 20 times higher than those in Nic-ARPE and iPS-
hRPE cells.

Relative Expression Levels of Mitochondria
Proteins

To detect the mitochondrial marker proteins and antioxida-
tive stress markers, qRT-PCR was similarly applied to Nic-
ARPE, iPS-hRPE, and de-differentiated ARPE19 cells (TFAM,
TOMM20, VDAC1, SIRT3, Nrf2, and PGC1α). The expression

FIGURE 4. Functional changes of mitochondria by indirect activation of PTEN through inhibition of miR-494-3p by transfection of a miR-
494-3p inhibitor. (a) Mitochondrial membrane potential (MMP) in Nic-ARPE cells. The MMP was investigated as described in Figure 2c for
Nic-ARPE cells (P25, day 66) 48 hours after transfection of a negative control (NC) inhibitor or a miR-494-3p inhibitor. N = 3 in the staining
experiments, and representative pictures are shown. Scale bar: 100 μm. (b) Mitochondrial oxidative respiration (OXPHOS). Mitochondrial
OXPHOS was measured using a Mito Stress Test assay kit for the Nic-ARPE cells described above (b-1) and for iPS-hRPE cells (P5, day 14)
(b-2). OCR of 1000 viable cells was expressed. (*P < 0.05, N = 4, for Flux analysis). OCR, oxygen consumption rate; FECT, treated only with
transfection agent without miRNA; FCCP, carbonylcyanide-p-trifluoromethoxy-phenyl-hydrazone; R/A, Rotenone/Antimycin A.
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of mitochondrial markers tended to be elevated in parallel
with RPE cell differentiation disposition and the increased
expression of SIRT3 and PTEN (Supplementary Fig. S6).
The expression of Nrf2 was low in Nic-ARPE cells, thus
showing a sharp contrast from the significantly elevated
expression in iPS-hRPE cells during the prolonged culture
period.

miR-494-3p Inhibitor and Mimic Regulate
Mitochondrial Metabolic Homeostasis

A negative control (NC) inhibitor or a miR-494-3p inhibitor
was transduced into Nic-ARPE cells (P25, day 64) or iPS-
hRPE cells (P5, day 14). The changes in the MMP were
analyzed 48 hours after staining (Fig. 4a). A miR-494-3p
inhibitor reduced MMP in Nic-ARPE cells. The forced trans-
fection of a miR-494-3p inhibitor into Nic-ARPE cells showed
a moderate, but not statistically significant, reduction in the

maximum OCR in the Mito Stress Test (Fig. 4b-1). However,
forced transfection into iPS-hRPE cells elicited a statistically
significant reduction in the OCR (Fig. 4b-2). In keeping with
this observation, the forced expression of miR-494-3p mimic
into iPS-hRPE cells elicited a statistically significant elevation
in the maximum OCR but not in Nic-ARPE cells (data not
shown). The miR-494-3p inhibitor may repress the activity of
its target miR-494-3p, resulting in the blockade of the PI3K-
AKT pathway through PTEN activation and thereby leading
to repressed MMP and OXPHOS in Nic-ARPE and iPS-hRPE
cells. The mimic may inversely repress PTEN activity, result-
ing in the activation of PI3K-AKT and OXPHOS.

Regulation of Mitochondrial Metabolism

ATP Production. An NC inhibitor or a miR-494-3p
inhibitor was transduced into Nic-ARPE or iPS-hRPE cells
(P28, day 58 or P3, day14, respectively). The inhibitor clearly

FIGURE 5. Regulation of mitochondrial metabolism in Nic-ARPE and iPS-hRPE cells. (a) ATP synthesis. The cellular ATP concentration
was measured using ATP Assay Kit-Luminescence according to the manufacturer’s protocol. Cells were detached using trypsin, and 5 ×
104 cells/mL were used for the ATP assay. Luminescence was measured using GloMax Explorer (Promega Corporation) according to the
manufacturer’s instructions (*P< 0.05, **P< 0.01). Each column shows the standard deviation bars from four measurements. The experiments
were repeated three times independently and the representative results were presented. (a-1) Inhibitor in Nic-ARPE cells. Nic-ARPE cells
(P28, day58) were transfected with a negative control (NC) inhibitor or a miR-494-3p inhibitor and cultured for 48 hours. (a-2) Inhibitor
in iPS-hRPE cells. The iPS-hRPE (P3, day14) were transfected with an NC inhibitor or a miR-494-3p inhibitor and cultured for 24 hours.
(b) NAD+ synthesis. NAD/NADH Assay Kit-WST was used to measure the total NAD+/NADH and NADH amounts in hRPE cells according
to the manufacturer’s instructions. The NAD/NADH assay required only 2.5 × 105 cells. The absorbance was measured using an iMark
microplate reader at 450 nm. Statistical significances between NCs and an inhibitor were calculated. (**P < 0.01, N = 4). (b-1) Nic-ARPE cells
were produced by culturing ARPE19 cells (P24) with a cell density of 1.5 × 105 cells/well in 48 wp for 14 days (preculture) and then seeding
with a cell density of 5 × 104 cells/mL × 0.5 mL/well in 24 wp and cultured in Nic-medium for 60 days. Then, the cells were transfected
as described above and cultured for 48 hours. (b-2) The iPS-hRPE cells (P5, day 15) were transfected with an NC inhibitor, or a miR-494-3p
inhibitor and further cultured for 24 hours.
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FIGURE 6. Pharmacological regulation of mitochondrial homeostasis by PTEN inhibitor. (a) PTEN inhibitor represses miR-494-3p and elevates
MMP in ARPE19 cells. ARPE19 cells (P26) were seeded at a cell density of 4 × 104 cells/mL × 0.5 mL/well in 24 wp. Furthermore, after
24 hours, an NC mimic or a miR-494-3p mimic were transfected, cultured further for 48 hours, and stained with 2 μM JC-1 for 30 minutes
at 37°C. VO-Ohpic- trihydrate (VO), a PTEN inhibitor, was added at the same time with the transfection of the mimic. The VO concentration
was either 0.1 μM for 48 hours or 5 μM for 1-hour incubation. Experiments were repeated twice. Scale bar: 100 μm. (b) Elevated ATP and
NAD+ production in iPS-RPE. The production of ATP (b-1) and NAD+ (b-2) was measured for iPS-hRPE cells (P5, day 15) (*P < 0.05,
**P < 0.01). Each column shows the standard deviation bars from three measurements. The experiments were repeated three times and the
representative results were presented.

blocked ATP production through its repression of miR-494-
3p activity in Nic-ARPE cells (Fig. 5a-1), whereas a marginal
elevation was observed in iPS-hRPE cells (Fig. 5a-2). MiR-
494-3p mimic elevated ATP production in these cells through
the direct repression of PTEN activity, resulting in the acti-
vation of PI3K-AKT. Furthermore, in ARPE cells, the mimic

elevated ATP production significantly (Supplementary
Fig. S7).

NAD+ Synthesis. Nic-ARPE cells (P24, day 64) trans-
duced with the miR-494-3p inhibitor exhibited a statisti-
cally significant repression of NADH and NAD+ synthesis
(Fig. 5b-1). Similarly, the NC inhibitor or miR-494-3p
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inhibitor were transduced into iPS-hRPE cells (P5, day 15).
The transduction of the miR-494-3p inhibitor resulted in
statistically significant changes of NADH and NAD+ synthe-
sis (repression) (Fig. 5b-2).

Pharmacological Regulation of Mitochondrial
Homeostasis by PTEN Inhibitor

The miR-494-3p mimic directly repressed the PTEN activity,
resulting in the activation of PI3K-AKT, whereas the miR-
494-3p inhibitor directly repressed the miR-494-3p activity,
resulting in the indirect activation of PTEN activity to block
the PI3K-AKT pathway. To address this novel regulation of
intracellular molecular networks (Fig. 3b), the role of PTEN
in mitochondrial homeostasis must be elucidated. To address
this issue, we applied VO, a low-molecular-weight pharma-
cological agent, that can inhibit PTEN activity without cell
toxicity against hRPE cells.

In de-differentiated ARPE cells (P26), VO-repressed miR-
494-3p elevated MMP. The combined application of both VO
and a miR-494-3p mimic elevated MMP in ARPE19 cells (Fig.
6a). The elevation of MMP by a miR-494-3p mimic ( 1©→ 2©)
was antagonized by VO ( 5©→ 6©). Similarly, the elevation
of MMP by VO ( 1©→ 5©) was also antagonized by a miR-
494-3p mimic ( 2©→ 6©). The polarizing effects of either VO
or miR-494-3p were higher one hour after exposure than
they were 48 hours after exposure. No antagonizing effect
was observed between VO and miR-494-3p in the eleva-
tion of ATP, NAD+, and NADH production in iPS-hRPE cells
(Figs. 6b-1, 6b-2). The indirect effect of a miR-494-3p mimic
through the repression of PTEN gene expression is not effi-
cient compared with the direct inhibition of PTEN activity by
VO. Consequently, VO elicited a more definitive elevation of
both ATP and NAD+ production (Figs. 6b-1, 6b-2).

DISCUSSION

The ARPE19 line has lost the regular cobblestone morphol-
ogy that is characteristic of differentiated primary hRPE cells
after repetitive cell divisions. The ARPE19 cells used in this
study for the induction of Nic-ARPE cells showed the char-
acteristics of senescence (owing to repetitive cell division)
and EMT, CD44, α-smooth muscle actin, p16, and p21, indi-
cating their inability to address the effect of miR-494-3p on
the mitochondrial functions of hRPE cells (Supplementary
Fig. S3). The distinction of the expression levels in the char-
acteristics of differentiation/de-differentiation, such as cell
morphology, EMT, senescent phenotypes, and SASP produc-
tion, were evidently confirmed between de-differentiated
ARPE19 and Nic-ARPE/iPS-hRPE cells (Figs. 2b, 2d).

The production of IL-8 and IL-6 was lower in Nic-ARPE
and iPS-hRPE cells compared with that in degenerated
ARPE19 cells, whereas no significant changes were observed
for MCP-1 (Fig. 2d). The increased production of proin-
flammatory cytokines might be ascribed to the senescent
features of the latter cells as indicated in Supplementary
Figure S3, although it is unclear why MCP-1 production was
not elevated in ARPE 19 cells. Considering the differenti-
ation disposed cell features of the former two RPE cells,
the elevated production of both angiogenic VEGF and anti-
angiogenic PEDF is of interest. The regulatory role on angio-
genesis might be more specialized role for differentiated
RPE cells. Future studies on the polarized production, either
apical or basolateral, might be indispensable.

Mitochondrial respiration is one of the reminiscent of the
degeneration RPE cells. However, the ways in which the
mitochondrial metabolism will be affected by cellular miRs
for their cellular functions are not clear. The most interest-
ing finding in the current study is the clear distinction in
the expression levels of cellular miR-494-3p, PTEN, SIRT3,
and other mitochondrial marker proteins, including PGC1α
between differentiation disposed Nic-ARPE cells and iPS-
hRPE cells, and de-differentiated ARPE19 cells (Figs. 3c, 3d;
Supplementary Fig. S6). The expression profiles of Pax-6
and fine features of MMT (Figs. 2a, 2c) and mitochondrial
phenotypes observed by JC-1staining (Fig. 2b) were distinct
even between Nic-ARPE cells and iPS-hRPE cells. This may
mean that the mitochondrial phenotypes of hRPE cells are
plastic, and it may implicate the presence of fragile differen-
tiated phenotypes (Nic-ARPE cells and iPS-hRPE cells) that
are reminiscent of the presence of SPs of hRPE cells and in
vivo RPE tissues from healthy to an aging or diseased state,
such as AMD.

Mitochondria are important organelles that not only
generate the majority of cellular energy by OXPHOS but
also play important roles in cellular signaling, such as in
development and differentiation.41,42 Figure 3b illustrates the
interaction between miR-494-3p and its candidate targets
and the inhibition of the PI3K/Akt pathway by PTEN.43,44

Both activated Akt and SIRT3 serve to enhance mitochon-
drial OXPHOS, ATP synthesis, and NAD+ elevation.34–38

In addition, SIRT3 suppresses the production of reactive
oxygen species (ROS) to maintain mitochondrial homeosta-
sis and dynamics.45 In this context, the expression of Nrf2
was notably marginal even in Nic-ARPE cells, unlike the
marked elevation in iPS-hRPE cells, suggesting the presence
of antioxidative machinery between both cells.

Although FACS analysis revealed no significant changes
in cell SP constitutes by the transfection of a miR-494-3p
mimic or inhibitors into iPS-hRPE cells (Supplementary Fig.
S8), Mito-tracker Green staining indicated the significant
morphological changes in de-differentiated ARPE19 cells
when transduced with a miR-494-3p mimic (Supplementary
Fig. S9). Precise studies of this issue are essential for better
understanding the dynamism of the mitochondrial morphol-
ogy by enforced transfection to exclude the possibility of
transient artificial events.

miR-494-3p localized in or near mitochondria binds to
its target mRNAs and then reduces the expression level
in a binding-affinity–dependent manner (Fig. 3b). Although
PGC1α regulates mitochondrial biogenesis, it mainly local-
izes in the nucleus.40 The transcribed mimic and inhibitor
were mostly incorporated into mitochondria (Supplemen-
tary Fig. S5), making it unlikely for the transduced mimic
and inhibitor to encounter PGC1α.

The expression of miR-494-3p is reduced along with
disposition of human RPE cell to differentiation (Fig. 3c),
whereas the expression of SIRT3 and PTEN was inversely
elevated (Fig. 3d). The expression of mitochondrial mark-
ers was also elevated along with increased expression of
SIRT3 and PTEN. The miR-494-3p inhibitor activates PTEN
and blocks the PI3K-AKT pathway, leading to repressed
MMP, OXPHOS (Figs. 4a, 4b), and NAD+ production (Figs.
5b-1, 5b-2) in Nic-ARPE cells and iPS-RPE cells. The mimic
represses PTEN activity, resulting in the activation of PI3K-
AKT, OXPHOS, ATP production, and NAD+ production
in iPS-hRPE cells (Supplementary Fig. S7). Hazim et al.27

recently reported that during NAM-induced differentiation,
the mitochondria became larger with more tightly folded
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FIGURE 7. Coordination of human RPE cell quality by miR-494-3p (a) Dual effects of miR-494-3p on RPE cell mitochondrial homeostasis.
The PTEN versus SIRT3 balance in mitochondria may be critical as one of the causal elements in the degeneration of RPE cells. MiR-494-3p
exhibits its dual functions through the interaction either with mitochondria selective SIRT3 or organelle nonselective PTEN. Human RPE cell
differentiation will be reprogrammed from de-differentiated RPE (miR-494-3p > SIRT3) to differentiated functional RPE cells (miR-494-3p
< SIRT3) along with an enormous change in the intracellular amounts of SIRT3/PTEN. (b) Hypothesis of AMD pathogenesis. EV miR-494-3
may induce the spread of degenerated foci in a single-cell layer of RPE tissues (in neighbors). The functional effect will be dependent on
the physiological state of the target cell, which influences the competitive interplays between miR-494-3p with PTEN or SIRT3 to coordinate
the biogenesis and functional homeostasis of mitochondria of RPE. Accordingly, the proposed interplay among EV miR-494-3p, SIRT3, and
PTEN is critical for understanding AMD pathogenesis. In this context, the currently reported results are relevant to understand the homotypic
cellular competition among heterogenous RPE cells through EV miR-494-3p as a pivotal molecule in the aggravated degeneration of RPE
cells, which may begin in the perifovea and then spread throughout the macula. To claim that these cells are certainly differentiated under
the influence of the interaction among miR-494-3p, SIRT3 and PTEN, the claim should be substantiated by experiments with primary RPE
cells from fresh tissues.

cristae, and they identified mitochondrial respiration as a
key contributor to the differentiated state of the RPE during
NAM-induced differentiation. The expression level of PTEN
in iPS-hRPE is around half that in Nic-ARPE cells. The expres-
sion level of miR-494-3p in iPS-hRPE is around one fifth
of that in Nic-ARPE cells. Low levels of miR-494-3p may
result in a limited amount of the inhibitor having an effi-
cient impact, indicating the role of cellular miR-494-3p in the

differentiation of hRPE cells through the interplay with PTEN
(Figs. 3b, 7a). The PTEN inhibitor VO elevated the expres-
sion of PGC1α in a manner similar to the miR-494-3p mimic
(Supplementary Fig. S10). The indirect effect of the miR-494-
3p mimic on PTEN activity through the repression of PTEN
gene expression is not efficient when compared with the
direct inhibition of PTEN activity by VO (Fig. 6a). VO effi-
ciently elicited the elevation of both ATP and NAD+ produc-
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tion compared with miR-494-3p (Fig. 6b), thus supporting
the role of PTEN in RPE cell disposition to differentiation
(Fig. 7b).

miR-494-3p exhibits its dual functions spatiotemporally
through the interplay with either mitochondria selective
SIRT3 or organelle nonselective PTEN, which are distributed
widely from the nucleus and cytoplasm to the mitochon-
drial outer membrane. RPE cell differentiation will be
reprogrammed from de-differentiated RPE (miR-494-3p >

SIRT3) to differentiated functional RPE cells (miR-494-3p
< SIRT3) accompanied with a very large change in the
SIRT3/PTEN balance, as indicated in Figure 7a. In this
context, it is of interest to know whether overexpression of
PTEN or inhibition of AKT in ARPE 19 cells will change the
morphology and rescue the cells from de-differentiation.

The miR-494-3p versus SIRT3 balance in mitochondria
may be critical as one of the causal elements in the degen-
eration of human RPE cells. EV miR-494-3p elicits paracrine-
aggravating effects on the neighboring RPE cell quality. At
early AMD, the RPE develops mitochondrial dysfunction,
resulting in the cellular heterogeneity of RPE cells; it may
begin in the perifovea and then spreads throughout the
macula. EV-miR-494-3 may induce spreading into neighbors
in single-layer RPE cells from the degenerated foci (Fig. 7b).

The proposed hypothesis for the interplay among EV
miR-494-3p, SIRT3, and PTEN is critical for understanding
not only the AMD pathogenesis but also the degeneration
of RPE cells that constitute a single-cell layer of RPE tissues,
as well as for developing novel therapeutic and diagnostic
modalities for early AMD. In this regard, the current results
show relevant homotypic cellular competition through EV
miR-494-3p among heterogenous RPE cells as a pivotal
molecule in the aggravated degeneration of RPE cells.

Cellular miR-494-3p has been implicated to be involved
in the pathogenesis of various diseases. Specifically, it has
been implicated in tissue inflammation, senescence, fibrosis,
atherosclerosis, Alzheimer disease, and Parkinson’s disease.
Notably, the inhibition of miR-494 halts plaque progres-
sion and increases plaque stability in mice with established
advanced atherosclerotic lesions,46,47 and the ambient local
dynamics appear to share similarities with those in subreti-
nal lesions of AMD.

EV/Exo serve as mediators of crosstalk signaling.48,49 EV-
mediated miR transfer also serves as a signaling mechanism
that contributes to the regulation of Mps functions in the
subretinal space. Exo are found in RPE cells and in drusen
in AMD patients.

Our results demonstrate a clear causal link between miR-
494-3p and the degeneration of hRPE cells via the regula-
tion of mitochondrial integrity. Accordingly, elucidating the
mechanisms that accelerate RPE cell degeneration is critical
not only for understanding AMD pathogenesis but also for
developing novel treatment modalities for AMD.

Shortcomings

The present study has revealed partly new interesting find-
ings for future studies. However, it has some shortcomings
and unresolved issues. The experimental approach did not
use primary human RPE cells from fresh human tissues,
and the effects of EVs may well be associated with iPS-
derived RPE cells from fresh tissues. Nic-ARPE cells are not
primary human RPE cells, and primary hRPE cells, iPS-hRPE
cells, may not be identical with the primary cells from fresh
tissues. To claim that these cells are certainly differenti-

ated under the influence of the interaction among miR-494-
3p, SIRT3, and PTEN, the claim should be substantiated by
experiments with primary RPE cells from fresh tissues. The
international co-works will be indispensable to use primary
RPE cells as a standard for differentiation characteristics.
Also, it is quite relevant to know the similar upregulation
of PTEN in degenerated RPE tissues compared with inno-
cent tissues. There is no evidence that EV production occurs
in vivo by hRPE cells.
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